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Preamble

Ceramics find applications in several sectors due to their unique properties like high strength, hardness,
resistance to oxidation at high temperatures, corrosion, erosion resistance, low density, chemical
stability, and their relatively low cost [1,2].

Ceramic materials are classified as inorganic compounds. They have a crystalline structure, mainly
composed of strong ionic or covalent bonds. These bonds formed when metals combine with oxygen,
producing metal oxides such as alumina (Al,O3) and zirconia (ZrOz). Ceramics include a broad
spectrum of compounds such as borides, carbides, and nitrides, which offers a wide range of

applications in various sectors.

Oxide, carbide, boride, and nitride ceramics have diverse applications. Oxide ceramics (like alumina
and zirconia) are used for biomedical and high-temperature compatibility [3,4]. Carbide ceramics (such
as silicon carbide and tungsten carbide) are valued for their hardness and wear resistance, ideal for
cutting tools and armor applications [5,6]. Boride ceramics (like zirconium diboride and boron carbide)
are known for their hardness and lightweight properties, suitable for armor and aerospace applications
[7,8]. Nitride ceramics (such as silicon nitride and aluminum nitride) offer high-temperature stability,
useful in gas turbines and electronics [9,10]. These ceramics are crucial for various technological

advancements in demanding environments.

The inherent characteristics of ceramics, including high porosity, brittleness, and limited fracture
toughness, pose challenges in their practical applications [11]. Additionally, machining processes for
ceramics are often expensive due to their hardness and tendency to undergo fracture during shaping.
To enhance the mechanical properties of ceramics, various methods such as reinforcements and process
modifications have been explored [12]. Reinforcements involve incorporating secondary phase
materials, such as particles, platelets, whiskers and fibres with suitable interfacial coating into the
ceramic matrix to improve fracture toughness, wear resistance and other mechanical properties [13,14].
Process modifications encompass alterations in fabrication techniques, such as changing sintering
conditions or introducing additives, to optimize microstructure and enhance mechanical performance
[15]. These approaches aim to overcome the inherent brittleness and low fracture toughness of

ceramics, thereby expanding their potential for various applications.

Traditionally, manufacturing complex shapes often involved significant material wastage and post-
processing steps. Additive manufacturing allows for the fabrication of intricate near-net-shape parts
with exceptional precision [16]. This minimizes material wastage and the need for extensive finishing,
leading to a more efficient and generic process.Monolithic ceramics, while offering excellent high-

temperature performance and chemical resistance, often exhibit drawbacks in mechanical properties



such as brittleness and low fracture toughness [17]. These characteristics limit their application in high-
stress environments where impact resistance and sustainability are essential. In contrast, ceramic
matrix composites (CMCs) represent a significant advancement over monolithic ceramics due to their
enhanced mechanical properties [18]. By incorporating fibres or particles as reinforcements into a
ceramic matrix, CMCs can exhibit superior fracture toughness, tensile strength, and impact resistance
compared to monolithic ceramics [19]. CMCs can withstand higher mechanical loads thus leading to
increased demand in applications such as aerospace, automotive, and industrial manufacturing [20].
Conventional ceramic forming techniques use colloidal processing and consolidation in specially
designed dies and are well established [21]. These techniques include die-casting, CIP-casting, and
injection molding, each with its own merits and demerits [22]. Gelcasting and Rapid prototyping (RPT)
offers a single-step solution for complex ceramic parts [23], but optimizing the process requires
overcoming several problems. Selecting a suitable binder system is crucial [24]. Finding the optimal
binder system and dispersant to get good solid loading of ceramic slurry and the resulting viscosity is
another challenge. Higher solid loading produces a denser final part but can make filling the mold and
removing air bubbles difficult. De-airing techniques like vacuum de-gassing become essential to
eliminate these bubbles and ensure a uniform structure. Finally, the demolding process itself requires
careful consideration. Mold design should facilitate easy release of the component to minimize the risk
of cracking the fragile green body. 3D printing (additive manufacturing) offers a solution for
fabricating intricate molds for near-net shaping of ceramics a major problem arises from the demolding
process when using popular choices like Acrylonitrile butadiene styrene (ABS) and polylactic acid
(PLA) filaments-based molds. and demolding process [25]. Traditional near-net shaping often relies
on extended soaking times to dissolve the mold and release the fragile green ceramic part. This
extended soaking time creates a potential threat. First, the mold removal solvents can slowly interact
with the green body, causing unwanted interactions that can initiate defects in the final ceramic product
[26]. Present work exploits the benefits of expanded polystyrene (EPS) and 3D-printed thin wall molds,
by developing methods of eliminating the mold to green body interaction during the demolding process

[27, 28].

The present work involves investigations on oxide ceramics derived from alumina and zirconia with a
goal to develop methods for net shaping ceramic composites [29-31] with superior properties for high-

performance in actual applications.



Chapter_1. Introduction and Motivation
This chapter briefly explains the importance of ceramics in general and gives an introduction to oxide

ceramics and their applications. Reports in literature on the properties of oxide ceramics especially
those derived from alumina and zirconia, with various reinforcements are reviewed. Present state of
the art on net shaping of ceramics is narrated with a discussion on their merits and demerits.

The ceramic systems chosen for the present study are described, which include monolithic alumina,
mixed oxides like barium strontium titanate with composition Bao.5sSro.sTiO3 (BSTO), and composites
of alumina and partially stabilized zirconia with 3 mol% yttria (3YPSZ), with an aim to develop
methods of net shaping. Efficacy of reinforcements like alumina platelets and carbon short fibre to
enhance mechanical properties of alumina and zirconia composites are explored, while enabling

fabrication of complex shapes.

Chapter_2. Experimental and characterization techniques
This chapter presents all the experimental techniques used to characterize the powders, slurries, and
the products. These include

X- ray diffraction studies to confirm the phase formation and to determine the lattice parameters.

Rheological characterization: Viscosity of the ceramic suspensions to identify suitable solid loading
for casting.

CNC profile cutter and 3D printer for fabrication of expanded polystyrene (EPS) and ABS molds of
requisite designs, respectively.

Temperature and humidity-controlled Ovens and various programmable high temperature furnaces for
thermal processing at various stages of fabrication like drying, debindering (controlled removal of
binders) and sintering in suitable atmospheres.

Archimedes technique for density measurement of ceramic compacts.

Vickers indentation method for hardness measurement.

Universal testing machine (UTM) for flexural strength and fracture toughness using 3-point bend test.
Dielectric spectrometer to measure Dielectric constant and dielectric loss of BSTO ceramics.

Optical microscopy, field emission scanning electron microscopy and transmission electron
microscopy for microstructural and fractography analysis.



