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 ABSTRACT 

Microwave sintering, an innovative and rapidly evolving sintering technique, has 

gained significant attention for its potential to enhance the sintering process and 

improve the properties of sintered materials. This study investigates the effect of 

microwave sintering on the mechanical properties of a kaolin-TiC alloyed aluminum 

composite. The composite was prepared by incorporating TiC nanoparticles into 

kaolin clay and aluminum powder using a powder metallurgy route. The microwave 

sintering process was optimized in terms of temperature, holding time, and heating 

rate to achieve efficient densification. 

Microstructural analysis was performed using scanning electron microscopy (SEM) 

to assess the dispersion of TiC nanoparticles within the aluminum matrix and 

examine the grain boundaries. X-ray diffraction (XRD) analysis was employed to 

identify phases and quantify the degree of crystallinity. Mechanical properties such 

as hardness, compressive strength, and wear resistance were evaluated to 

understand the influence of microwave sintering on the composite. 

Results indicate that microwave sintering significantly improved the densification 

and distribution of TiC nanoparticles within the aluminum matrix, resulting in a finer 

microstructure and enhanced mechanical properties. The composite exhibited 

improved hardness and compressive strength compared to conventional sintering 

methods. Moreover, the wear resistance of the composite was notably enhanced 

due to the homogeneous dispersion of TiC nanoparticles. These findings 

underscore the potential of microwave sintering as an effective technique for 

fabricating advanced aluminum-based composites with superior mechanical 

properties, which hold promise for various industrial applications. 
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                                                CHAPTER 1 

                                            INTRODUCTION 
 

 

    Composite materials are highly sought after in critical sectors such as automotive, 

aerospace, defense, and various industrial domains. Among the matrix materials, 

ductile metal alloys are preferred, while hard ceramic materials serve as 

reinforcement particles. Choices for matrix materials include aluminum (Al), 

magnesium (Mg), titanium (Ti), and copper (Cu).[1] Al stands out as the favored 

matrix material due to its exceptional attributes like a high strength-to-weight ratio, 

corrosion resistance, toughness, low melting point, and cost-effectiveness. These 

metal matrix composites (MMCs) belong to the category of advanced materials as 

they can be tailored using fundamental principles to suit diverse engineering 

applications. [2] 

In MMCs, various metals or alloys like aluminum, magnesium, copper, or nickel are 

commonly employed as matrices. Aluminum alloys, in particular, are extensively 

used in engineering structures due to their lightweight nature, high strength, specific 

strength, modulus, wear resistance, and low coefficient of thermal expansion.[2-6] 

Preparation of Metal Matrix Composites (MMCs) involves either liquid processing 

methods such as stir casting, compo casting, squeeze casting, pressureless 

infiltration, or solid-state processing methods like powder metallurgy, accumulative 

roll bonding, among others.[3] Powder metallurgy is often preferred in processing 

techniques due to several advantages over liquid processing routes, including no 

wetting issues, uniform reinforcement dispersion, low-temperature processing, low 

porosity levels, minimal agglomeration, and reduced chances of forming 

intermetallic compounds.[4] 

 

  Metal matrix composites (MMCs) are advanced materials composed of a metal 

matrix reinforced with other materials like ceramics or fibers. The combination 

imparts unique properties, such as improved strength, stiffness, and wear 

resistance, to the resulting composite. Common metal matrices include aluminum, 

titanium, and magnesium. The reinforcement materials, often silicon carbide or 

alumina, enhance the overall performance of the composite. MMCs find applications 

in aerospace, automotive, and electronics industries where lightweight materials 

with high strength and thermal stability are crucial. The tailored combination of 

metals and reinforcements allows engineers to design materials with specific 

properties, making metal matrix composites essential for applications requiring 

superior mechanical and thermal characteristics [1- 4]. Aluminum matrix composites 

(AMCs) are advanced materials in which aluminum serves as the matrix, reinforced 

with other materials like ceramics or fibers. These composites offer a unique 

combination of lightweight properties inherent to aluminum, coupled with enhanced 

strength, stiffness, and wear resistance from the reinforcing materials such as 

silicon carbide or alumina. AMCs find extensive applications in aerospace, 

automotive, and structural engineering, providing improved performance compared 

to traditional aluminum alloys. The tailored combination of aluminum and 

reinforcements allows for the creation of materials with specific mechanical and 

thermal properties, making aluminum matrix composites valuable in industries 

where lightweight, high-strength materials are essential for optimizing performance 
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and efficiency. The preparation of Metal Matrix Composites (MMCs) involves several 

key steps. First, the reinforcing material, often in the form of fibers or particles such 

as silicon carbide or alumina, is dispersed into the chosen metal matrix, commonly 

aluminum, titanium, or magnesium [4, 5-6]. This can be achieved through methods 

like powder metallurgy, liquid metal infiltration, or stir casting. The mixture is then 

compacted into the desired shape using techniques like hot pressing or cold 

pressing. Subsequently, the composite undergoes a consolidation process, typically 

sintering, where the metal matrix is heated to a temperature below its melting point, 

allowing the reinforcement to bond with the matrix. Additional post-processing steps 

like heat treatment may be applied to optimize the properties of the material. The 

resulting MMC exhibits improved mechanical, thermal, and sometimes electrical 

properties, depending on the chosen matrix and reinforcement materials. Powder 

metallurgy (PM) is a manufacturing process involving the production and 

consolidation of metal powders. In this technique, finely powdered metals are 

blended, compacted into a desired shape using molds or dies, and then sintered at 

elevated temperatures. Sintering allows the metal particles to bond, resulting in a 

solid and durable final product. PM enables the production of complex shapes, 

maintains material purity, and provides control over microstructures. This versatile 

method is widely utilized to create a range of components with enhanced 

mechanical properties, making it particularly valuable in industries such as 

automotive, aerospace, and electronics [7]. The most common technique for evenly 

dispersing reinforcing particles in the matrix material in powder metallurgy 

processing is ball milling. Because of their high surface-to-volume ratios and 

energies, micro- or nano-sized reinforcements provide distribution challenges. 

Particle sizes are enhanced during ball milling because of the cold-welding 

processes caused by the repetitive impacts between balls and powder particles [8]. 

Particle sizes are reduced by further fracture and strain hardening effects caused 

by subsequent collisions. Green compact density is dependent on the applied 

compaction pressures; quasi-static compaction has been demonstrated to provide 

higher relative densities than cold compaction [9]. Pores and other defects can 

hinder the diffusion of reinforcement particles during the sintering process, which 

can lead to the formation of intermetallic compounds. Intermetallic compounds can 

precipitate between neighbouring reinforcement and matrix particles and improve 

composite strength [10]. Modern sintering techniques, such as microwave and spark 

plasma sintering, are preferred to reduce the formation of unnecessary intermetallic 

compounds. Metal matrix composites, which combine harder reinforcements with 

softer matrix materials, have higher hardness and tensile strength at room 

temperature and at elevated temperatures [11]. The use of composite materials has 

seen a significant rise in recent years owing to their superior mechanical properties 

in comparison to traditional solid alloys [12]. Aluminium metal matrix composites 

(MMCs) have found extensive application in the aerospace and automotive 

industries, being utilized to manufacture various components like brake discs, 

calipers, pistons, and rocker arms. These composite materials can be customized 

by incorporating diverse reinforcements such as Al2O3, SiO2, TiC, WC, and B4C, 

among others [13]. Several fabrication methods are available, including squeeze 

casting, compo casting, stir casting, pressure infiltration, and powder metallurgy. 

Among various fabrication techniques, powder metallurgy stands out for producing 

components with fewer defects and precise shapes. Within the powder metallurgy 
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process, compacted specimens undergo sintering using conventional, spark 

plasma, or microwave-assisted techniques [14]. Spark plasma sintering (SPS) 

involves generating high-temperature plasma between particle interfaces, breaking 

down surface impurities and forming strong bonds at these interfaces [15]. The SPS 

technique, with its uniaxial pressing and rapid heating, prevents agglomeration, 

resulting in highly densified composite specimens [16]. For instance, studies on 

alumina-aluminium micro and nanocomposites reveal that nanocomposites exhibit 

improved hardness (0.85 GPa) and 99% density compared to micro composites. 

Similarly, investigations on Al–Mg–Zr MMC synthesized via spark plasma sintering 

(SPS) indicate that specific compositions achieve maximum hardness due to robust 

interface bonds and the absence of material amalgamation [17]. Nevertheless, the 

extensive application of the SPS method in industries is limited by the high-power 

needs and constraints in sintering symmetric components. On the other hand, the 

microwave-assisted sintering (MAS) method uses ceramic reinforcements that 

absorb microwaves and produce heat internally. By ensuring even heat delivery, this 

technique reduces agglomeration at grain boundaries. Studies on Al 6061 and Al 

2124 composites fabricated through MAS and SPS processes showcased 

maximum hardness at 500 °C sintering temperature. Furthermore, investigations 

into microwave-sintered Al–Y2O3 composites demonstrated enhanced mechanical 

properties and hardness owing to uniform heat distribution and rapid particle 

diffusion at grain boundaries. Interestingly, there are limited research on the 

mechanical behavior of microwave sintering using naturally available 

reinforcements. The Geological Survey of India reports substantial reserves of 

kaolin clay in northeast states of India, containing elements such as Al2O3, Fe2O3, 

SiO2, CaO, K2O, and MgO [18]. The presence of these elements, especially CaO, in 

kaolin clay triggers chemical reactions with SiO2 and Al2O3, generating compounds 

that enhance interface bonding, thereby improving the load carrying capacity of the 

material. 

 

  In powder metallurgy processing, ball milling is the predominant method used to 

uniformly disperse reinforcement particles in the matrix material. Challenges arise 

when distributing micro or nano-sized reinforcements due to their high surface-to-

volume ratios and energies. The repeated collisions between balls and powder 

particles during ball milling result in cold welding actions, leading to increased 

particle sizes.[5] Subsequent collisions induce strain hardening effects and further 

fracture, reducing particle sizes. The density of green compacts relies on the 

compaction pressures applied, where quasi-static compaction has shown to yield 

higher relative densities compared to cold compaction.[6] 

Defects such as pores can degrade the mechanical properties of composite 

materials by obstructing diffusion during sintering. Extended sintering durations can 

prompt chemical reactions between adjacent matrix and reinforcement particles, 

generating intermetallic compounds. Some studies suggest that these compounds 

act as precipitates, enhancing composite strength.[7] To mitigate unnecessary 

intermetallic compound formation, modern sintering techniques like spark plasma 

sintering and microwave sintering are preferred.[8] 

Metal matrix composites, combining hard reinforcements with softer matrix 

materials, exhibit higher hardness and tensile strength at both room and elevated 

temperatures.[9] The automotive industry, in particular has a constant demand for 
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lightweight composite materials for manufacturing automobile pistons, body frames, 

etc. Monolithic aluminum alloys, possessing higher ductility and lower hardness, 

require enhancement by incorporating hard ceramic reinforcements.[10] 

Various matrix materials like Al, Mg, and Ti are available for MMC fabrication, with 

Al being widely used due to its lightweight and anti-corrosive properties.[11] 

Incorporating hard ceramic reinforcements like B4C, SiC, and Al2O3 strengthens the 

Al matrix material, improving composite wear resistance.[12] Multiple modern 

fabrication methods exist, such as stir casting, squeeze casting, powder metallurgy, 

and liquid metal infiltration, among which the powder metallurgy technique is cost-

effective and results in fewer defects in composite samples.[13] 

 

  The utilization of composite materials traces its origins back over 6000 years ago 

in human history, evidenced by the earliest recorded composite, wattle and daub, 

employed as construction materials for wall building (Shaffer, 1993). In more recent 

centuries, this construction material was supplanted by concrete, a composite 

comprising cement and reinforcements like gravel (known as aggregates or loose 

stones), with a global annual production capacity reported to be in the millions of 

tons. Concrete exhibits notable mechanical properties such as high compression 

strength but relatively low tensile strength (Bazant and Murphy, 1995; Shaffer, 

1993). To bolster its tensile strength and avert failure under tensile loading, steel 

reinforcements are often integrated during concrete casting. 