Chapter_3. Net shaping of ceramic composites
This chapter delves into the fabrication of ceramic components with complex geometries, combining

the rapid prototyping and gelcasting (RPGC) processes. In this process, suitable levels of solid loading
are optimized measuring viscosity of the slurries. Various mold materials, mold removal processes,
and precision mold fabrication techniques are explored. The focus lies on achieving near-net shaping
of ceramic components with complex geometries. We examined two different mold materials. One of
them is EPS molds, which were prepared by subtractive manufacturing technology, while the second
one is ABS molds, prepared by additive manufacturing technology. These molds are designed to enable
the fabrication of intricate shapes. Free-flowing ceramic suspensions were cast into the molds and were
gelled. After mold removal, the green body was subjected to drying, debindering, and sintering to
obtain dense ceramic components, whose physical, mechanical and microstructural features are
studied. Initial experiments with alumina components served as a model system for process
optimization, with insights applied to other material systems such as yttria stabilized zirconia (YSZ),
barium strontium titanate (BSTO), and ZrB». In conclusion, this chapter provides a comprehensive
exploration of near-net shaping of different ceramic components like alumina, BSTO and ZrB, with
intricate geometries, offering valuable insights into optimizing ceramic component fabrication

processes for various applications.

Chapter_4. Fabrication of alumina - o alumina composites
This chapter explores the fabrication process of alumina-alumina composites reinforced with second

phase inclusions. In this work, we have chosen single-crystalline a-alumina platelets as a
reinforcement. The experimental procedure involves preparing the a-alumina platelets with LaPOg as
an interfacial coating. Composites with varying weight percentages (0, 1, 2, 3, 4, 5, 15, and 25%) of
LaPOy-coated platelets mixed with alumina powder and prepared from free-flowing composite slurries
and cast into EPS molds, set, dried, debindered, and sintered to obtain final composites. Subsequently,
the fabricated composites were characterized to evaluate density and mechanical properties such as
hardness, flexural strength, and fracture toughness as per ASTM standards. Fractography analysis on
fractured surfaces was conducted to gain an insight into the toughening mechanisms. Microscopy (FE-
SEM) images reveal occurrence of crack deflection and crack bridging. A significant enhancement in
fracture toughness was observed, increasing from 3 to 5.4 MPaVm. Alumina reinforced with a-alumina
platelets (1 to Swt%) showed enhancement in fracture toughness, compared to monolithic alumina.

In conclusion, this chapter presents a systematic approach to fabricate and characterize alumina-
alumina composites reinforced with LaPOs-coated a-alumina platelets. These platelets were uniformly
dispersed within the alumina matrix, resulting in significant enhancement in fracture toughness while

enabling fabrication of complex shapes by combining the RPGC process (27). The preparation of



composites with varying reinforcement concentrations and subsequent evaluation of their physical and
mechanical properties are discussed. Fractography analysis provides valuable insights into toughening

mechanisms in the present composites.

Chapter_S. Fabrication of 3YPSZ — o alumina composites
This chapter details the fabrication process of partially stabilized zirconia (3YPSZ) - alumina

composites reinforced with nano-sized a-alumina platelets coated with LaPO4, with an aim to enhance
mechanical properties. Utilizing a combination of gelcasting and rapid prototyping techniques, the
composites were prepared with varying the LaPOs-coated platelet content (0, 1, 5, 10, 15, and 25 wt%).
Characterization of the composites includes density, hardness, flexural strength, and fracture toughness
measurements, followed by fractography analysis to evaluate toughening mechanisms. X-ray
diffraction (XRD) studies are carried out before and after stress application to determine if any phase
transformations contribute to the toughening process. The fabrication process ensures the uniform
distribution of reinforcement throughout the matrix. Fractography analysis identified features like
crack deflection and crack bridging by platelet reinforcements within the matrix, that contribute to
fracture toughness. A remarkable increase by 70 % in fracture toughness from 5 MPa Vm is observed
in YSZ reinforced with a-alumina platelets (x =5 to 15 wt.%). This investigation reveals a significant
increase in fracture toughness, that offers potential applications in biomedical and high-temperature
sectors. PSZ exhibits good stability, but moisture can promote phase transformation at high

temperatures.

Chapter_6. Fabrication of 3YPSZ — short carbon fibre composites
This chapter outlines the fabrication process of partially stabilized zirconia (3YPSZ) — short carbon

fibre composites reinforced with lanthanum phosphate (LaPOa4)-coated fibres, aimed at enhancement
of mechanical properties. LaPO4 gel was prepared using a modified sol-gel process and coated onto
short carbon fibres, which were then uniformly mixed with PSZ powder to prepare the composite
suspensions. After casting into EPS molds and followed by gelling, drying, debindering, and sintering
processes, the composites were characterized for density, hardness, flexural strength, and fracture
toughness. Flexural strength and fracture toughness evaluations determined load-bearing capacity and
resistance to crack propagation. Fractography analysis on fracture surfaces aimed at evaluating
toughening mechanisms; fibre pullout was observed to be a prominent mechanism through
microstructural examination. 3YPSZ — short carbon fibre (5 wt.%) composites exhibited 80 % increase

in fracture toughness, which is a significant enhancement over 5 MPa\m of monolithic 3YPSZ [17].



Chapter_7. Summary and conclusions
The RPGC process has been demonstrated to be capable of yielding remarkable advancements in

fabrication of complex-shaped ceramics products, simultaneously allowing for second phase additions
as reinforcements to achieve high fracture toughness. Through innovative strategies, such as utilizing
EPS and thin-walled ABS molds, the process has overcome challenges associated with mold removal,

while ensuring quick and efficient procedures to obtain dense compacts.

Achieving uniform distribution of lanthanum phosphate-coated platelets into the matrix has led to
significant improvements in fracture toughness. For instance, in alumina-a alumina composites,
fracture toughness increased from 3 to over 5.4 MPaVm at the optimum o alumina content. Similarly,
in 3YPSZ reinforced with a- alumina platelets, fracture toughness improved from 5 to more than 8.5
MPavVm. 3YPSZ composites with short carbon fibre reinforcement (5 wt.%) exhibit fracture toughness

of 9.1 MPa\Vm.

Thus, successful net-shaping of oxide composites, with remarkable improvement in their properties,

is achieved with RPGC process.
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Process innovations for net-shaping of oxide ceramic composites and

property enhancement by reinforcements
Chapter I

Introduction

1.1 Ceramics and ceramic matrix composites (CMC)

Ceramics are utilized in various sectors because of their distinguishable characteristics such as
exceptional strength, hardness, resistance to oxidation at elevated temperatures, corrosion and erosion
resistance, low density, chemical stability, and comparatively affordable cost [1,2]. Ceramic materials
are classified as inorganic compounds. They have a crystalline structure, mainly composed of strong
ionic or covalent bonds. These bonds are formed when metals combine with oxygen, producing metal
oxides such as alumina (Al,O3) and zirconia (ZrO2) [3,4]. Ceramics include a broad spectrum of
compounds such as borides, carbides, and nitrides, which offer a wide range of applications in various
sectors [5,6,7]. Advanced ceramics are important in various industries, including energy,
transportation, communication, military, and medical. Alumina, zirconia, carbides, and nitrides are
ceramic materials most commonly used [3-7]. They can be customised them with functional
characteristics that are suitable for a wide range of applications, including biomedical, mechanical,
optical, electronic, electrical and magnetic fields. Figure 1.1 presents a categorization of advanced
ceramics according to their uses and purposes. It provides information on the specific characteristics

that these ceramics should possess and includes examples for each category.

Advanced ceramics can be classified into:
1) Oxide ceramics such as alumina and zirconia
2) Non-oxide ceramics including carbides, borides, nitrides and silicates

3) Composites which are a combination of oxides and non-oxides.

Advanced ceramic materials fall into four composition-based groups such as oxide, carbide, boride,
and nitride. Ceramics made of oxides, such as zirconia and alumina, are utilized for their compatibility
at high temperatures and biomedical applications [3,4]. Carbide ceramics, which include tungsten
carbide and silicon carbide, are much valued for their exceptional hardness and remarkable resistance
to wear. These characteristics make them an excellent choice for applications involving cutting tools

and armor [8,9]. Boride ceramics, such as zirconium diboride and boron carbide, are well-known for

1



their hardness and lightweight qualities, making them excellent for applications in the aerospace and
armor industries [10,11]. Nitride ceramics, which include silicon nitride and aluminium nitride, are
advantageous in gas turbines and electronics due to their ability to maintain their stability at high
temperatures [12,13]. Ceramic materials like the above are investigated essential for a wide range of

technological improvements in conditions that are demanding.
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Fig.1.1. Shows the classification of advanced ceramics and their applications [7].
The ceramic business has become one of the most sought after and competitive sectors in the
worldwide market. They are used in various sectors and industries, such as biomedical, energy storage,
aerospace applications, automobiles (with spark plugs and ceramic engine components), and
telecommunications infrastructure [14]. Ceramics are essential components in space shuttles, and
aircraft (particularly in nose cones, jet vanes). watches (using quartz tuning forks for time keeping),

snow skis (with piezoelectric ceramics that respond to applied voltage).

Monolithic ceramics, while offering excellent high-temperature performance and chemical resistance,
often exhibit drawbacks in mechanical properties such as brittleness and low fracture toughness [15].
These characteristics limit their application in high-stress environments where impact resistance and
sustainability are essential. In contrast, ceramic matrix composites (CMCs) represent a significant

advancement over monolithic ceramics due to their enhanced mechanical properties [16].

Ceramic matrix composites

Ceramic Matrix Composite (CMC) is a composite material composed of a ceramic matrix and a
dispersed phase containing ceramic particles, platelets, Whiskers and short fibers, and continuous
fibers such as oxides or carbides [17-20]. Ceramic Matrix Composites are specifically engineered to
enhance the mechanical properties like toughness and wear of monolithic ceramics, which are mainly

constrained due to their brittleness.



Particulates reinforced ceramic matrix composites

Utilizing particles as a reinforcement in ceramics is a highly efficient method for enhancing fracture
toughness. Under typical atmospheric conditions, ceramic matrix fractures mainly occur by cleavage
[21]. Reinforced particles enhance fracture toughness by connecting the two sides of the crack and
forming bridge along the fracture. When a crack encounters a cluster of densely packed particles, it
initially infiltrates the space between them. This approach necessitates an extra force to create cracks,
leading to an uneven dispersion of stress intensity along the propagation boundary [22]. This
mechanism of arresting crack is called as trapping effect. Once the crack reaches a certain penetration
depth, it can overcome the trapping effect through total particle-matrix bonding. Subsequently, the
reinforced particle remains in place to build a bridge across the fracture side. Reinforced particles

fracture when the applied stress is beyond the critical threshold.

Platelets reinforced ceramic matrix composites

Using platelets as reinforcement in ceramic matrix composites (CMCs) significantly improves
mechanical characteristics [19,23]. The flat and broad shape of platelets efficiently obstructs the
spreading of cracks within the ceramic matrix, leading to enhanced strength and toughness of the
composite material. Moreover, platelets have a role in enhancing hardness and enhancing the
composite's wear resistance [24]. Their arrangement and dispersion within the matrix improve the
material's overall rigidity and dimensional stability. Specifically, platelet materials like alumina,
silicon carbide and graphene or boron nitride can increase thermal conductivity, which is essential for
applications needing effective heat dissipation [25]. Moreover, the thin and lightweight characteristics
of platelets enhance the strength of the composite material without substantially adding to its overall
weight, which is essential in situations where weight is a critical factor [26]. Platelets are siginificant

in enhancing fracture toughness and averting catastrophic failure.
Whiskers reinforced ceramic matrix composites

Whisker-reinforced ceramic matrix composites are a versatile form of CMCs that can be used in
several fields. Structural applications see substantial enhancements in their mechanical properties
compared to monolithic ceramic matrix materials. Adding whiskers to a ceramic matrix enhances its
strength, fracture toughness, thermal conductivity, thermal shock resistance, and resistance to high-

temperature creep [27, 28]. Whiskers have a diameter that varies between 0.1 and 5 pm, with an aspect



ratio of 1 to 10. Their shape is needle-like or sharp pointed, with a discontinuous structure and a single
crystal-like form. These materials differ from chopped or short fibrous materials which are
polycrystalline or amorphous. Silicon carbide whiskers are widely used as a reinforcing component in
commercial applications of ceramic matrices. CMCs consist of whiskers made from materials such as
TiC, TiN, Al2Os, mullite, SisN4, B4C, and hollandite (Bai.23 Al2.46 Tiss4 O16) [29,30]. The interaction
between cracks and whiskers causes crack bridging and whisker pullout, as demonstrated by the
substantial toughening behavior in CMCs reinforced with whiskers. The debonding along the crack

deflection is commonly associated with the matrix-whisker interface [31].

Short fiber reinforced composites

Short-fiber composites, commonly called discontinuous composites, are produced using traditional
ceramic methods. These composites consist of a ceramic matrix, such as alumina, zirconia, zirconium
diboride or silicon carbide reinforced with chopped fibres made of crabon, alumina, zirconia, silicon
carbide, titanium boride, aluminum nitride, and other ceramic fibres [20,32-34]. Most CMCs are
strengthened with carbon, alumina and silicon carbide fibers because of their exceptional strength and
stiffness (modulus of elasticity). Adding short-fiber to matrix, improves its toughness and resistance

to fracture propagation by contributing to toughening mechanisms [35].