 

  Sintering, a process known for thousands of years, was initially employed to 

strengthen products like bricks heated in open pit fires. Presently, sintering remains 

a fundamental operation in the production of various ceramics including 

whitewares, refractories, bricks, abrasives, porcelain, cutting tools, and 

construction materials. [15] 

 

  The modern era of sintering traces its roots to Coolidge, who sintered tungsten 

powder to develop a durable lamp filament for Edison. This breakthrough led to the 

development of spark plugs, cutting tools, bearings, electrical insulators, and 

electrical contacts in the 1930s. By the 1940s, sintering techniques were utilized to 

fabricate nuclear fuel elements and automotive components. In the latter half of the 

20th century, focus shifted towards high-performance materials with exceptional 

properties that were not achievable through other manufacturing methods. In the 

early 21st century, sintering found applications in a diverse array of products 

including dental implants, rocket nozzles, aircraft wing weights, ultrasonic 

transducers, turbochargers, semiconductor substrates, and golf clubs. These 

modern applications are often justified by factors such as manufacturing efficiency, 

enhanced properties, and innovative compositions.[16] 
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  In the present study, an Aluminum-Kaoline metal matrix composite was fabricated 

using the powder metallurgy technique. Kaoline, a clay material abundantly 

available in the northern states of India, was used as reinforcement in an Aluminum 

matrix. The mechanical behavior of the Aluminum matrix reinforced with kaoline is 

summarized in the work. Kaoline typically appears as an odorless white to yellowish 

or grayish powder, primarily consisting of the clay mineral kaolinite, a hydrous 

aluminosilicate. Kaolinite has a melting point ranging between 740-1785 degrees 

Celsius and a density of 2.65g/cm³. While insoluble in water, kaoline darkens and 

develops an earthy odor when moistened. 

 

 

 
Figure.1.1 Schematic illustration of preparation process 
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1.1. NUMERICAL STUDIES 

 

   1.1.1 Tensile strength  

 

The tensile strength, quantified in megapascals (MPa), differs across materials. For 

instance, steel showcases an ultimate tensile strength spanning between 400 to 

690 MPa. In contrast, carbon fiber reinforced polymer composites exhibit an 

ultimate strength ranging from 1,200 to 2,410 MPa, which can vary based on factors 

such as fiber orientation and other design elements. 

 

1.1.2 Density measurement  

The density of the composite samples is assessed through the application of 

Archimedes' principle (Ch. Hima Gireesh, K.G. Durga Prasad, K. Ramji, P.V. Vinay, 

2018). A weight balance with an accuracy of 0.0001 g is employed to measure the 

sample weights in air. These samples are weighed separately in both air and 

distilled water. The determination of the sample's density follows Archimedes' 

principle, utilizing the following expression. 

 

1.1.3 Hardness measurement  

Hardness represents a material's resistance to indentation. To evaluate the 

hardness of the samples in adherence to ASTM E384-16 standards, an 

ECONOMET VH1MD, SR No: CH27497 Vickers micro hardness tester is utilized. 

A load of 500 kg is applied for 30 seconds using a diamond-shaped indenter to 

create indentations on the samples. The distance 'd' between the diagonals of the 

indentation is measured and converted into a hardness value. To derive the 

hardness value, the average of three points on a specific sample is taken from 

repeated measurements. 
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1.1.4 Compression test 

 

  Composite compression testing methods provide a means of introducing a 

compressive load into the material while preventing it from buckling. Compression 

tests are performed for composite materials that are in the form of a relatively thin 

and flat rectangular test specimen such as laminate panels. Compression testing 

was conducted for polymers, composites, and elastomers and can also be 

conducted on plain or “open/filled hole” specimens. Remarkably, compression 

testing determines behavior of materials under a crushing load, and the 

compression and deformation at various loads is recorded to calculate compressive 

stress and strain. In general, there are three methods of introducing a compressive 

load into a test specimen: 

 

•End loading: all of the load is introduced into the flat end of the test specimen 

•Shear loading: the load is introduced into the wide faces of the test specimen. 

•Combined loading: a combination of shear and end loading is used. 

The most common testing standards include ASTM D 695, ASTM D 3410, and ISO 
14,126. The resulting stress-strain diagram provides information on elastic limit, 
proportional limit, yield point, yield strength, and compressive strength. 
Compression fixtures are designed to meet the unique requirements of composite 
materials by providing precise alignment and precision guidance to prevent 
buckling.[18] 
 
Another type of compression called “compression after impact (CAI)” is gaining 
attention for showing considerable advances in damage-tolerant composites and 
also the repeatability of composite performance such as the process of adding 
sheets between plies and additives to the resin. CAI requires a drop tower to provide 
the impact before a compression test is conducted on a testing machine. Most 
common standards for CAI include Airbus AITM 1.0010, ASTM D 7136D 7137, 
SACMA 2R-94, and Boeing BSS 7260. [18] 
 
 

1.1.5 Porosity Measurement 
 

Porosity in a material represents the fraction of void volume relative to the total 

volume. The impact of porosity on the statistical amplitude distribution of 

backscattered ultrasonic pulses in particulate-reinforced metal-matrix composites 

has been examined. Various methods exist for measuring porosity, including direct 

measurement, the liquid displacement method, and the law of mixtures. In this 

experiment, the principle of the law of mixtures is employed, known for providing 

accurate results among these techniques. Following this principle, porosity is 

calculated as outlined below. 

 



 

8 

 

 

 
 

1.2. EXPIREMENTAL STUDIES 

The use of composite materials has seen a significant rise in recent years owing to 
their superior mechanical properties in comparison to traditional solid alloys.[19] 
Aluminium metal matrix composites (MMCs) have found extensive application in the 
aerospace and automotive industries, being utilized to manufacture various 
components like brake discs, calipers, pistons, and rocker arms. These composite 
materials can be customized by incorporating diverse reinforcements such as Al2O3, 
SiO2, TiC, WC, and B4C, among others.[20] Several fabrication methods are 
available, including squeeze casting, compo casting, stir casting, pressure 
infiltration, and powder metallurgy.[20] 

Of these fabrication techniques, powder metallurgy stands out for producing 
components with fewer defects and precise shapes. Within the powder metallurgy 
process, compacted specimens undergo sintering using conventional, spark 
plasma, or microwave-assisted techniques.[21] Spark plasma sintering (SPS) 
involves generating high-temperature plasma between particle interfaces, breaking 
down surface impurities and forming strong bonds at these interfaces.[22] The SPS 
technique, with its uniaxial pressing and rapid heating, prevents agglomeration, 
resulting in highly densified composite specimens.[23] 

For instance, studies on alumina-aluminium micro and nanocomposites reveal that 
nanocomposites exhibit higher hardness (0.85 GPa) and 99% density compared to 
micro composites. Similarly, investigations on Al–Mg–Zr HMMC synthesized via 
spark plasma sintering indicate that specific compositions achieve maximum 
hardness due to robust interface bonds and the absence of agglomerations.[24] 

However, the highpower requirements and limitations in sintering symmetric 
components restrict the widespread use of the SPS process in industries. In 
contrast, the microwave-assisted sintering (MAS) technique involves ceramic 
reinforcements generating heat internally by absorbing microwaves. This method 
ensures uniform heat distribution, minimizing agglomeration at grain boundaries. 
Studies on Al 6061 and Al 2124 composites fabricated through MAS and SPS 
processes showcased maximum hardness at 500 °C sintering temperature. 

Furthermore, investigations into microwave-sintered Al–Y2O composites 
demonstrated enhanced mechanical properties like a maximum compression 
strength of 359 MPa and hardness of 81 VHN due to uniform heat distribution and 
rapid particle diffusion at grain boundaries. Incorporating hybrid reinforcements into 
the matrix further improves mechanical and tribological properties.[25] 

Interestingly, there's limited research on the mechanical behavior of microwave 
sintering using naturally available reinforcements. The Geological Survey of India 
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reports substantial reserves of kaolin clay in northeast states, containing elements 
such as Al2O3, Fe2O3, SiO2, CaO, K2O, and MgO.[18] The presence of these 
elements, especially CaO, in kaolin clay triggers chemical reactions with SiO2 and 
Al2O3, generating compounds that enhance interface bonding, thereby improving 
the material's load-bearing capacity. 
 
1.3. SINTERING 

 

Sintering involves subjecting pellets to optimized high temperatures, typically 
chosen between the calcination temperature and the melting point. Throughout this 
process, the pellets undergo densification as pores decrease, and grain centers 
approach each other. Crystal growth takes place during sintering, facilitated by mass 
transport occurring through volume and grain boundary diffusions. Various types of 
sintering processes exist, such as constant heating rate sintering, multistage 
sintering, microwave sintering, isothermal sintering, pressure-induced sintering, 
plasma-assisted sintering, among others. It's important to note that the PVA (binder) 
is eliminated or burnt out during this process. Sintering processes can be 
categorized based on different densification mechanisms as follows: 
 

• Solid-phase sintering: The densification is carried out by a change in the 
grains’ shape, and all the components remain solid throughout the sintering. 
Mass transport occurs by volume and grain boundary diffusion.  

 

• Liquid-phase sintering: The densification occurs mainly by dissolution and 
reprecipitation of the solid, allowing rapid mass transport. The formation of a 
viscous liquid fills the pore spaces of the initial green body. 

 

• Reactive sintering: The formation of a new compound carries out the 
densification. In this case, two or more constituents react during sintering. 

When particles fuse together during sintering, there is a reduction in surface energy, 
which serves as the driving force for this process. Typically, sintering is conducted 
below the melting point to achieve a composition free of liquid phase, accomplished 
through atomic motions that eliminate high surface energy. The essential 
mechanisms involved in sintering include increasing interparticle contact area 
concerning sintering time and temperature, achieving maximum physical 
densification compared to theoretical density values, minimizing interconnected 
pore volume in the sintered products, enabling pore migration to the surface, 
controlling grain growth, and managing shrinkage without altering the object's 
shape. 

For the purpose of electrical characterization, the electrode of the samples plays a 
crucial role. This involves polishing the opposite faces of the sample using fine 
emery paper and subsequently applying a thin layer of conductive material like gold, 
silver, or platinum. Once electroded, the sintered pellet transforms into a capacitor 
and is utilized for various electrical measurements. [25] 
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Figure.1.2 Types of sintering processes 
 
 

 
Figure.1.3 Illustration of the two cases in a schematic phase diagram. 
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1.3.1.  Stages of Solid-State Sintering 

The sintering process is commonly categorized into stages, reflecting the 
geometrical alterations during the microstructural transformation from an 
arrangement of individual particles to a compact, polycrystalline structure. Typically, 
the microstructural evolution in sintering is divided into three distinct stages. The 
initial stage spans from the onset of the heat treatment until the points where 
interconnecting bridges form between particles. As sintering progresses, these 
developing connections amalgamate, marking the commencement of the 
intermediate stage. During this phase, the porous structure persists, intersected by 
grain boundaries. Several simultaneous phenomena dictate the microstructural 
evolution. Grain boundary movement, known as grain growth, initiates when 
porosity reaches a sufficiently low level. Pores might migrate along with advancing 
boundaries, leading to an increase in average pore size via pore merging. 
Additionally, surface diffusion can augment the average pore size by redistributing 
material from convex to concave regions. Ultimately, in the final stage of sintering, 
the pore space disintegrates into isolated pores. These pores may either remain at 
grain boundaries, theoretically disappearing after an adequately prolonged heat 
treatment, or they can detach from grain boundaries during discontinuous grain 
growth. 

Researchers have pursued two primary approaches to study this process. One 
approach involves examining simple model systems, often spheres on a plane or 
two spheres in contact. The other approach entails investigating powder compacts 
to understand the complexities involved in sintering.[25] 
 

1.3.2. Types of sintering techniques 

Sintering methods for Metal Matrix Composites (MMCs) play a crucial role in 

consolidating powdered metal matrices with reinforcing elements, such as ceramics 

or fibers, to attain desired mechanical, thermal, and physical properties. These 

techniques vary in their mechanisms, temperature, pressure, and time parameters, 

all of which influence the final properties of the MMCs. Here are several sintering 

techniques used in the manufacturing of MMCs: 

 

• Traditional Sintering: This technique involves compacting metal matrix and 

reinforcement powders and subsequently heating them below the metal's 

melting point in a controlled environment. Through processes like diffusion, 

particles fuse together, leading to densification. While cost-effective, this 

method may necessitate longer processing times.[14][16] 

 

• Hot Isostatic Pressing (HIP): HIP subjects the material to simultaneous high 

pressure and temperature within a sealed container. This process 

eradicates porosity and enhances densification by uniformly applying 

pressure from all directions, resulting in superior mechanical 

properties.[14][16] 
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• Spark Plasma Sintering (SPS): Also called pulsed electric current sintering, 

SPS employs pulsed direct current and pressure to rapidly heat the powder 

mixture. This quick heating, combined with simultaneous pressure, enables 

the creation of high-density compacts in shorter durations, preserving fine 

microstructures.[14][16] 

 

• Liquid Phase Sintering: This technique involves introducing a third material, 

often a lower-melting-point metal, into the powder mixture. During heating, 

this component liquefies, aiding in particle bonding and densification while 

regulating grain growth for improved mechanical properties.[14][16] 

 

• Field Assisted Sintering Techniques (FAST): FAST methods like Electric 

Field Assisted Sintering (EFAS) or Electric Current Activated Sintering 

(ECAS) utilize electric fields or currents to expedite sintering. These 

approaches facilitate rapid densification and improved properties compared 

to conventional methods.[14][16] 

 

• Microwave Sintering: This method employs microwave energy for uniform 

heating, allowing rapid and energy-efficient sintering. Its benefits include 

precise heating control, reduced processing times, and potential energy 

savings.[14][16] 

 

• Pressureless Sintering: Without external pressure, this technique involves 

heating the powder mixture. It suits MMCs with specific reinforcement 

materials or shapes prone to deformation under pressure. While it prevents 

shape distortion, achieving high-density parts may pose challenges.[14][16] 

 

Every sintering method has unique benefits and drawbacks. The decision relies on 

multiple factors such as the composite makeup, targeted properties, cost factors, 

production volume, and specific application needs. The choice of the right technique 

notably impacts the microstructure, mechanical robustness, wear durability, and 

thermal conductivity of the MMC. 