Long fiber reinforced composites

Long-fiber composites are strengthened by either long monofilament or long multifilament fibres.
The most effective method of strengthening is achieved by using a dispersed phase in the form of
continuous monofilament fibres [36]. These fibres are created by depositing silicon carbide onto a
substrate consisting of either tungsten (W) or carbon (C) fibres using chemical vapour deposition
(CVD) [37]. Monofilament fibres enhance the interfacial interaction with the matrix material,
resulting in increased toughness. The matrix material options for long-fiber (continuous fibre)
composite include silicon carbide, alumina (alumina-silica), zirconia, zirconium diboride or carbon

[38].

e Silicon carbide matrix: Composites are produced by the process of chemical vapour
infiltration or liquid phase infiltration of SiC matrix into carbon or silicon carbide fiber [39].
Silicon carbide matrix composites are utilised in the production of combustion liners for gas
turbine engines, hot gas re-circulating fans, heat exchangers, rocket propulsion components,

filters for hot liquids, gas-fired burner parts, furnace pipe hangers, and immersion burner tubes.

¢ Alumina and alumina-silica (mullite) matrix composites: Composites are created via the

sol-gel technique, direct metal oxidation, or chemical bonding. Alumina and alumina-silica
4



(mullite) matrix composites are utilised in the production of heat exchangers, filters for hot
liquids, thermo-photovoltaic burners, burner stabilizers and combustion liners for gas turbine

engines [40].

e Carbon-Carbon composites are produced by the process of chemical vapour infiltration or
liquid phase infiltration, when a matrix material is infused into a preform made from carbon
fibres. Carbon-Carbon Composites are utilised in the production of high-performance brake
systems, refractory components, hot-pressed dies, heating elements, and turbojet engine

components [41].

Table 1.1- Most commonly used fibre and their properties

Fibre type Properties

Carbon Excellent fatigue and tensile strength, color is a major
limitation

Glass Good aesthetic properties, adequate mechanical and physical
properties

Hydroxyapatite Biocompatible, questionable fatigue properties

Alumina Rigid, High strength, Corrosion resistance, oxidative

resistance, Biomedical compatibility

Zirconia Higher fracture toughness, good thermal shock resistance,

lower density, Biomedical compatibility

Silicon Carbide High stiffness, high tensile strength, low weight, high chemical

resistance

1.2 Shape forming of ceramics
Traditionally, ceramic fabrication employs three main processes, beginning with raw materials ground
into a fine powder. These processes, are independent of the final purpose of the ceramic and focus on

shaping the powder into the desired form.

1. Dry shaping technologies.
2. Wet shaping or suspension-based technologies.

3. Plastic shaping technologies.

The three traditional main routes are further divided by different shaping methods, as illustrated in

Figure 1.2.
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Fig.1.2. Shape forming techniques of ceramics [42].

Several wet shaping techniques have been employed for the consolidation of ceramic powders. Before
shaping, ceramic powders are combined with various processing additives such as binders, dispersants,
deflocculants, plasticizers and water. After the powder preparation stage, the next step is the shape
forming stage. Various techniques are used to shape ceramic powders into the desired form as
discussed in Fig.1.2. Some relevant methods are discussed below -

o Tape casting

e Slip Casting

e Pressure casting

e Freeze casting

e Direct coagulation casting (DCC)

e Extrusion

e Gelcasting
Tape casting:
Tape casting is a technique employed in the production of thin sections, substrates and films made of
ceramic or metallic materials. The process is applying a slurry or paste of the substance onto a flexible
carrier film, typically made of plastic tape, in order to create a thin layer [43]. The slurry generally
comprises the necessary material in powdered form, accompanied by binders, solvents, and additional
additives for regulating viscosity and other characteristics. Using the Doctor-blade method, slot dies,
or curtain coating technology, a watery or nonaqueous slurry is put on a tape during tape casting.
Because they are made with organic binders and plasticizing chemicals, ceramic limb green tapes can
be ruffled, coiled, or wrinkled. Using layered technology, green tapes are punched and glued together
to make three-dimensional parts. Laminate Object Manufacturing (LOM) [44], a one-of-a-kind process

for additive manufacturing, can use green ceramic tapes as half-products.
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Slip casting and pressure slip casting:

Slip casting is a historic method used to shape ceramics and porcelain goods. This wet-shaping process
begins with aqueous slurries injected into a plaster mold. The gypsum's porosity allows water to drain
out through the capillaries of the mold [45]. Powder particles cannot enter pore channels, resulting in
a solid layer on the mold surface. After increasing the layer thickness, the residual slurry is removed
from the mold. After a short drying time, the mold is opened and the green components removed for
further drying and sintering. Porous polymers can replace plaster molds for longer mold life for
vacuum applications [46]. Wet-shaping technique allows for the production of intricately designed
pieces. However, a single plaster mold can only produce a limited number of pieces. Pressure slip

casting is commonly used for creating tableware, sanitary goods, and ceramic crucibles.
Freeze casting

Freeze-casting is a simple and cost-effective technique to create ceramic objects from powder particles.
It's environmentally friendly and works with many materials [47]. However, understanding how
different factors affect the final shape can take time and effort. The process has four main steps: Make
a ceramic suspension in water or another solvent. Second, shape and solidify the suspension. Third,
remove the solvent by sublimation [48]. Finally, sinter the resulting material, strengthening the ceramic

walls while keeping the pore structure intact.

Direct coagulation casting (DCC)

The ceramics industry uses the Direct Coagulation Casting (DCC) process to fabricate intricate
ceramic components with exceptional accuracy. Ceramic powder and a liquid binder, typically water
or an organic solvent, combine to create the ceramic slurry which is cast into mold of required shape

of component [49].

During the settling of the slurry in the mold, the binder undergoes coagulation, resulting in its
solidification and forming a green body that maintains the mold's shape. It is called "direct coagulation
casting™ because the solidification process occurs immediately within the mold [50].

After the green body forms, it is delicately removed from the mold and it undergoes additional
processing stages, such as drying and sintering. The DCC technique provides various benefits, such as
its capability to create complex shapes with precise dimensions and the possibility of large-scale
manufacturing. Moreover, it can be utilized with diverse ceramic materials, rendering it a highly
adaptable choice for many applications across industries such as aerospace, automotive, and

electronics.



Extrusion:

Extrusion can produce tubes, honeycomb or multichannel structures. It is one of the primary
thermoplastic shaping procedures for ceramics, alongside injection molding. To shape the powders,
they must first be combined with a thermoplastic organic binder. The mixture of powder and binder is
termed feedstock [51]. This term refers to thermoplastic or plastic blends in powder processing, as well
as ceramic additive manufacturing technologies [52]. Advanced ceramic materials require a feedstock
as they are synthesized in high purity, unlike traditional ceramics that contain clay minerals. Feedstock
preparation involves high shear forces to break down agglomerates and coat powder particles with a
binder layer. Feedstock is prepared by mixer blender. Methylcellulose is commonly used as a binder

in cold plastic extrusion feedstocks [53].

Extrusion is done using piston or vacuum screw extruders with a mouthpiece to control the final shape
of the product [54]. The abrasive ceramic particles in the feedstocks require a costly hard metal
mouthpiece. Extrusion is an effective way to make filtration membranes, catalyst supports, tubes, and

diesel soot filters.

Gelcasting:

Ogbemi O. Omatete and his team developed gelcasting, a ceramic shape-forming technique, to
fabricate ceramic components with uniform and high-quality ceramics in 1991, at Oak Ridge National
Laboratory [55]. The procedure starts with creating a suspension using a ceramic powder and water-
soluble organic material such as a monomer and a crosslinker. The ceramic powder is mixed with a
polymer solution, and a suitable dispersant, and is allowed to tumble. Prepared slurry was then cast
into a mold. An initiator and catalyst polymerize the slurry. The process involves removing the gelled
part, followed by drying, binder removal, and sintering. Finally, thermal processes yield dense ceramic
components [56-58]. The gelcasting method has been successfully applied to various ceramic powder
systems, including alumina, zirconia, zirconium dibrode, tugstesten carbide, silicon carbide, boron
carbide, aluminum nitride and silicon nitride [59]. Its suitability encompasses the production of large

parts with simple shapes, such as toroidal rings, as well as small parts with intricate shapes.

1.3 Literature on different shape forming techniques of ceramics

M.V. Silva et al. [60] fabricated armor plates using alumina as the primary material, with different
percentages of Al2O3 (92%, 96%, and 99%). The plates, with a thickness of 10mm, were fabricated by
uniaxial pressing at a pressure of 110MPa and sintering at a temperature of 1600°C for 6

hours. Following the sintering process, evaluations were performed to measure the relative density,



Vickers hardness, and four-point flexural strength. The porosity level influenced the strength values,
which varied between 210 and 300 MPa.

Sindi Sithembiso Ndinisa et al. [61] developed alumina ceramic components by combining gelcasting
and 3D printing molds, they could create intricate ceramic parts cost-effectively. The team used 3D-
printed ABS filament molds, which allowed for easy demolding through acetone dissolution. Their
study focused on the impact of suspension’s solid loading on the properties and microstructure of
alumina parts. The ceramic components displayed impressive characteristics after sintering for 3 hours
in the air. They achieved high densities of up to 99.0%, hardness measuring 18GPa, flexural strength
of 374MPa, and fracture toughness of 3.8MPaVm. These results were consistent with previously

published values, demonstrating the effectiveness of their manufacturing approach.

Murat Bengisu et al. [62] introduced a novel gelcasting system utilizing a 1 wt% chitosan solution in
diluted acetic acid, reacting with glutaraldehyde. This system achieved a 50 vol% loading of alumina
slurry with optimized conditions. This system's key advantages include biopolymer chitosan, allowing

for air drying of green parts and gelcasting at ambient temperature.

M. Schumacher et al. [63] conducted a study on developing bone substitute materials using rapid
prototyping (RPT) techniques. Their main focus was developing ceramic scaffolds with interconnected
pores made from calcium phosphate ceramics such as hydroxyapatite and tricalcium phosphate. They
utilized a negative-mold RPT technique to create scaffolds featuring a range of pore patterns, including
round and square cross-sections and perpendicular and inclined orientations. The observed patterns led
to macro porosity values ranging from 26.0% to 71.9% and pore diameters around 340 pm. The
compressive strength of the scaffolds varied between 1.3 to 27.6 MPa and was mainly affected by the

phase composition and macro porosity.

T. Rajasekharan et al. [64] introduced a technique that combines rapid prototyping (RPT) and
gelcasting to fabricate complex shapes of alumina components. At first, they utilized RPT to construct
a mold directly from CAD files, employing layer by layer printing. Unlike conventional RPT methods
that use lost-mold techniques, they developed a polymer mold that can accommodate larger samples,
facilitate easy demolding, and fosters the formation of more intricate details in the component. The
ABS polymer was used to create these highly effective molds. Then free-flowing water-based alumina
slurry was prepared to achieve the desired solid loading and viscosity and was poured into the mold.
After the slurry solidified, the mold was carefully removed and the green component was extracted

which then went through drying, debindering and sintering processes. This approach presents a



potential method for creating intricately shaped alumina components with accuracy and uniformity,

integrating the benefits of RPT and gelcasting techniques.

Xiaogang Xu, et al., [65] methyl cellulose (MC) as the gelation agent in the gel-casting process of y-
LiAlO.. This choice was made because MC can create strong gels when heated. The researchers
examined the thermal gelation characteristics of the MC solution by evaluating its apparent viscosity
as it underwent temperature changes. Their study investigated how the concentration of MC solution
and the amount of solid loading affect the rheological properties of y-LiAlIO2 slurries. It was noted that

all slurries had shear-thinning behavior, which is beneficial for the casting process.

Jung-Soo Ha et al., [66] conducted gelcasting experiments with Al>Oz in various atmospheric
conditions: air, vacuum (38 torr), and N2. They studied how the atmosphere affected the process. They
discovered that atmospheres with oxygen, such as air and low vacuum (38 torr), didn't work well and
that gelcasting in N2 atmosphere reduced the problems like the bodies flaking off.

Qing Yao et al. [67] successfully used environmentally friendly gelcasting to produce transparent
yttrium alumina garnet (YAG) ceramic. They used a water-soluble copolymer, isobam, as a dispersion
and gelling agent. Their work methodically examined the rheological properties of slurries with
different levels of solid loading and isobam concentrations. The slurry composition that yielded the
best results consisted of 0.5 wt.% isobam and 68 wt.% solid loading. This composition had a low
viscosity and excellent stability, which led to greater uniformity of the green body and enhanced optical

quality of the transparent ceramics.

Jie Xu et al., [68] investigated a new, environmentally friendly gelcasting technology for alumina
suspensions using curdlan as a gelling agent. The researchers examined curdlan suspensions'
rheological and gelling properties throughout a temperature range of 10-85°C, observed changes
during the heating and cooling processes. Their study also investigated the impact of curdlan
concentration and solid loading on the alumina suspension's rheological characteristics and gelling
behaviour. They successfully fabricated complex-shaped green bodies with a compressive strength of

approximately 3.7 MPa.

1.4 Properties of ceramics and ceramic composites

Advanced ceramics made of oxides, such as alumina and zirconia, are utilized for their compatibility
with high temperatures and biomedical applications [3,4]. A advanced ceramic materials such as

silicon nitride and silicon carbide demonstrate high hardness, wear resistance, and thermal shock
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resistance, making them suitable for demanding applications in aerospace, automotive, and military

sectors [69,70].