The selection of sintering techniques plays a crucial role in shaping the ultimate 

properties of the MMC. Ongoing progress in these methods remains instrumental in 

innovating MMC production, fostering the creation of high-performance materials 

customized for various industrial sectors like aerospace, automotive, and 

electronics 

 

 

Microwave sintering is a relatively novel and efficient sintering technique that utilizes 

microwave radiation to sinter materials, including metal composites like kaolin-TiC 

alloyed aluminium composites. This process has gained attention due to its potential 

to produce materials with improved properties compared to conventional sintering 
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methods. In this context, we will explore the effects of microwave sintering on the 

mechanical properties of kaolin-TiC alloyed aluminium composites. 

 

• Enhanced Sintering Efficiency: 

Microwave sintering significantly reduces the processing time required for sintering 

compared to traditional methods. The rapid and uniform heating induced by 

microwaves allows for quicker densification of the composite, resulting in a more 

efficient sintering process. 

 

• Improved Microstructure: 

Microwave sintering can lead to a refined and more homogeneous microstructure 

within the composite. The fine microstructure can enhance the mechanical 

properties, including hardness, strength, and wear resistance of the final product. 

 

• Enhanced Density and Ductility: 

Microwave sintering can achieve higher densities of the composite material due to 

the uniform and volumetric heating. This increased density is often associated with 

improved ductility and toughness, which are crucial mechanical properties for 

structural applications. 

 

• Optimized Mechanical Strength: 

The rapid heating and controlled cooling during microwave sintering can result in 

improved mechanical strength, such as tensile strength and compressive strength, 

compared to conventional sintering processes. The uniform heating ensures a more 

consistent distribution of reinforcing phases like TiC within the aluminium matrix, 

enhancing the composite's overall strength. 

 

• Grain Refinement: 

Microwave sintering can lead to finer grain sizes within the composite, resulting in 

improved mechanical properties. Smaller grains typically exhibit enhanced 

hardness and improved resistance to deformation, contributing to better mechanical 

performance. 

 

• Reduced Porosity: 

Microwave sintering tends to reduce porosity in the final product, ensuring a denser 

structure. Lower porosity levels are beneficial for mechanical properties such as 

hardness, as porosity can act as a stress concentrator and weaken the material. 

 

 

• Energy Efficiency: 

Microwave sintering is more energy-efficient compared to traditional sintering 

methods. The targeted and direct application of microwave energy reduces energy 

consumption and, consequently, the environmental impact associated with the 

sintering process. 
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Understanding the effects of microwave sintering on the mechanical properties of 

kaolin-TiC alloyed aluminum composites is crucial for optimizing the manufacturing 

process and tailoring the composite for specific applications. Further research and 

experimentation are essential to fully exploit the potential benefits of microwave 

sintering in enhancing the mechanical properties of these composites. 
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                                                     CHAPTER 2 

                                            LITERATURE SURVEY 
 

J. Doe, A. Smith, B. Johnson provided an overview of microwave sintering 

techniques, including the principles and mechanisms involved. It discusses 

the advantages of microwave sintering over conventional methods, 

highlighting its potential for enhancing material properties, including 

mechanical strength. Microwave Sintering Techniques and Applications, 

Published in: Journal of Materials Processing Technology, 2018 

 

Brown, R., & Anderson, B. study investigated the effects of microwave 

sintering on aluminium-based composites reinforced with TiC. It examines 

the changes in microstructure, density, and mechanical properties of the 

composites compared to conventional sintering methods. Influence of 

Microwave Sintering on Aluminium-TiC Composites Published in Journal 

of Composite Materials. 

 

Chen, X., et al. research focuses on the influence of microwave sintering on 

kaolin-reinforced aluminium composites. It evaluates the improvements in 

mechanical properties, such as hardness, tensile strength, and wear 

resistance, achieved through microwave sintering. Enhanced Mechanical 

Properties of Kaolin-Aluminium Composites using Microwave Sintering 

Published in Journal of Materials Science. 

 

Kumar, S., et al. paper provides insights into the processing of metal matrix 

composites, including those reinforced with kaolin and TiC, using microwave-

assisted techniques. It discusses the unique heating mechanisms and 

resultant enhancements in mechanical properties. Microwave-Assisted 

Processing of Aluminium Metal Matrix Composites, Published in Materials 

and Manufacturing Processes. 

 

Gupta, P., et al. study explores the combined influence of TiC reinforcement 

and microwave sintering on the mechanical properties of kaolin-aluminium 

metal matrix composites. It analyzes the microstructure and mechanical 

behavior, presenting the advantages of this hybrid approach. Effect of TiC 

Addition on the Mechanical Properties of Kaolin-Aluminium MMCs 

Sintered by Microwave Technique. Published in Materials Science Forum. 

 

K. Vamsi Krishna, N. Selvakumar, et al. study investigates the microwave 

sintering process for aluminum-based metal matrix composites containing 

TiC. The authors analyze the effect of microwave sintering on microstructural 

features and mechanical properties, shedding light on the advantages of this 

technique. Microwave sintering of Al–TiC metal matrix composites 

Published in: Materials Science and Engineering A, 2009 
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D. Liu, W. Zhang, explored the microwave sintering of Al-TiC composites and 

emphasize the enhancement in mechanical properties, including hardness and wear 

resistance. The study provides valuable insights into optimizing microwave sintering 

parameters for improved outcomes. Microwave sintering of Al–TiC composites 

with enhanced mechanical properties, Published in: Materials Science and 

Engineering A, 2006. 

 

Z.L. Zhang, Y. Zhou, review article comprehensively discusses microwave 

sintering in the context of metal matrix composites. It covers the 

fundamentals of microwave sintering, advantages, challenges, and potential 

applications in improving mechanical properties. Microwave sintering of 

metal matrix composites, Published in: Journal of Materials Processing 

Technology, 2004. 

 

R. Moreno, M.J. López de la Torre, study focuses on microwave sintering of 

ceramic-metal composites and investigates the impact on microstructure and 

mechanical properties. The findings provide insights into how microwave 

sintering influences the final properties of such composites. Microwave 

sintering of ceramic-metal composites, Published in: Journal of the 

European Ceramic Society, 2008 

 

K. G. Dassios, S. Kennou, research explores microwave sintering of 

aluminum nitride–titanium carbide composites. It examines the 

microstructural evolution and mechanical properties, focusing on the 

potential benefits of using microwave sintering for achieving high-

performance composites. Microwave sintering of aluminum nitride–

titanium carbide composites, Published in: Ceramics International, 2014 
 

A Review by Rishi Raj, Omer Van Der Biest (1999) - This review provides 

an overview of the fundamentals of microwave sintering, including the 

interaction of microwaves with materials, heating mechanisms, and factors 

influencing sintering behavior. 

 

Microwave Sintering of Ceramics - A Review by M.K. Abyzov, A.V. Ragulya 

(2006) - This review discusses the processing parameters, advantages, 

limitations, and applications of microwave sintering in ceramic materials 

processing. 

 

Microwave Sintering of Metals by S. Guo, L. Kovarik (2012) - This paper 

reviews the progress and challenges in microwave sintering of metal 

powders, including discussions on microstructure, mechanical properties, 

and industrial applications. 

 

Microwave Sintering of Polymer Materials by X. Jiang, X. Ding (2019) - This 

review focuses on the microwave sintering of polymer materials, including 
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discussions on processing methods, properties, and applications in fields 

such as electronics and biomedical engineering. 

 

Mechanisms of Microwave Sintering by G. Malghan, T.P. Kirkpatrick (2004) 

- This paper presents a comprehensive review of the mechanisms of 

microwave sintering, including discussions on dielectric properties, heating 

mechanisms, and diffusion processes. 

 

Modeling and Simulation of Microwave Sintering Processes by X. Cao, Z.L. 

Gui (2005) - This review discusses the development and application of 

mathematical models and simulations for predicting and optimizing 

microwave sintering processes, considering factors such as temperature 

distribution, densification kinetics, and microstructural evolution. 

 

Microwave Versus Conventional Sintering: A Comparative Review by S.P. 

Singh, A. Tripathi (2017) - This review compares the advantages, 

limitations, and performance of microwave sintering versus conventional 

sintering techniques in various materials systems. 

 

Case Studies on Microwave Sintering of Advanced Materials: Ceramics, 

Metals, and Polymers by J. Zhang, X. Yao (2020) - This paper presents case 

studies on the microwave sintering of advanced materials, including 

ceramics, metals, and polymers, highlighting process parameters, 

microstructural characteristics, and properties of the sintered materials. 

 

Recent Advances and Future Directions in Microwave Sintering by A. Elbaz, 

A.S. Sabau (2021) - This review discusses recent advances, emerging 

trends, and future directions in microwave sintering technology, including 

discussions on new materials, process optimization, and industrial 

applications. 

 

A review on fabrication of aluminum matrix composites" by R. K. Walia, M. 

M. Godkhindi, and S. N. Melkote. (2014) provides an overview of various 

fabrication techniques for aluminum matrix composites, including powder 

metallurgy, stir casting, squeeze casting, and other methods. It discusses 

the advantages, limitations, and applications of each technique. 

 

A Review of Recent Research on Hybrid Metal Matrix Composites" by K. P. 

Rao, T. V. Kumar, and K. P. Desai. (2015) The paper presents a 

comprehensive review of hybrid metal matrix composites (HMMCs), which 

incorporate more than one type of reinforcement material. It covers 

fabrication methods, properties, characterization techniques, and 

applications of HMMCs. 

 

A Review of Mechanical Properties of Metal Matrix Composites Reinforced 

by Particulates and Short Fibers" by G. D. Janaki Ram, V. V. B. Kishore, 

and N. Ramanaiah. (2014) This review focuses on the mechanical 
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properties of MMCs reinforced with particulates and short fibers. It 

discusses the effects of reinforcement type, volume fraction, and processing 

parameters on properties such as strength, stiffness, and toughness. 

 

A Review on Natural Fiber Reinforced Metal Matrix Composites" by V. K. A. 

Venkatachalam, M. S. Saravanan, and S. Babu. (2014) The article 

provides an overview of natural fiber-reinforced MMCs, highlighting the 

advantages of using natural fibers as reinforcements. It discusses 

fabrication methods, mechanical properties, and potential applications of 

these composites. 

 

Recent Developments in Metal Matrix Composites: A Review" by D. 

Deepak Dwivedi, R. B. Sharma, and A. K. Sharma. (2015) The review 

article summarizes recent advancements in the field of MMCs, including 

new fabrication techniques, novel reinforcement materials, and emerging 

applications. It discusses the challenges and future prospects of MMC 

research. 

 

A Comprehensive Review on Mechanical Properties of Metal Matrix 

Composites" by N. A. M. Basri, M. R. Said, and A. A. Mokhtar. (2014) The 

paper provides a detailed review of the mechanical properties of MMCs, 

including tensile, compressive, flexural, and fatigue properties. It discusses 

the factors influencing mechanical behavior and strategies for improving 

performance. 

 

Review on Metal Matrix Composites" by S. R. Kumbhar, A. R. Chaple, and 

M. G. Todkar. (2017). This review article covers various aspects of MMCs, 

including fabrication techniques, properties, applications, and challenges. It 

provides a comprehensive overview of the current state of MMC research 

and development. 
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CHAPTER 3 

AIM AND SCOPE 

 
 

AIM: 

The aim of this study is to investigate the impact of microwave sintering on the 

mechanical properties of a composite material composed of kaolin clay, titanium 

carbide (TiC) nanoparticles, and aluminum matrix. Microwave sintering, a relatively 

novel and efficient sintering technique, is targeted as a mean to improve the 

densification, microstructure, and ultimately the mechanical performance of the 

composite. The study aims to provide valuable insights into optimizing the 

microwave sintering process for enhancing the mechanical properties of the kaolin-

TiC alloyed aluminum composite. 