Zirconium diboride has superior properties owing to their ability to maintain strength and toughness
at elevated temperatures, making them ideal for use in high-temperature environments such as gas

turbines, furnaces, and nuclear reactors [71,72].

Furthermore, advanced ceramic materials used in emerging electronics and energy storage sectors. For
instance, fuel cells and lithium-ion batteries use ceramic materials like yttria-stabilized zirconia as

solid electrolytes because of their high ionic conductivity and stability [73].

It is generally understood that ceramic matrix composites, are important materials for applications
requiring high mechanical and thermal performance capabilities. Numerous characteristics that
distinguish ceramics from other materials result from the ionic and covalent bonds between its
constituents. Ceramics are inorganic, non-metallic, polycrystalline materials and can be natural or
synthetic. CMCs have a wide variety of choices. The classification is often established based on the
composition of the matrix and the type of reinforcement employed. C/SiC is a ceramic matrix
composite composed of carbon fibres and a matrix composed of silicon carbide. Ceramic matrix
composites are broadly categorized as oxide and non-oxide composites, in addition to the previously
described categories of matrices and fiber materials. The primary categories of Ceramic Matrix
Composites include C/C, C/SiC, SiC/SiC, and Ox/Ox, with Ox being one of the oxide elements [74].
Ceramic matrix composites reinforced with fibers like carbon or silicon carbide are also light and can
withstand high temperatures. These composites are a good choice for brake systems, rocket nozzles,

and airplane engines [75].

The extremely refractory transitional metal carbides and borides were chosen because they could
withstand severe heating profiles in corrosive environments and heavy and variable mechanical loads.
The low fracture toughness of UHTCs limits their use as single-phase monolithic structural
components. UHTCMCs are mostly examined for aerospace applications, although their ability to
withstand extreme environments makes them potential candidates for various high-temperature
structural applications [76]. Material for fuel rod cladding, neutron absorbers, fusion first walls, and
tokamak diverters in the nuclear energy industry is expected to have excellent neutronic properties.

Reinforcement type affects mechanical properties, particularly fracture toughness and processing [77].
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1.5 Fabrication of oxide and non-oxide ceramics

Ceramics can be mainly divided into two categories: oxide ceramics and non-oxide ceramics. The oxide
ceramics are inorganic compounds of metals or metalloids with oxygen, such as alumina (Al203),
zirconia (Zr0Oy), silica (Si0.), titania (TiO2) etc. Non-oxide ceramics are compounds that are carbides,
borides, nitrides and silicides of another element. Examples of these are tungsten carbide (WC),
zirconium diboride (ZrB2), boron carbide(B4C), boron nitride (BN), titanium diboride (TiB2) etc. Most
of the oxide and non-oxide ceramics have a high melting temperature, which makes their shape-forming
procedures are mainly based on powder metallurgical methods.

Several dry and wet shaping methods are popular in the shaping of ceramics, each having advantages
and disadvantages. Dry processing techniques such as pressing are fast processing techniques, but they
are not capable of producing complex shapes[78]. Wet shaping techniques like slip casting, injection
molding, gelcasting, and direct coagulation techniques are suitable for making complex shapes, but these
techniques involve several steps. The final properties also vary with the shape-forming procedure used.
J.A. Lewis has reviewed different colloidal processing techniques based on their suspension rheology
and consolidation techniques[79]. He categorised the wet forming process on the basis of consolidation
techniques into three types: fluid removal, particle flow and gelation.

A. Krell and P. Blank studied the influence on the strength of alumina parts fabricated by uniaxial
pressing, cold isostatic pressing, pressure filtration and gelcasting[80]. They found that wet forming
techniques (Pressure filtration and gelcasting) have uniform density, resulting in better mechanical
properties on the final parts. In 1996, O. Omatete et al. successfully developed the gelcasting procedure
to fabricate complex alumina shapes from its powder [55]. This method has been later adapted to other
oxide and non-oxide ceramics. Kia Liu et al. has gelcast zirconia using molds, printed using
stereolithography for dental applications[81].

Traditional shape-forming techniques in ZrB»-based ceramics include die pressing, hot pressing and
spark plasma techniques. Recent studies focus on wet forming techniques for easy consolidation and
more dense products. J. Yin et al. have successfully gelcast ZrB, samples with 97.3 % density [82]. The
final samples have a Vickers hardness of 13.1 +0.6 GPa and a fracture toughness of 2.5 0.4 MPa+/m.
C. Tallon et al. fabricated ZrB> ceramics through slip casting and cold pressing and compared the
densities. The samples prepared by slip casting possess a higher relative density (99.5 %) than the cold-
pressed samples, when sintered by hot pressing at 2000°C in 40 MPa[83]. ZrB»-SiC ceramics were
prepared using aqueous gelcasting by Rujie He et al[84]. Samples attained a relative density of 98 %
when sintered at 2100°C without pressure. Flexural strength and fracture toughness of the final samples
were 405 + 27 MPa and 4.3 + 0.3 MPavm, respectively. ZrBz-based composites with various

percentages of SiC were fabricated using hot pressing at 2000°C at a relatively low pressure of
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10MPa[85]. With the addition of 30 vol% of SiC addition, samples attained 99.8 % of relative density
with Vickers hardness of 21.3 GPa and fracture toughness of 4.7 MPavm.

Other widely used non-oxide ceramics are carbides of tungsten, silicon, titanium etc. In the case of
tungsten carbide shaping, traditional processes include cold pressing, powder injection molding (PIM),
extrusion, etc. Cold pressing is involved in the production of most of the tool inserts while rods are made
with extrusion[86]. Y. Li and Z.Guo has gelcast WC — 8 wt% Co with Hydroxyethyl methacrylate
(HEMA) as a binder[87]. The samples have a transverse rupture strength of 2250 MPa and hardness of
HRA90 when sintered at 1400°C. I. Azcona et al. has compacted ultrafine WC powder with 10 wt% Co
using uni-axial pressing[88]. The compacted samples were sintered by using hot isostatic pressing (HIP)
and vacuum sintering, and compared the properties of final samples. They were able to generate fully
dense samples using HIP at low temperature of 1000°C. In recent years, additive manufacturing is also
getting attention for the production of WC samples. Additive manufacturing techniques which are
successful in making complex shapes of WC include selective laser melting (SLM), fused filament
fabrication (FFF), 3D gel-printing (3DGP), Binder Jet Additive Manufacturing (BJAM), and direct ink
writing (DIW)[89-93].

Silicon carbide, which is being used for structural applications at high temperatures are fabricated
through both dry and wet processing routes. W. Si et al. has modified direct coagulation casting (DCC)
method to fabricate SiC components[94]. By casting low viscous (<1-3 Pa.s) slurry, samples attained
relative density above 98.7 % after sintering. Another popular SiC shaping procedure is slip casting. A.
Gubernat et al. have made shapes out of SiC suspension using slip casting[95]. The slip cast samples of
SiC exhibited excellent mechanical properties, fracture toughness, and hardness of 5 MPay/m and 18-
19 GPa, respectively. I. Ganesh et al. have demonstrated gelcasting of SiC samples using aqueous
suspension. They were able to generate dense (97.5 % relative density) as well as porous (porosity
>80%) fabricated, where the compressive strength of the sintered porous structures was > 16 MPa. K.
Terrani et al. had successfully 3D printed complex geometries of SiC by combining binder jetting and
chemical vapour infiltration process[96]. The printed sample has a thermal conductivity of 37
W-(m-K)* and a flexural strength of 297 MPa.

Nitrides of silicon and boron are another important category of non-oxide ceramics which are widely
used as structural materials in high temperature and corrosive environments. W. Zeng et al. have
fabricated silicon nitride (SisN4) ceramic parts using gelcasting technique with a slurry having a solid
loading of 52 vol% [97]. when sintered at 1780°C, the samples attained a relative density of 97.8 %,
with flexural strength and fracture toughness of 687 MPa and 6.5 MPav/m, respectively. Other than
gelcasting, O. Penas et al. made silicon nitride shapes using slip casting[98], and tapes were developed
through tape casting by B. Bitterlich et al[99]. Gelcasting was also used to fabricate porous Silicon

Nitride-Boron Nitride composites by K. Liu et al [100].
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1.6. Fabrication of molds and rapid prototyping techniques

Rapid prototyping (RPT) encompasses a variety of technologies capable of producing precise 3D models
directly from computer-aided design (CAD) files, eliminating the necessity for mold or die
manufacturing [58, 101]. Initially designed for model-making purposes, RPT has evolved to enable the
fast production of functional items. People often use the term "solid freeform fabrication™ (SFF) to
emphasize the lack of tooling requirements. All RPT technologies share the standard approach of
building 3D objects layer by layer [102], making them ideal for automated manufacturing and removing

the need for molds or dies.

RPT can produce precise three-dimensional objects directly from CAD files, eliminating the need for
complex tools, dies, or molds. This approach allows for creating physical models for intricate
components with reduced investment in both time and money. When producing only a few ceramic
prototypes or small batches of parts, traditional processing techniques for ceramics become expensive
and time-consuming. In addressing these issues, researchers have explored alternative methods using
the lost-mold technique. In mold shape Deposition Manufacturing (Mold SDM), developed at Stanford
University [103], a wax mold is created and filled with a slurry containing the final part material in
powder form. The wax mold is produced by decomposing the desired part geometry into machinable

compacts and then building up the mold in layers by machining the wax or sacrificial support material.

The conventional techniques like injection molding and slip casting required the use of precise molding,
resulting in increased expenses. In most circumstances, the cost of mold manufacture will drive the
overall cost of a component. High-quality water-cooled dies are necessary for injection molding [104].
At the same time, these must be rapidly disassembled in order to remove the part. Slip casting requries

the use of complex porous molds.

The process of traditional mold manufacturing is known for its time-consuming and labour-intensive
nature, which frequently leads to significant delays in production. This method usually requires complex
procedures, such as creating patterns, and assembling molds. New studies focus on investigating modern
additive and subtractive manufacturing technologies, to simplify mold fabrication procedures and

overcome the constraints linked to conventional methods [105,106].

The selection, fabrication, and exploitation of molds are key elements that significantly impact the

effectiveness of gelcasting applications. Aluminum, glass, Polyvinyl Chloride (PVC), polystyrene, and
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polyethylene are frequently used for molds [107]. Nevertheless, every material has its unique benefits
and constraints. Aluminum molds, although they are resilient and extensively utilized, involve a
laborious manufacturing procedure, especially for intricate forms. In addition, ceramic slurry can stick
to aluminum surfaces, making demolding more difficult. Plastic and glass molds may not be appropriate
for quick removal or breakdown. In addition, the breakdown of ABS/PLA molds created through rapid
prototyping presents issues due to their interaction with the green body, which can prolong the
disintegration process [108,61]. Although simple metal molds are frequently used, specific gelcasting
applications may necessitate surface treatments or coatings to inhibit the attachment of gelcast
components. The complexities of mold materials and their impact on gelcasting procedures is essential

for attaining the best outcomes and reducing production difficulties.

Plaster molds are commonly employed in slip casting for ceramics. However, their use in gelcasting
poses challenges due to pores on the plaster mold surface. These pores and capillary forces lead to rapid
water removal from the gelcasting slurry, rendering plaster molds unsuitable for gelcasting
applications. Glass typically has a smooth surface that facilitates easy removal of molds. However,
machining glass to create intricate molds poses a significant challenge. Alternative molds, like wax,
have been employed to address the challenge of removing the object from the mold, which can be
accomplished by heating the mold to temperatures ranging from 90 to 120°C [109]. However, when
temperatures exceed 120°C, the drying process initiates, and if the humidity is not regulated correctly,

it can lead to formation of defects like cracks and warping.

Ndinisa et al., [61] discuss a study on creating intricate alumina parts using gelcasting on thick molds
produced through 3D printing with ABS and PLA. These mold’s dissolution is done by immersion in
acetone for ABS mold and hot water for PLA mold. This approach of mold removal process is time-
consuming and unwanted interaction of the green body with the immersion medium causes defects in

final components.

1.7 Fabrication of ceramic matrix composites

1.7.1. Liquid phase methods for fiber reinforced CMC

Slurry infiltration: In this method, a ceramic matrix precursor is mixed with a preform made of
reinforcing fibers. The ceramic matrix precursor is usually a slurry of ceramic particles suspended in
a liquid. The slurry penetrates the gaps between the fibers, creating the structure during the curing and

sintering processes that follow.
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Xuewu Li et al.,[110] made an alumina fiber-reinforced zirconia composites by adding continuous
alumina fibers to a yttria-stabilized zirconia (YSZ) matrix to make it stronger. They coated a layer of
LaPO4 onto the alumina fibers. They made a high-density composite material with excellent
mechanical properties, such as a flexural strength of 277 MPa and an exceptional fracture toughness
of 15.93 MPa Vm.

Chemical vapour infiltration:

Chemical vapor infiltration (CVI) process, which significantly advanced materials manufacturing.
This technique involves adding a powder slurry to reduce pore size effectively. CVI functions by
thermally decomposing gaseous precursors at high temperatures inside a reactor. Subsequently apply

the obtained solid components to the fiber preform, gradually building up to create the ceramic matrix.

Amirthan et al.,[111] investigated Si/SiC ceramic composite and its properties by adding liquid silicon
to carbon preforms made from cotton fabric and phenolic resin. The composite was further processed
using chemical vapor infiltration with methyl trichlorosilane as a precursor gas. The study aimed to
investigate the impact of the duration of infiltration on the densification process and the resulting
mechanical properties. The results showed a significant increase in density due to the closure of pores

as the infiltration period increased.