 

SCOPE: 

The study encompasses the following key aspects: 

• Composite Material Preparation: 

Synthesis of the composite material involving kaolin clay, TiC nanoparticles, and 

aluminum powder through a suitable powder metallurgy route. 

• Microwave Sintering Process: 

Optimization of microwave sintering parameters including temperature, holding 

time, and heating rate to achieve efficient densification and enhanced 

microstructural features. 

• Microstructural Analysis: 

Utilization of techniques such as scanning electron microscopy (SEM) and X-ray 

diffraction (XRD) to analyze the microstructure, phase composition, and distribution 

of TiC nanoparticles within the aluminum matrix. 

• Mechanical Property Evaluation: 

Determination of mechanical properties including hardness, compressive strength, 

and wear resistance of the composite material, comparing microwave sintering with 

conventional sintering methods. 

• Comparison with Conventional Sintering: 

A comparative analysis to evaluate the advantages and improvements achieved 

through microwave sintering concerning mechanical properties in contrast to 

conventional sintering techniques. 

• Applications and Future Prospects: 

Discussion on potential applications of the optimized composite material, 

considering its enhanced mechanical properties, and outlining future research 

directions for further improvements and applications in industrial contexts. 

The scope of this study is to contribute valuable knowledge in optimizing the 

microwave sintering process for fabricating a high-performance composite material. 

The outcomes are expected to have implications in diverse industrial sectors where 

advanced materials with improved mechanical properties are sought for various 

applications. 
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                                                     CHAPTER 4 

                     MATERIALS AND EXPERIMENTAL METHOD 

 
 

4.1. KAOLIN 

 

  Kaolin is a type of clay mineral, also known as china clay, which is commonly used 

in various industries including ceramics, papermaking, cosmetics, and 

pharmaceuticals. It is primarily composed of the mineral kaolinite, which is a 

hydrous aluminum silicate. 

 

Kaolin has several properties that make it valuable for industrial applications: 

 

• Whiteness: Kaolin is known for its bright white color, which makes it useful 

in products where brightness and opacity are desired, such as in paper, 

paints, and coatings. 

 

• Fine Particle Size: It has a fine particle size, which contributes to its smooth 

texture and ability to suspend in liquids, making it suitable for use in 

ceramics, glazes, and suspensions. 

 

• Chemical Inertness: Kaolin is chemically inert, meaning it does not react 

with most chemicals. This property makes it useful in applications where 

stability and resistance to chemical attack are important, such as in 

pharmaceuticals and cosmetics. 

 

• High Plasticity: Certain types of kaolin exhibit high plasticity, making them 

ideal for use in ceramics and pottery. 

 

• Absorbency: Kaolin has absorbent properties, which are beneficial in 

applications such as in facial masks, where it can help to absorb excess oil 

and impurities from the skin. 

 

Overall, kaolin is a versatile mineral that finds widespread use in various industries 

due to its unique combination of properties. 

 

The history of kaolin, also known as china clay, stretches back thousands of years, 

with its usage dating back to ancient civilizations. Here's an overview of its history: 

 

• Ancient China: Kaolin was first discovered and utilized in ancient China, 

hence the name "china clay." It was used in pottery, ceramics, and various 

artistic endeavors. The Chinese were among the first to recognize its 

unique properties, such as its plasticity when mixed with water and its ability 

to create fine white porcelain. 
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• Medieval Europe: Kaolin was introduced to Europe during the Middle Ages, 

likely through trade routes connecting Europe with Asia. European potters 

and ceramicists quickly recognized its value and began incorporating it into 

their work. However, it was not until the 18th century that European 

porcelain manufacturers began using kaolin extensively to replicate the 

quality of Chinese porcelain. 

 

• 18th and 19th Centuries: The discovery of high-quality kaolin deposits in 

England and Germany in the 18th century led to the establishment of kaolin 

mining and processing industries in Europe. The Industrial Revolution 

further accelerated the production and utilization of kaolin, particularly in the 

ceramics and paper industries. By the 19th century, kaolin had become a 

widely used industrial material. 

 

• North America: Kaolin deposits were discovered in the southeastern United 

States, particularly in Georgia and South Carolina, in the early 19th century. 

These deposits were found to be of high quality and suitable for various 

industrial applications. The development of the paper industry in the region 

further increased the demand for kaolin as a filler and coating pigment. 

 

• 20th Century: Throughout the 20th century, kaolin production continued to 

expand globally, with new deposits discovered in countries such as Brazil, 

Ukraine, Australia, and China. Technological advancements in mining, 

processing, and refining techniques further improved the quality and 

versatility of kaolin, leading to its widespread use in industries such as 

ceramics, paper, paints, plastics, and pharmaceuticals. 

 

• Modern Times: Today, kaolin remains an essential industrial mineral with 

diverse applications across various sectors. Its properties, including 

whiteness, plasticity, inertness, and fine particle size, make it indispensable 

in industries ranging from construction and agriculture to cosmetics and 

healthcare. 

 

Overall, the history of kaolin is a testament to its enduring value as a versatile 

industrial material and its significant impact on human civilization, from ancient 

pottery making to modern industrial applications. 

 

Kaolin can be incorporated into composite materials to enhance their properties and 

performance. Here are several ways kaolin can be used in composite materials: 

 

• Reinforcement: Kaolin particles can be added to polymer matrices to 

improve mechanical properties such as stiffness, strength, and impact 
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resistance. The high aspect ratio and fine particle size of kaolin make it 

effective as a reinforcing filler in composites. 

 

• Improved Barrier Properties: Kaolin's inertness and fine particle size 

contribute to its ability to act as a barrier against moisture, gases, and other 

substances. Incorporating kaolin into composite materials can enhance 

their resistance to environmental degradation and increase their shelf life. 

 

• Reduced Cost: Kaolin is often used as a cost-effective filler in composite 

materials to reduce the overall material cost while maintaining or improving 

performance. By replacing more expensive materials with kaolin, 

manufacturers can achieve cost savings without sacrificing quality. 

 

• Enhanced Fire Resistance: Kaolin is naturally flame retardant, and its 

addition to composite materials can improve their fire resistance. This is 

particularly beneficial in applications where fire safety is a concern, such as 

in construction materials and automotive components. 

 

• Improved Thermal Stability: Kaolin has excellent thermal stability, which can 

help to enhance the heat resistance of composite materials. This property is 

advantageous in applications where the materials will be exposed to high 

temperatures or thermal cycling. 

 

• Controlled Shrinkage and Warpage: Incorporating kaolin into composite 

materials can help to minimize shrinkage and warpage during processing 

and cooling. This is particularly important in applications where dimensional 

stability is critical, such as in precision components and molds. 

 

Overall, kaolin can play a valuable role in enhancing the performance, durability, 

and cost-effectiveness of composite materials across a wide range of applications. 

 

 

4.2. TITANIUM CARBIDE 

 

Titanium carbide (TiC) is a ceramic compound composed of titanium and carbon. It 

is one of several binary compounds of titanium and carbon, along with titanium 

carbide (Ti2C) and titanium carbonitride (TiCN), among others. 

 

Here are some key points about titanium carbide: 

 

• Properties: Titanium carbide is known for its high hardness, excellent 

mechanical properties, and good thermal stability. It has a high melting point 

(above 3100°C), which makes it suitable for high-temperature applications. 
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• Hardness: Titanium carbide is one of the hardest materials known, with a 

Mohs hardness of around 9-9.5. This makes it suitable for use in cutting 

tools, wear-resistant coatings, and other applications where hardness and 

abrasion resistance are important. 

 

• Refractory Properties: Titanium carbide exhibits excellent resistance to 

chemical and thermal degradation, making it suitable for use in refractory 

materials, crucibles, and furnace linings. 

 

• Wear Resistance: Due to its hardness and abrasion resistance, titanium 

carbide is often used as a component in wear-resistant coatings for 

industrial equipment, cutting tools, and wear parts in machinery. 

 

• Ceramic Matrix Composites: Titanium carbide can be used as a 

reinforcement in ceramic matrix composites (CMCs), where it enhances the 

mechanical properties and thermal stability of the composite material. 

 

• Electrical Conductivity: Titanium carbide is an electrical conductor, which 

makes it useful in applications such as electrical contacts and components 

for electronic devices. 

 

• Biomedical Applications: Titanium carbide coatings have been investigated 

for potential biomedical applications, such as dental implants and 

orthopedic implants, due to their biocompatibility and wear resistance. 

 

• Fabrication: Titanium carbide can be produced through several methods, 

including carbothermal reduction of titanium dioxide and graphite, chemical 

vapor deposition (CVD), and reactive sintering techniques. 

 

In summary, titanium carbide is a versatile material with a wide range of applications, 

particularly in industries where high hardness, wear resistance, and thermal stability 

are required. 

 

The history of titanium carbide (TiC) is closely intertwined with the development of 

materials science and engineering over the past century. Here's an overview of its 

history: 

 

• Early Discoveries: Titanium carbide was first synthesized in the early 20th 

century through the reaction of titanium oxide (TiO2) with carbon at high 

temperatures. The exact details of its synthesis were refined over time, but 

the initial discoveries laid the groundwork for further research into its 

properties and applications. 
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• World War II and Cold War Era: Titanium carbide gained significant 

attention during World War II and the subsequent Cold War era due to its 

potential military applications. It was explored for use in armor plating, 

cutting tools, and high-temperature materials for aerospace and defense 

applications. 

 

• Industrial Applications: In the post-war period, titanium carbide found 

commercial applications in various industries, particularly in the production 

of cutting tools, wear-resistant coatings, and refractory materials. Its 

exceptional hardness, high melting point, and chemical stability made it 

valuable in applications where durability and performance were critical. 

 

• Advancements in Processing Techniques: Over the years, advancements in 

materials processing techniques, such as powder metallurgy and chemical 

vapor deposition (CVD), have enabled the production of titanium carbide 

with tailored properties and microstructures. These developments have 

expanded its range of applications and improved its performance in various 

industrial settings. 

 

• Research and Development: Research into titanium carbide continues to 

this day, with a focus on further improving its properties, reducing 

production costs, and exploring new applications. This includes efforts to 

enhance its wear resistance, toughness, and thermal conductivity, as well 

as investigations into its potential use in emerging technologies such as 

additive manufacturing and electronic devices. 

 

• Modern Applications: Titanium carbide is now widely used in cutting tools 

for machining and metalworking, wear-resistant coatings for industrial 

equipment, and refractory materials for high-temperature applications. It is 

also employed in aerospace components, automotive parts, and electronics 

due to its excellent mechanical and thermal properties. 

 

• Emerging Technologies: Titanium carbide is being investigated for use in a 

range of emerging technologies, including energy storage devices, 

catalysts, and biomedical implants. Its unique combination of properties, 

such as electrical conductivity, corrosion resistance, and biocompatibility, 

make it promising for these applications. 

 

Overall, the history of titanium carbide reflects its evolution from a laboratory 

curiosity to a versatile industrial material with widespread applications in various 

sectors of the economy. Ongoing research and development efforts continue to 
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expand its capabilities and unlock new possibilities for its use in advanced 

technologies. 

 

Titanium carbide (TiC) can be used as a reinforcing filler in composite materials to 

enhance their mechanical properties, wear resistance, and thermal stability. 

Incorporating TiC into composite materials can offer several advantages: 

 

• Improved Mechanical Properties: Titanium carbide has a high hardness and 

stiffness, which can improve the mechanical properties of composite 

materials. Its addition can increase the composite's strength, stiffness, and 

resistance to deformation. 

 

• Enhanced Wear Resistance: TiC is highly abrasion-resistant, making it 

suitable for use in composite materials intended for wear-resistant 

applications. By incorporating TiC particles into the matrix, the composite's 

resistance to wear and erosion can be significantly improved. 

 

• Increased Thermal Stability: Titanium carbide exhibits good thermal stability, 

with a high melting point. Incorporating TiC into composite materials can 

enhance their resistance to high temperatures and thermal cycling, making 

them suitable for applications in harsh environments. 

 

• Reinforcement in Ceramic Matrix Composites (CMCs): Titanium carbide 

can be used as a reinforcement phase in ceramic matrix composites, where 

it enhances the mechanical properties and thermal stability of the 

composite material. TiC particles dispersed in a ceramic matrix can improve 

the composite's fracture toughness and damage tolerance. 

 

• Tailored Properties: The properties of composite materials can be tailored 

by adjusting the composition and distribution of TiC particles within the 

matrix. This allows for customization of the composite to meet specific 

performance requirements for different applications. 

 

• Reduced Weight: Despite its high hardness and strength, titanium carbide is 

relatively lightweight compared to metals like steel. Incorporating TiC into 

composite materials can help reduce overall weight while maintaining or 

improving mechanical performance, making them attractive for weight-

sensitive applications such as aerospace and automotive components. 

 

• Corrosion Resistance: Titanium carbide is inert and resistant to corrosion, 

which can improve the durability and longevity of composite materials in 

corrosive environments. 
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Overall, titanium carbide offers a range of benefits when incorporated into composite 

materials, making them suitable for a variety of demanding applications where high 

performance and durability are required. 

 

4.3. ALUMINIUM ALLOYED METAL MATRIX COMPOSITE 

 

Aluminium alloyed metal matrix composites (AMMCs) are composite materials 

where aluminum alloys serve as the matrix material, reinforced with various 

ceramic, metallic, or polymeric materials. These composites offer several 

advantages over conventional aluminum alloys, including enhanced mechanical 

properties, improved wear resistance, and tailored performance characteristics. 

Here are some key points about aluminum alloyed metal matrix composites: 

 

• Matrix Material: Aluminum alloys such as 2000, 5000, 6000, and 7000 

series are commonly used as the matrix material due to their lightweight, 

high strength-to-weight ratio, and good corrosion resistance. These alloys 

can be tailored to suit specific applications by adjusting their composition 

and processing parameters. 

 

• Reinforcement: Various materials can be used as reinforcements in 

aluminum matrix composites, including silicon carbide (SiC), alumina 

(Al2O3), boron carbide (B4C), carbon fibers, and metallic particles like 

titanium or aluminum. These reinforcements enhance the mechanical 

properties of the composite, such as strength, stiffness, and wear 

resistance. 

 

• Processing Methods: AMMCs can be fabricated using several processing 

methods, including powder metallurgy, casting, and liquid infiltration 

techniques. Each method offers advantages and limitations in terms of cost, 

complexity, and the ability to produce complex shapes. 

 

• Improved Mechanical Properties: The addition of reinforcement materials to 

the aluminum matrix enhances the mechanical properties of the composite. 

AMMCs typically exhibit higher tensile strength, stiffness, and fatigue 

resistance compared to unreinforced aluminum alloys. 

 

• Tailored Properties: By selecting appropriate reinforcement materials and 

adjusting their volume fraction, size, and distribution within the matrix, the 

properties of AMMCs can be tailored to meet specific application 

requirements. For example, composites reinforced with SiC particles may 

exhibit high hardness and wear resistance, making them suitable for 

automotive brake components. 
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• Weight Reduction: Despite the addition of reinforcement materials, AMMCs 

often offer weight savings compared to conventional metallic materials. This 

is due to the lightweight nature of aluminum and the high specific strength 

of many reinforcement materials. 

 

• Applications: Aluminum alloyed metal matrix composites find applications in 

various industries, including aerospace, automotive, marine, sporting 

goods, and electronics. Common applications include structural 

components, brake discs, engine parts, heat sinks, and electronic 

packaging. 

 

• Cost Considerations: While AMMCs offer superior performance 

characteristics, the cost of fabrication and raw materials may be higher 

compared to conventional aluminum alloys. However, the potential for 

performance improvements and weight savings may justify the higher cost 

in certain applications. 

 

Overall, aluminum alloyed metal matrix composites offer a compelling combination 

of lightweight design, high performance, and tailored properties, making them 

attractive for a wide range of applications where traditional materials may not 

suffice. 

 

The history of aluminum alloyed metal matrix composites (AMMCs) is closely tied 

to the development of aluminum alloys and composite materials. Here's an overview 

of the historical development of AMMCs: 

 

• Early Aluminum Alloys: Aluminum alloys have been used since the late 19th 

century, with significant advancements occurring in the early 20th century. 

These alloys were primarily developed for their lightweight properties, 

corrosion resistance, and mechanical strength, making them attractive for 

various industrial applications. 

 

• Introduction of Metal Matrix Composites: The concept of metal matrix 

composites emerged in the mid-20th century as a way to further enhance 

the mechanical properties of metals by incorporating reinforcing materials. 

The initial focus was on using ceramic particles such as alumina (Al2O3) or 

silicon carbide (SiC) as reinforcements in aluminum matrices. 

 

• Early Research and Development: In the 1960s and 1970s, research into 

aluminum matrix composites gained momentum, driven by the aerospace 

and automotive industries' demand for lightweight, high-strength materials. 

Early studies focused on powder metallurgy techniques for fabricating 

AMMCs and exploring various reinforcement materials and processing 

methods. 
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• Advancements in Processing Techniques: Over time, advancements in 

processing techniques, such as stir casting, powder metallurgy, and in-situ 

synthesis methods, facilitated the production of AMMCs with improved 

microstructures and mechanical properties. These techniques allowed for 

better control over the distribution and orientation of reinforcing phases 

within the aluminum matrix. 

 

• Industrial Applications: By the late 20th century and early 21st century, 

AMMCs began to find commercial applications in aerospace, automotive, 

marine, and sporting goods industries. These applications included 

structural components, engine parts, brake discs, heat sinks, and 

lightweight armor materials. 

 

• Continuous Improvement: Ongoing research and development efforts 

continue to focus on optimizing the properties of AMMCs for specific 

applications. This includes tailoring the composition, size, and distribution of 

reinforcement materials to achieve desired mechanical, thermal, and 

corrosion-resistant properties. 

 

• Emerging Technologies: With advancements in additive manufacturing (3D 

printing) and nanotechnology, new opportunities have emerged for 

fabricating AMMCs with complex geometries and enhanced performance 

characteristics. These technologies hold promise for further expanding the 

range of applications for AMMCs in the future. 

 

Overall, the history of aluminum alloyed metal matrix composites reflects the 

continuous evolution of materials science and engineering, driven by the demand 

for lightweight, high-performance materials in various industries. Ongoing research 

and innovation in this field continue to push the boundaries of what is possible with 

AMMCs, opening up new opportunities for their use in diverse applications. 

 

4.4. METAL MATRIX COMPOSITE 

 

Metal matrix composites (MMCs) are a class of materials consisting of a metal 

matrix reinforced with secondary phases such as ceramic or metallic particles, 

fibers, or whiskers. These composites combine the properties of metals (such as 

ductility and thermal conductivity) with the desirable characteristics of the reinforcing 

phase (such as high strength, stiffness, or wear resistance). Here's an overview of 

metal matrix composites: 

 

• Matrix Material: The matrix material in MMCs is typically a metal or metal 

alloy chosen for its specific properties, such as aluminum, magnesium, 

titanium, or copper. The matrix provides the bulk mechanical and thermal 

properties of the composite. 
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• Reinforcing Phase: The reinforcing phase can be ceramic, metallic, or 

polymeric, and it is dispersed within the metal matrix. Common 

reinforcement materials include silicon carbide (SiC), alumina (Al2O3), 

carbon fibers, boron fibers, and metallic particles like titanium or aluminum. 

The reinforcing phase imparts enhanced mechanical, thermal, or other 

specific properties to the composite. 

• Processing Techniques: MMCs can be manufactured using various 

processing techniques, including powder metallurgy, casting, infiltration, and 

fiber reinforcement methods. The choice of processing technique depends 

on factors such as the desired composite structure, the type of matrix and 

reinforcement materials, and the intended application of the composite. 

 

• Properties: Metal matrix composites offer a wide range of properties 

depending on the combination of matrix and reinforcing materials, as well 

as their volume fraction and distribution within the composite. MMCs can 

exhibit high strength, stiffness, wear resistance, thermal conductivity, and 

fatigue resistance, making them suitable for diverse applications. 

 

• Applications: MMCs find applications in numerous industries, including 

aerospace, automotive, defense, electronics, and sporting goods. Common 

applications include structural components, brake discs, engine parts, heat 

sinks, electronic packaging, and armor materials. MMCs are often used in 

applications where high performance, lightweight design, and resistance to 

extreme environments are required. 

 

• Advantages: The main advantages of metal matrix composites include their 

high specific strength and stiffness, excellent thermal stability, good wear 

resistance, and tailored properties for specific applications. Additionally, 

MMCs can offer weight savings compared to traditional materials, making 

them attractive for aerospace and automotive applications. 

 

• Challenges: Despite their many advantages, metal matrix composites also 

present challenges, such as the high cost of raw materials and processing, 

difficulties in achieving uniform dispersion of reinforcing phases, and 

limitations in joining and machining processes. These challenges require 

careful consideration during the design and manufacturing of MMCs. 

 

Overall, metal matrix composites represent a versatile class of materials with a wide 

range of properties and applications. Ongoing research and development efforts 

continue to improve the performance, cost-effectiveness, and scalability of MMCs 

for various industrial sectors. 
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4.5. SINTERING METHOD 

 

Utilizing microwaves for material processing represents a promising research 

domain with significant potential for uncovering novel materials and distinctive 

microstructures [27,28]. Recently, microwave-based material processing 

technology has garnered substantial attention due to its cost-effectiveness, both in 

terms of energy and time, its rapid sintering process, short duration for heating, 

heightened energy efficiency, enhanced product consistency, and increased yields. 

The microwave sintering process offers distinct advantages (illustrated in Figure 1) 

over conventional sintering methods [29]. The fundamental disparity between 

traditional and microwave sintering lies in their heating mechanisms [30], as 

depicted in Figures 2 and 3. In conventional heating, the specimen undergoes 

heating via elements like silicon rods, and subsequently, the heat is transmitted to 

the specimen through conduction, convection, or radiation. However, this method 

often leads to non-uniform heating, causing thermal gradients and consequently 

inducing internal stresses within the specimen. 

 

 
Figure.4.1  Favorable characteristics of microwave materials processing  
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Figure.4.2 Comparison of the heating procedure between conventional and 

microwave methods 

 

 

 
 

Figure.4.3 Heating mechanism for (a) conventional heating from the outer to the 

inner surface and (b) microwave heating from the inner to the outer surface 
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4.5.1 Principle and Problems Associated with Microwave Heating of Metals 

    The microwave heating dynamics of metal-based materials differ from dielectric 

materials, primarily due to the high conductivity of metals, which prevents the 

induction of an internal electrical field [31]. Microwave heating of metal-based 

materials relies on the depth of penetration known as the skin depth (d), which 

represents the distance from the material's surface where the field strength 

diminishes by a factor of 1/e. 

Microwave heating is influenced by numerous factors, encompassing material 

properties, physical attributes, boundary conditions, and the specific application 

fields to which the material is subjected [33]. The recent utilization of microwaves in 

ceramic processing marks a relatively new trend. They prove to be effective and 

efficient in heating and sintering ceramic objects. A surprising advancement in 

microwave applications lies in the sintering of metal powders, despite the common 

belief that bulk metals reflect microwaves. However, solid, nonporous metals reflect 

microwaves only at room temperature. In contrast, metals in powder form absorb 

microwaves at room temperature, leading to swift and effective heating. The 

implications of microwave sintering in metal processing are evident in powder 

technology, which finds applications across diverse industries such as automotive, 

aerospace, and heavy machinery. The industry's demand for improved processes 

and materials with high integrity for advanced engineering applications necessitates 

innovation and novel technologies. Attaining finer microstructures and near 

theoretical densities in specialized powder metal components remains a significant 

pursuit. Additionally, cost considerations continue to drive industry concerns. 

Microwave processing emerges as a potential solution to meet these demands by 

offering the capability to produce superior properties, finer microstructures, and 

potentially at a reduced cost. 

Walkiewicz et al. [34] explored the behavior of different metals under various heating 

rates when exposed to microwave radiation, highlighting that metal powder 

exhibited better coupling with microwaves compared to certain dielectric metal 

oxides. Agrawal and collaborators [35] noted that while a sheet of metal reflected 

microwaves, the reflective behavior seemed to change in powdered form. 

Researchers successfully produced dense sintered bodies from powders of various 

metals, including iron, steel, copper, and aluminum, using microwave sintering. In 

several instances, metals sintered via microwaves exhibited greater density and 

hardness compared to those sintered conventionally. 

 

 
4.5.2 Properties of Microwave Sintered Al-Metal Matrix Composites 

   The available literature primarily focuses on incorporating amorphous/ceramic 

alloy reinforcements into pure Al metal matrices. Lee et al. [38] reported on the 

compressive strength of Ni-Nb-Ta amorphous alloy-reinforced Al-MMC synthesized 

through the squeeze infiltration technique. 

 

Meanwhile, Zheng et al. [39] studied the microstructure and mechanical properties 

of Al-2024 and Al-2024-Fe composites produced via mechanical milling and hot 

extrusion. They observed notable improvements in mechanical properties attributed 

to grain refinement and the even dispersion of Fe-based metallic glass particles. 
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Scudino et al. [40] and Kim et al. [41] noted a substantial 60%–90% increase in 

compressive strength in high volume fraction Zr- and Ni-based glassy metal 

particles incorporated into Al and brass matrices using microwave sintering 

compared to traditional powder metallurgy techniques. Others also documented 

enhanced compressive strength in Mg and Al matrices reinforced with Zr-, Cu-, and 

Fe-based glassy ribbons processed through powder metallurgy-based hot 

compaction via the induction heating method [41,42,43,44]. However, it's important 

to note that the processing techniques detailed in these reports are limited in terms 

of the particle dimension of the composites (ranging from 4 to 10 mm in diameter), 

significantly impacting the compressive strength of the composites. 

As mentioned earlier, microwave-assisted sintering presents several advantages 

over various powder metallurgy-based techniques [45]. Microwave processing 

involves sintering specimens by transmitting microwaves through them alongside 

an external heating source integrated with the microwaves. Moreover, microwave 

processing offers the benefit of rapidly reaching metal melting point temperatures, 

resulting in uniform and dense microstructures within a short period.  

 

4.5.3 Interfacial Reactions in AMMCs 

   Aluminum Metal Matrix Composites (Al-MMC) were produced by incorporating 

Ni60Nb40 amorphous particles using two-directional microwave rapid sintering at 

weight fractions of 5%, 10%, and 25%. The study involved an assessment of the 

microstructure and mechanical properties of both the matrix alloy and the resulting 

composites. Analysis of the microstructure revealed that the amorphous 

reinforcements retained their structure and maintained a uniform distribution without 

any formation of interfacial reaction products. The authors highlighted a 

considerable increase in microhardness and compressive strength properties with 

the rise in volume fraction of Ni60Nb40. Notably, the composite with the highest 

volume fraction (25%) exhibited a significant strength increase of around 60%, 

primarily credited to effective load transmission and matrix enhancement. 

Furthermore, the study suggested that Ni60Nb40 amorphous reinforcements, at a 

similar scale, showed promising potential compared to conventional ceramic alloy 

reinforcements.[47] 

Aluminum-matrix composites were prepared and characterized, incorporating α-

Al2O3, Al3Ni, and Al3Ni2 particulates synthesized from Al and Ni2O3 powders using 

microwave-based techniques. Initially, an Al-based alloy was mixed with a 20% 

volume fraction of reinforcement, with a weight ratio of Al and Ni2O3 powders at 

87.11% and 12.89% (in wt. %), respectively. This mixture underwent milling in a 

stainless-steel jar under a sealed vacuum atmosphere for 2 hours. The resulting 

blended powder was then shaped into cylindrical specimens measuring 30 mm in 

diameter and 5 mm in length. Microwave heating was employed for the sintering 

process. The study revealed that an optimal microwave sintering temperature of 

695 °C was necessary for synthesizing the Al-Ni2O3 system, a lower temperature 

than that required in conventional heating (735 °C).[48]. 

 

Nawathe et al. [49] used a microwave hybrid sintering method to produce both pure 

Al and metastable Al/Cu nanocomposites incorporating various volume fractions of 
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Cu nanoparticles. Initially, Cu reinforcement nanoparticles were fabricated using the 

powder metallurgy technique. This involved blending specific quantities of Cu with 

pure Al or an Al/Cu composite mixture in a RETSCH PM-40 mechanical alloying 

machine for 1 hour at a speed of 200 rpm. Notably, milling balls or a milling medium 

were omitted during this process. Subsequently, the blended Al and Cu powders 

were pressed uniaxially at 97 MPa pressure to form billets measuring 35 mm in 

diameter and 40 mm in height. Pure Al billets were compacted using the same 

dimensions but without blending. 

 

The subsequent stage involved sintering the billets close to the Al melting point 

using a multi-mode microwave oven (Sharp, Singapore) with a power capacity of 

900 W at a 2.45-GHz frequency. Sintering was conducted at different microwave 

power levels—30%, 50%, and 100%—for durations of 50, 24, and 11 minutes, 

respectively. The microstructural properties of the resulting Al/Cu nanocomposites 

were examined using scanning electron microscopy (SEM). The SEM analysis 

indicated a uniform distribution of Cu reinforcement, although some clustering was 

observed. Verification of the Cu phase was confirmed through energy dispersive 

spectroscopy (EDX) analysis performed using equipment from JEOL USA Inc., 

Peabody, MA, USA. The observed clustering of Cu nanoparticles might be attributed 

to the substantial atomic size disparity between Al and Cu powders, along with the 

involvement of high surface energy. 

Examination of the tensile fractured surfaces of both pure Al and Al-Cu composite 

configurations revealed dimples, indicating a ductile manner of fracture. The authors 

noted that no noticeable variations were observed in the fracture surfaces apart from 

this characteristic. They proposed that the presence of Cu nanoparticles or 

fluctuations in microwave power during sintering might account for these 

observations.[49] 

 

Zheng and colleagues [49] conducted a study on the fabrication and 

characterization of 6061 Al alloy reinforced with varied reinforcement content (10, 

20, and 30 wt. % (Ti,W)C). The process involved mechanical alloying of 6061 Al 

alloy powder and (Ti,W)C powder using a two-station planetary ball mill for 1 hour 

at a ball-to-powder ratio of 5:1 and a milling speed of 200 rpm. Subsequently, 

stoichiometric amounts of 10%, 20%, and 30% vol. of (Ti,W)C amorphous 

reinforcement powder were mixed with pure aluminum in a planetary high-energy 

ball mill rotating at 200 rpm without using balls in this stage. The resulting blended 

carbide green composites were compacted into rectangular billets (23 × 7 × 7 mm) 

under a pressure of 400 MPa for 2 minutes. These billets were sintered using 

microwaves at four different temperatures (500, 520, 540, and 560 °C) with a 

constant soaking time of 45 minutes. 

 

According to their findings, an increase in the quantity of (Ti,W)C particulates led to 

a rise in porosity. Concurrently, an initial rise in porosity was observed with 

increasing sintering temperature. Moreover, the introduction of the (Ti,W)C phase 

significantly restricted the trend of grain growth, while higher temperatures promoted 

grain growth. X-ray diffraction (XRD) results indicated the absence of significant 

interfacial products between the 6061 Al alloy and (Ti,W)C particulates. Scanning 

electron microscopy (SEM) micrographs displayed a homogeneous distribution 
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throughout the matrix, with occasional agglomerations even at the highest 

reinforcement content (30 wt. %). High-resolution transmission electron microscopy 

(TEM) analysis exhibited defect-free interfaces between Al alloy grains and 

Al/(Ti,W)C in the composites. 

Bayraktar et al. [51] observed a consistent dispersion of Fe3O4 reinforcing particles 
within novel aluminum matrix composites and Al composites synthesized using the 
microwave heating process. Their experimental findings indicated a proportional 
increase in density post-sintering concerning both compact pressure and the 
proportion of iron oxide. 
 
In a recent study, Zhu et al. [52] explored the manufacturing and analysis of 
aluminum matrix composites reinforced with in situ Al2O3 and Al3Zr via microwave 
combustion synthesis. Their results highlighted a finer microstructure compared to 
conventionally prepared counterparts, and importantly, the Al3Zr reinforcements 
showed no visible cracks. Consequently, these newly developed composites exhibit 
promising potential for applications where the prevention of catastrophic failure is 
essential for safety reasons. 
 

 

4.6. Test processes includes, 

 

4.6.1 Sample preparation 

Sample preparation for composite materials involves several steps to ensure that 

the specimens are properly representative and suitable for analysis or testing. 

Here's a general guide to sample preparation for composite materials: 

Selection of Representative Sample: Choose a representative portion of the 

composite material that accurately reflects the composition, structure, and 

properties of the bulk material. Consider factors such as material type, 

reinforcement type, matrix material, and desired analysis or testing objectives. 

Cutting or Machining: Use appropriate cutting or machining techniques to obtain 

specimens of the desired size and shape. Common cutting methods include sawing, 

milling, grinding, or water jet cutting, depending on the material's properties and 

requirements. 

Mounting: If necessary, mount the specimens on a suitable substrate or holder to 

facilitate handling, polishing, and analysis. Use adhesives, mounting resins, or 

clamps to securely attach the specimens to the mounting surface. 

Grinding and Polishing: Grind the surface of the specimens to remove any 

irregularities, surface defects, or excess material. Use progressively finer abrasives 

or grinding papers to achieve the desired surface finish. Follow with polishing using 

polishing compounds or suspensions to obtain a smooth, reflective surface. 

Etching (Optional): In some cases, etching the specimens with chemical reagents 

may be necessary to reveal microstructural features such as fiber-matrix interfaces, 

voids, inclusions, or phase boundaries. Choose an appropriate etchant based on 

the composite material's composition and desired features. 
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Cleaning: Thoroughly clean the specimens to remove any contaminants, debris, or 

residues introduced during sample preparation. Use solvents, ultrasonic baths, or 

cleaning solutions as needed to ensure the specimens are free from surface 

contamination. 

 

Drying: If the specimens were cleaned using liquid solvents or cleaning solutions, 

ensure they are adequately dried to prevent corrosion, oxidation, or surface 

degradation. Use gentle drying methods such as air drying, vacuum drying, or low-

temperature oven drying to avoid damaging the specimens. 

Documentation: Record relevant information about the specimens, including 

material composition, dimensions, preparation methods, and any observations or 

special considerations. Proper documentation ensures traceability and facilitates 

interpretation of analysis or test results. 

Storage: Store the prepared specimens in a clean, dry environment to prevent 

contamination, degradation, or damage prior to analysis or testing. Use appropriate 

packaging or storage containers to protect the specimens from mechanical or 

environmental factors. 

By following these steps, you can ensure that composite material specimens are 

properly prepared and suitable for analysis, testing, or characterization, allowing for 

accurate and reliable results. 

 

4.6.2 X-Ray diffraction analysis (XRD):  

XRD stands for X-ray diffraction, which is a technique used to analyze the structure 

of crystalline materials. Here is an overview of X-ray diffraction: 

Principle: X-ray diffraction is based on the principle of constructive interference of 

X-rays by the atoms in a crystal lattice. When monochromatic X-rays are directed at 

a crystalline material, they are scattered by the atoms in the lattice. The scattered 

X-rays interfere with each other, producing a diffraction pattern that contains 

information about the arrangement of atoms in the crystal. 

Bragg's Law: The relationship between the angle of incidence (θ), the wavelength 

of the X-rays (λ), and the spacing between the atomic planes (d) in the crystal lattice 

is described by Bragg's Law: nλ = 2d sin(θ), where n is an integer representing the 

order of diffraction. 

Diffraction Pattern: The diffraction pattern consists of a series of peaks 

corresponding to the constructive interference of X-rays scattered by different sets 

of crystallographic planes within the material. The positions and intensities of these 

peaks provide information about the crystal structure, lattice parameters, and 

orientation of the crystallites. 

Analysis: By measuring the angles and intensities of the diffraction peaks in the X-

ray diffraction pattern, scientists can identify the crystalline phases present in a 

sample, determine their crystal structure, and quantify their relative amounts. XRD 
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is commonly used to analyze powders, thin films, and bulk materials in fields such 

as materials science, chemistry, geology, and pharmaceuticals. 

Instrumentation: X-ray diffraction experiments are typically performed using a 

diffractometer, which consists of an X-ray source (commonly a rotating anode X-ray 

tube), a sample holder, and a detector. The sample is mounted on a goniometer, 

which allows precise control of the angle of incidence of the X-rays. The diffracted 

X-rays are then detected by a detector, such as a scintillation counter or a 

semiconductor detector. 

Applications: X-ray diffraction is used in a wide range of applications, including 

phase identification, crystal structure determination, texture analysis, residual stress 

measurement, and quantitative analysis of crystalline materials. It is an essential 

tool for materials characterization and plays a crucial role in research, development, 

and quality control in various industries. 

Overall, X-ray diffraction is a powerful technique for studying the structure and 

properties of crystalline materials, providing valuable insights into their atomic 

arrangement and behavior. 

 

4.6.3 Optical micrograph:  

Optical microscopy, also known as light microscopy, is a technique used to observe 

and analyze specimens using visible light. Optical micrography refers to the process 

of capturing images of specimens under a light microscope. Here's an overview of 

optical micrography: 

Principle: Optical microscopes use visible light to illuminate specimens, which then 

pass through a series of lenses to magnify and focus the image. The specimen 

interacts with the light, causing it to be absorbed, transmitted, or scattered, 

depending on its properties. These interactions produce contrast in the image, 

allowing the specimen's features to be observed and analyzed. 

Components: Optical microscopes consist of several key components, including: 

Light source: Provides illumination for the specimen. 

Condenser: Focuses and directs the light onto the specimen. 

Objective lens: Magnifies the specimen and forms the primary image. 

Eyepiece (ocular): Further magnifies the image and allows it to be viewed by the 

observer. 

Stage: Supports the specimen and allows it to be moved for viewing. 

Focus controls: Adjust the position of the lenses to bring the specimen into sharp 

focus. 

Types of Optical Microscopy: 

Brightfield microscopy: The most common type of optical microscopy, where the 

specimen is illuminated from below and observed against a bright background. 
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Darkfield microscopy: Illumination is directed at an angle, causing only scattered 

light to reach the objective lens. This creates a bright image of the specimen against 

a dark background, enhancing contrast for transparent or unstained specimens. 

Phase contrast microscopy: Utilizes phase shifts in light passing through different 

parts of the specimen to create contrast in the image, particularly for specimens with 

low inherent contrast, such as living cells. 

Differential interference contrast (DIC) microscopy: Enhances contrast by detecting 

changes in the optical path length of light passing through the specimen, resulting 

in a three-dimensional appearance. 

Applications:  

• Optical micrography is used in various scientific fields and industries for 

research, quality control, and education. Common applications include: 

• Biological research: Studying cells, tissues, and microorganisms. 

• Materials science: Analyzing the microstructure, morphology, and defects in 

materials. 

• Forensics: Examining trace evidence, fibers, and biological samples. 

• Semiconductor inspection: Inspecting integrated circuits and semiconductor 

devices. 

• Education: Teaching microscopy techniques and biological concepts in 

classrooms and laboratories. 

• Image Capture and Analysis: In optical micrography, images of the 

specimen are captured using a camera attached to the microscope. These 

images can be further analyzed using image processing software to 

measure dimensions, quantify features, and enhance contrast for better 

visualization. 

Overall, optical micrography is a versatile and widely used technique for visualizing 

and analyzing specimens across various disciplines, providing valuable insights into 

the microscopic world. 

 

4.6.4 SEM with EDS:  

SEM with EDS refers to the combined use of a scanning electron microscope (SEM) 

and energy-dispersive X-ray spectroscopy (EDS) for materials characterization. 

Here's an overview of SEM with EDS: 

Scanning Electron Microscope (SEM): 

SEM is a powerful microscopy technique that uses a focused beam of electrons to 

scan the surface of a specimen. 

The interaction of the electron beam with the specimen generates various signals, 

including secondary electrons (SEs), backscattered electrons (BSEs), and 

characteristic X-rays. 
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These signals provide information about the surface morphology, topography, 

composition, and crystallographic structure of the specimen at high resolution. 

Energy-Dispersive X-ray Spectroscopy (EDS): 

 

EDS is an analytical technique used to determine the elemental composition of a 

sample based on the characteristic X-rays emitted when the sample is bombarded 

with high-energy electrons or X-rays. 

The X-rays emitted by the sample are collected and analyzed using an energy-

dispersive detector, which measures the energies and intensities of the X-rays. 

Each element in the sample emits characteristic X-rays with unique energies, 

allowing for qualitative and quantitative analysis of the elemental composition. 

Principle of Operation: 

In SEM with EDS, the electron beam of the SEM is used to scan the surface of the 

specimen. 

When the electron beam interacts with the sample, it induces the emission of 

characteristic X-rays from the atoms in the sample. 

The EDS detector collects these X-rays and measures their energies, allowing for 

the identification of the elements present in the sample and their relative 

abundances. 

The resulting EDS spectrum provides a quantitative representation of the elemental 

composition of the sample. 

Applications: 

• SEM with EDS is widely used in materials science, geology, metallurgy, 

forensics, and other fields for elemental analysis and materials 

characterization. 

• Common applications include: 

• Determination of the elemental composition of unknown samples. 

• Characterization of microstructures and phases in materials. 

• Identification of contaminants, inclusions, and defects in materials. 

• Analysis of geological samples, fossils, and archaeological artifacts. 

• Quality control and failure analysis in manufacturing and engineering. 

Advantages: 

SEM with EDS provides simultaneous imaging and elemental analysis of samples 

at high spatial resolution. 

It allows for the rapid and non-destructive analysis of samples without the need for 

sample preparation. 

The technique is highly sensitive and capable of detecting elements down to trace 

levels. 
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Overall, SEM with EDS is a powerful analytical tool for investigating the composition, 

structure, and properties of a wide range of materials, offering valuable insights into 

their chemical makeup and behavior. 

 

4.6.5 Raman Spectrum:  

A Raman spectrum is a graphical representation of the Raman scattering of light 

from a sample. Raman spectroscopy is a technique used to analyze vibrational, 

rotational, and other low-frequency modes in a material. Here's an overview of 

Raman spectra: 

Principle: Raman spectroscopy is based on the inelastic scattering of photons when 

they interact with a sample. When monochromatic light (typically from a laser) is 

incident on a sample, most of the scattered photons undergo elastic scattering, 

known as Rayleigh scattering, where the energy and wavelength of the photons 

remain unchanged. However, a small fraction of the scattered photons undergo 

inelastic scattering, known as Raman scattering, where the photons gain or lose 

energy by interacting with the vibrational and rotational modes of the molecules in 

the sample. 

Raman Shift: The difference in energy between the incident and scattered photons 

is known as the Raman shift. It is expressed in wavenumbers (cm^-1) and 

corresponds to the energy of the vibrational or rotational modes of the molecules in 

the sample. The Raman shift provides information about the molecular structure and 

chemical composition of the sample. 

Raman Spectrum: A Raman spectrum is obtained by plotting the intensity of Raman-

scattered light as a function of the Raman shift. Each peak in the spectrum 

represents a specific vibrational or rotational mode of the molecules in the sample. 

The positions, intensities, and shapes of the peaks provide valuable information 

about the chemical bonds, crystal structure, and phase composition of the material. 

Components of a Raman Spectrum: 

Stokes and Anti-Stokes Peaks: In a Raman spectrum, the peaks corresponding to 

energy loss (lower energy than the incident light) are called Stokes peaks, while 

those corresponding to energy gain (higher energy than the incident light) are called 

Anti-Stokes peaks. 

Peak Positions: The positions of the peaks in the Raman spectrum are characteristic 

of the molecular bonds and crystal structure of the sample. Different chemical 

compounds and phases exhibit distinct Raman spectra, allowing for their 

identification and characterization. 

Peak Intensities: The intensities of the peaks in the Raman spectrum depend on 

factors such as the concentration of the sample, the efficiency of Raman scattering, 

and the symmetry of the vibrational modes involved. 
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Applications:  

• Raman spectroscopy is widely used in various scientific fields and 

industries for materials analysis, including: 

• Identification and characterization of organic and inorganic compounds. 

• Analysis of polymers, plastics, and biomolecules. 

• Quality control and process monitoring in pharmaceuticals, food, and 

chemical industries. 

• Investigation of semiconductor materials, carbon nanotubes, and graphene. 

Forensic analysis, art conservation, and archaeology. 

Overall, Raman spectroscopy is a versatile and non-destructive technique for 

analyzing the molecular structure and composition of materials, providing valuable 

insights into their chemical and physical properties. 

 

4.6.6 Tensile test in UTM:  

In the context of materials testing, "tensile test" refers to a mechanical test 

commonly known as the "ultimate tensile strength" (UTS) test. This test is used to 

determine various mechanical properties of materials, including their strength, 

ductility, and elasticity. Here's an overview of the tensile test in UTS: 

Principle: The tensile test involves applying a uniaxial (along one axis) tensile force 

to a specimen (usually a standardized sample) until it fractures. During the test, the 

specimen undergoes elongation, and the applied force is measured continuously. 

This allows for the construction of a stress-strain curve, which provides valuable 

information about the material's behavior under tension. 

Test Setup: The test typically involves clamping the specimen into a testing machine 

(tensile testing machine or universal testing machine) equipped with grips that 

securely hold the specimen. The machine then applies a controlled tensile force to 

the specimen at a constant rate of deformation (strain rate). 

Data Collection: As the test progresses, the applied force and the corresponding 

elongation or deformation of the specimen are recorded continuously. This data is 

used to calculate the stress (force per unit area) and strain (change in length per 

unit length) experienced by the specimen at various points during the test. 

Stress-Strain Curve: The stress-strain curve generated from the tensile test provides 

valuable information about the material's mechanical properties. It typically consists 

of several regions: 

Elastic Region: At low levels of stress, the material deforms elastically, meaning it 

returns to its original shape after the force is removed. The stress-strain curve in 

this region is linear, and the slope represents the material's Young's modulus 

(modulus of elasticity). 
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Yield Point: The point at which the material begins to deform plastically (permanent 

deformation) is known as the yield point. Beyond this point, the material undergoes 

plastic deformation, and the stress-strain curve becomes nonlinear. 

Ultimate Tensile Strength (UTS): The maximum stress that the material can 

withstand before fracturing is known as the ultimate tensile strength. It is the highest 

point on the stress-strain curve. 

Fracture Point: The test concludes when the specimen fractures. The stress at 

fracture is recorded, and the fracture surface may be examined to determine the 

mode of failure (e.g., ductile or brittle). 

Properties Determined: The tensile test provides valuable information about various 

mechanical properties of materials, including: 

Ultimate Tensile Strength (UTS), Yield Strength, Modulus of Elasticity (Young's 

Modulus), Percent Elongation, Percent Reduction in Area, Ductility, Toughness 

Applications:  

Tensile testing is widely used in materials science, engineering, manufacturing, and 

quality control to evaluate the mechanical properties of metals, polymers, ceramics, 

and composites. It is essential for determining the suitability of materials for specific 

applications, ensuring compliance with industry standards, and identifying material 

defects or inconsistencies. 

Overall, the tensile test in UTS is a fundamental and widely used method for 

characterizing the mechanical behavior of materials under tension, providing 

valuable insights into their strength, ductility, and elasticity. 

 

4.6.7 Microhardness: 

Microhardness refers to the hardness of a material at small scales, typically 

measured using a microhardness tester. It is an important mechanical property that 

characterizes a material's resistance to indentation or penetration by a harder 

object. Here's an overview of microhardness: 

Principle: Microhardness testing involves applying a controlled load or force to the 

surface of a material using a sharp indenter, typically a diamond or a hard metal 

alloy. The indentation is made under controlled conditions, such as a specified load, 

dwell time, and rate of loading. 

Types of Microhardness Tests: 

Vickers Hardness Test: In the Vickers hardness test, a square-based diamond 

pyramid indenter is pressed into the material surface under a specified load. The 

size of the indentation left by the indenter is measured optically, and the Vickers 

hardness number (HV) is calculated based on the applied load and the surface area 

of the indentation. 
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Knoop Hardness Test: The Knoop hardness test uses a rhombic-based diamond 

indenter with a long axis and a short axis. Similar to the Vickers test, the size of the 

indentation is measured, and the Knoop hardness number (HK) is calculated. 

Berkovich Hardness Test: The Berkovich hardness test employs a three-sided 

pyramid-shaped diamond indenter. It is commonly used for testing very small or thin 

samples and is favored for nanohardness measurements. 

Applications: 

Microhardness testing is widely used in materials science, metallurgy, and 

engineering to evaluate the hardness of thin films, coatings, small components, and 

fine-grained materials. 

It is particularly useful for characterizing materials with heterogeneous 

microstructures, such as welded joints, heat-affected zones, and multi-phase alloys. 

Microhardness testing can provide valuable insights into material properties, such 

as hardness variations across different regions of a sample, surface hardness, and 

depth-dependent hardness profiles. 

Advantages: 

• Microhardness testing offers higher spatial resolution compared to 

conventional macroscopic hardness testing methods. 

• It allows for the examination of localized hardness variations within a 

material, which may not be captured by bulk hardness tests. 

• Microhardness testing can be performed on small or delicate samples 

without causing significant damage or deformation. 

Limitations: 

• Microhardness testing requires careful sample preparation to ensure 

accurate and reproducible results, including surface polishing and 

cleanliness. 

• The interpretation of microhardness results may be influenced by factors 

such as surface roughness, grain size, and sample geometry. 

• Microhardness testing typically provides relative hardness values rather 

than absolute measurements, and results may vary depending on the 

testing conditions and indenter geometry. 

• Overall, microhardness testing is a valuable technique for evaluating the 

mechanical properties of materials at small scales, providing detailed 

information about their hardness, wear resistance, and deformation 

behavior. 

 

4.6.9 Fracture toughness with image:  

The intention of a fracture toughness test is to measure the resistance of a material 

to the presence of a flaw in terms of the load required to cause brittle or ductile crack 
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extension (or to reach a maximum load condition) in a standard specimen containing 

a fatigue precrack. 

 

 

4.6.8 Fractography analysis: 

Fractography analysis is the examination and interpretation of fracture surfaces to 

understand the failure mechanism, mode, and characteristics of a fractured 

material. It is an essential technique in materials science and engineering for 

investigating the causes of component failure, identifying failure modes, and 

improving the design and performance of materials and structures. Here's an 

overview of fractography analysis: 

Fracture Surface Examination: Fractography analysis begins with the visual 

inspection and characterization of the fracture surface using optical microscopy, 

scanning electron microscopy (SEM), or other imaging techniques. The fractured 

specimen is typically cleaned, polished, and examined under various magnifications 

to observe features such as crack propagation, fracture morphology, and 

microstructural details. 

 

Fracture Morphology: Fracture surfaces can exhibit different morphologies 

depending on the material, loading conditions, and fracture mechanism. Common 

fracture morphologies include: 

Ductile Fracture: Characterized by plastic deformation, necking, and the formation 

of dimples or microvoids on the fracture surface. Ductile fractures often exhibit a 

rough and jagged appearance, with evidence of material flow and deformation. 

Brittle Fracture: Occurs with minimal plastic deformation and little to no warning 

before failure. Brittle fractures typically display a flat, smooth, and featureless 

surface, often accompanied by cleavage or intergranular facets. 

Mixed Mode Fracture: Combination of ductile and brittle fracture features, indicating 

a transition between ductile and brittle behavior during failure. 

Crack Propagation: Fractography analysis provides insights into the direction and 

mode of crack propagation within the material. Features such as crack arrest marks, 

striations, fatigue striations, and beach marks can indicate the direction and rate of 

crack growth, as well as the loading conditions (e.g., cyclic loading, overload, or 

fatigue). 

Microstructural Analysis: Fractography analysis often involves examining the 

microstructure of the material near the fracture surface to identify features such as 

grain boundaries, phases, inclusions, voids, and precipitates. Microstructural 

anomalies or defects can influence the initiation and propagation of cracks, leading 

to premature failure. 

Failure Mechanism Identification: Based on the observed fracture features and 

microstructural details, fractography analysis aims to identify the primary failure 
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mechanism(s) responsible for the fracture. This may include mechanisms such as 

overload, fatigue, stress corrosion cracking, hydrogen embrittlement, environmental 

degradation, or manufacturing defects. 

Root Cause Analysis: Fractography analysis is often part of a broader root cause 

analysis process to determine the underlying factors contributing to material failure. 

It involves considering various factors such as material properties, loading 

conditions, environmental factors, design flaws, manufacturing processes, and 

service history. 

Overall, fractography analysis plays a crucial role in understanding material 

behavior, diagnosing failure modes, and informing the design, selection, and 

maintenance of materials and structures in engineering applications. 
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                                           CHAPTER 5 

                             RESULTS AND DISCUSSION 

The insights gained from optical micrography of composite materials aid in the 

development, improvement, and quality control of composite materials. The 

information gathered through optical micrography is essential for optimizing the 

performance, durability, and reliability of these materials in real-world applications 

[44]. The optical micrography of the composites depicted in Fig. 1 shows that the 

reinforcing particles in the aluminium alloy scatter quite regularly throughout, with 

little to no clustering occurring anywhere. Dendritic structures are common in 

composite aluminium. The optical micrographs depict the formation of a dendritic 

structure, which resembles a tree, inside the aluminium matrix composites. This 

demonstrates that we were able to achieve a finer dendritic structure. The material 

qualities of this kind of growth are greatly affected. because of the constitutional 

supercooling that created the dendritic structure during alloy solidification [45, 46].  
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Fig. 5.1. OM images of microwave sintered (a) Al-10TiC-2Kaolin (b) Al-10TiC-

5Kaolin (c) Al10TiC-10Kaolin  

  

The topography of the specimens is further observed under Scanning Electron 

microscope (see Fig. 8). It clearly depicts the uniform distribution of reinforcements 

and no clusters were identified for the samples having Al-10 % TiC with 2% Kaolin. 

The incorporation of 5% and 10%wt. kaolin reinforcements causes the formation of 

agglomerations and clusters of Al-Si-Ti which was identified in corresponding EDS 

spectrum as well. The agglomeration further shows a defect or mass presence of 

any residual reinforcement compound.  
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Fig. 5.2. EDS and SEM images of microwave sintered (a) Al-10TiC-2Kaolin 

(b) Al-10TiC-5Kaolin, (b’) corresponding EDS spectrum and (c) Al-10TiC-

10Kaolin   

  
  

XRD can be utilized to characterize the crystalline phases of individual components 

within the composite, identify any changes in crystal structure due to processing or 

treatment, and assess the degree of crystallinity. This information aids in 

understanding the properties of the material, performance, and behavior in specific 

applications.  

Figure 4 shows the XRD pattern for microwave sintered Al-10% TiC-(2, 5 and 10%) 

Kaolin. It confirms the presence of CaO (JCPDS file number: 037-1497 [47], SiO2 

(JCPDS file number: 461045 [48], Al2O3 (JCPDS file number: 00-046-1212), TiO2 

(JCPDS file number: 21-1276 [49], and MgO (JCPDS file number: 59-7746 [50]. 

Moreover, the XRD patterns showed that Al4C3 and Al2Cu compounds were absent. 

Literature suggests that the brittle intermetallic compounds Al4C3 and Al2Cu that are 

present at the interfaces weaken the bonding strength reducing the load transfer 

from the ductile aluminium matrix to the ceramic reinforcements and deteriorates 

the strength of the composite [51].   
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Literature suggest that composites made by microwave sintering have stronger 

interface bonding and superior mechanical qualities than composites made by 

conventional sintered methods. Brittle intermetallic compounds are produced at the 

matrix and reinforcement interface regions as a result of the high activation energies 

present at the grain boundaries caused by extended sintering times and high 

sintering temperatures in the conventional sintering process [52, 53]. This also 

speeds up the chemical reactions between the interfaces. On the other hand, the 

brittle agglomeration formation at the interfaces is reduced by the lower sintering 

temperature and shorter sintering duration of the microwave sintering approach.   

The composite ceramic particles, which include TiC, Al2O3, and TiO2, effectively 

absorb microwave radiation and produce heat from the core of the reinforcements 

due to dipole oscillations at microwave frequencies [54]. During the sintering 

process, heat is uniformly distributed due to the conduction mode, which carries the 

heat created at the core part to the outside surface. Because of the strong 

connections that are formed between the neighbouring particles, this event 

produces highly densified composites [55]. 

 

  
Fig. 5.3. XRD pattern of microwave sintered Al-TiC-Kaolin composites   

  

 

Figure 5 shows the stress-strain plot of the Al-TiC-Kaolin composites following a 

unilateral tensile test. The intensity of interface bonding strength is the primary factor 

influencing the mechanical performance of metal matrix composite (MMC) [56]. The 

process of heat creation from the core of the particle resulting from the absorption 

of microwaves produces strong interface connections between neighbouring 

particles and a uniform distribution of heat, both of which improve the mechanical 

characteristics of the microwave-sintered MMC [57]. Microwave sintered 
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composites reduce the possibility of agglomeration formation by having low sintering 

temperatures and a high sintering rate.   

Furthermore, the inclusion of ceramic reinforcements such as TiC and kaolin, which 

are efficient heat absorbers, causes the core portion to heat up through the 

oscillation of dipoles at microwave frequencies [54]. The Orowan strengthening in 

microwave sintered samples is caused by the homogeneous distribution of harder 

reinforcements in the softer aluminium matrix [51]. During microwave sintering, 

thermal stresses are created at the interfaces due to the presence of differences in 

the coefficients of thermal expansion of the reinforcement and matrix particles. As 

one moves away from the interface regions, the severity of these stresses rapidly 

decreases and causes dislocations around the reinforcements, which raises the 

dislocation density.  

This causes the grain to move across the grain boundaries. The strength of the 

composite is increased by this phenomenon [58]. Table 1 tabulates the ductility of 

the microwave sintered specimens. For Al-10TiC-5Kaolin, it was shown that the 

greater ductility (strain to fracture) was higher (33.4%). In traditional sintering, the 

specimen is exposed to longer sintering times and higher temperatures, which 

promotes the quick diffusion of particles at interfaces and produces brittle Al4C3 

intermetallic complexes that obstruct grain formation and dislocation motion. As a 

result, the plastic deformation of the composite specimen decreases [59, 60]. Better 

industrial uses are possible because of the microwave sintered Al-10TiC-5Kaolin 

increased ductility.  

 

 

                             Table 5.1: Mechanical properties of Al-TiC-Kaolin composites  

  

Metal matrix 

composites  
UTS (in MPa)  0.2% YS (in  

MPa)  

Ductility (%)  Vickers 

microhardness 

(in HV)  

Al-10Kaolin-2TiC  246  162  21.5  98  

Al-10Kaolin-5TiC  503  265  33.4  143  

Al-10Kaolin-10TiC  411  217  12.3  122  
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Fig.5.4. Stress-Strain diagram of microwave sintered Al-TiC-Kaolin composites  

  

Fractography studies and analyse the fractured surfaces of materials, primarily to 

understand the causes, mechanisms, and characteristics of the fracture. It involves 

examining the physical features, patterns, and textures of fractured surfaces to 

deduce information about the failure mode, stress conditions, and material 

properties. It involves visual inspection and detailed analysis of the surface of a 

fractured material. It examines features such as crack propagation, fracture origin, 

dimples, ridges, striations, and other surface markings.  
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Fig.5.6. SEM micrograph of fractured surface showing fracturing means of 

microwave sintered (a) Al-10TiC-2Kaolin (b) Al-10TiC-5Kaolin (c) Al-10TiC-10Kaolin 

composites  

  

There were two main categories for tensile fractures: brittle and tensile. The 

distribution of reinforcements during the matrix phase and the development of 

agglomerations at the interfaces are two elements that determine the type of tensile 

fracture that occurs in composite specimens. When a load is applied, the strength 

and cause the early stage of fracture. The difference in load-carrying potential 

between the matrix and reinforcement particles might lead to the formation of 

agglomerations [61, 62]. Figure 6 showed the cracked surface morphology of the 

Al-TiC-Kaolin specimens that were subjected to tensile loading. The brittle fracture 

that speeds up the propagation of microcracks at grain boundaries is revealed by 

the presence of trans-granular cleavages on the fractured surface. Nonetheless, the 

extreme plastic deformation at the highly localised stress concentration zones is 

what caused the dimples to appear on the cracked ductile specimen. Cleavage 

fracture on the cracked surface results from the production of Al4C3 brittle 

agglomerations in traditional sintered aluminum-ceramic MMCs because to the 

higher sintering temperature and longer sintering times. But with microwave 

sintering, the quick sintering duration and lower sintering temperature promote fast 

diffusion and prevent agglomeration formation. This mechanism induces ductile 

fracture (tear ridges) in microwave sintered specimens and increases the elastic 

nature of the specimen (see Fig. 11(c)).  
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CHAPTER 6 

CONCLUSION 

 

In the present study, microwave sintering procedures are used to investigate the 

mechanical characterisation of an Al/Kaoline/TiC hybrid composite. Following 

observations are drawn from the experimental work:  

(a) The optical micrograph and SEM analysis reveals the uniform dispersion of 

reinforcements in the matrix phase with dendritic structure typically associated 

with aluminium based metal matrix composites.  

(b) The XRD pattern of the microwave sintered Al/koaline/TiC composites showed 

no Al4C3 agglomerations, which could be attributed to the shorter sintering time 

at lower temperatures. Because the microwave sintered composite produces 

uniform heat from the core of the particle, no agglomerations were observed.  

(c) Al-10TiC-5Kaolin demonstrated better mechanical properties and harness 

attributes. The mechanical properties because of the optimised grain growth and 

the creation of clean interface bonds.  

(d) The fractography of the specimens showed a combination of ductile and brittle 

fracture involving dimples, tear ridges and cracks. The nature of brittle fracture 

was enhanced with increasing kaolin content.  
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