Sol- gel process

Metal alkoxides react chemically with water in the sol-gel processing method to form a sol, which
then turns into a gel, followed by drying and heating to form the ceramic matrix. This method allows

for precise control over composition and morphology.

E.D. Rodeghiero [112] employed sol-gel processes for producing ceramic matrix composites with
high-temperature resistance. These composites include Ni/a-Al,O3, Fe/a-Al20s, Ni/ZrO,, SiC
(whisker)/a-Al,03, and SiC (platelet)/a-Al.O3. Unlike most powder mixing methods, sol-gel
procedures produced uniform microstructures that had good coherence between the matrix and

reinforcing phases.

Liquid silicon infiltration (LSI)

LSI entails saturating a permeable preform with liquid silicon, which permeates the preform and
chemically interacts with carbon-based materials within the preform, resulting in the formation of a
silicon carbide (SiC) in the composite. This technique yields ceramic matrix composites that exhibit

outstanding resistance to oxidation and exceptional stability at high temperatures. Researchers led by
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Guoin Zheng et, al. [113] looked into how to make unidirectional carbon fiber-reinforced SiC
composites (CF/SiC) using different kinds of carbon fibers: polyacrylonitrile-based high strength
carbon fiber (HSCF), pitch-based high modiolus (HMCF) with a low degree of graphitization and
pitch-based carbon fiber (CF70) with a high degree of graphitization.

1.7.2 Solid Phase methods:

Hot pressing-Hot pressing involves the application of both high temperatures and pressures to a
combination of ceramic powder and fibre reinforcements. This method enhances the compactness and
adhesion between the ceramic particles and fibres, leading to a solid composite structure with enhanced

mechanical qualities.

Ultra-high-temperature ceramics pose a challenge due to their high sintering temperatures. By the
application of pressure, composites can be densified at lower temperatures using hot isostatic press

(HIP) [114].

Spark plasma sintering: Spark Plasma Sintering (SPS) is an efficient method of consolidating
materials by applying a pulsed direct current through a powder compact. This causes localised
heating as a result of Joule heating [115]. This technique facilitates rapid consolidation of ceramic
powders while minimising the enlargement of grains, leading to the formation of fine-grained

ceramic matrix composites with improved characteristics.
1.7.3 Polymer in filtration pyrolysis Prepeg impegration

This technique involves saturating fibre preforms with a polymer resin that contains ceramic
precursors. The impregnated preforms are subsequently subjected to regulated heating settings to
induce the pyrolysis of the polymer and the conversion of the precursors into a ceramic matrix,

resulting in the formation of a composite structure.

Franziska Uhlmann et al. [116] investigated the thermo-chemical durability of PIP-Cf/SiC composites
by altering the SiC matrix. To create Cf/SiC—ZrB,—TaC composites, they included ZrB2 and Ta powder
in the pre-ceramic slurry. These composites have density (ranging from 2.39 to 2.72 g/cm3), porosity
(ranging from 20.3 to 24.8 vol.%), and fiber volume content (ranging from 52 to 57 vol.%).

1.7.4 Hybrid methods: Combination of liquid phase and solid phase processes

CMCs can be fabricated using a combination of liquid and solid phase procedures to enhance their
characteristics. As an illustration, a preform can undergo partial densification by hot pressing prior to
being infiltrated with a ceramic slurry in order to get the intended matrix structure.

J. Magnant et al., [117] have fabricated CMCs reinforced by continuous carbon and silicon carbide
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fibers using this method. The study used highly concentrated and well-dispersed aqueous colloid
suspensions for slurry impregnation, ensuring uniform dispersion of ceramic materials within
multidirectional fiber preforms. This is followed by Low-Pressure Spark Plasma Sintering (LP-SPS)

as an efficient method for densifying fiber-reinforced ceramic matrix composites in hybrid approaches.

1.8 Mechanical, microstructural and fractography studies

Szutkowska's et al., [118] examined the fracture toughness of different alumina matrix composite materials
fabricated by the Cold Isostatic Pressing (CIP) technique. Three different compositions are analyzed: monolithic
AL O3, Al,O3 with 10 wt% zirconia (ZrO,), and Al,Os with 10 wt% 3YSZ (Yttria-Stabilized Zirconia). The
monolithic AL,O; demonstrates a strength of 385 MPa and a fracture toughness of 3.75 MPa Vm. By adding 10
wt% zirconia, the composite demonstrates an impressive strength of 377 MPa and a significantly improved
fracture toughness of 4.68 MPa Vm. Additionally, when 10 wt% 3YSZ is included, the material exhibits a
strength of 379 MPa and a fracture toughness of 4.00 MPa Vm.

Laurent et al., [119] explored the production and analysis of nanocomposites consisting of carbon
nanotubes (CNTSs), iron, and alumina. The composite consists of alumina (Al203) with 10 vol% multi-
walled carbon nanotubes (MWNTS) fabricated using the Hot Isostatic Pressing technique. The study
reports a fracture toughness of 4.2 MPa Vm for the Al,O3with 10 vol% MWNT composite. There has

been a notable improvement in fracture toughness compared to monolithic alumina.

Volkmann et al., [120] studied the mechanical performance and effects of heat treatments on
oxide/oxide ceramic matrix composites. The study offers valuable insights into the preparation and
analysis of mullite ceramic composite reinforced with N720 alumina fibres. The composite exhibits a

strength of 235 MPa and a fracture toughness of 3.3 MPa Vm.

Paek et al.,[121] explore the preparation and fracture behavior of composites made from alumina
platelets and alumina—monazite (LaPO4). The composite system consists of Al,Os with 25wt% LaPO4
and Anorthite, strengthened with 5wt% a-alumina platelets. Fabrication is achieved using tape casting,
a method renowned for its capability to create thin ceramic tapes with precise microstructures. The
composite exhibits good mechanical properties, with a strength of 228 MPa and a fracture toughness
of 3.48 MPa Ym. The findings highlight platelet reinforcement's effectiveness in improving ceramic

composites' mechanical performance.

Corréa De Sa et al., [122] studied the mechanical properties of alumina-zirconia (Al20s-ZrOy)
composites used for ceramic dental implants. The composite was made using the uniaxial pressing

technique and consisted of partially stabilized zirconia (PSZ) with 3 mol% vyittria and alumina
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particulates. Their study found a maximum fracture toughness of around 4.57 MPaVm and a flexural
strength of about 510 MPa for the PSZ composite.

Xuewu Lia et al.,[110] conducted a study on composites made of alumina fiber-reinforced yttria-
stabilized zirconia (YSZ), focusing on achieving high density and toughness. The study reveals a clear
understanding on the properties of PSZ composites. Monolithic PSZ, without addition of
reinforcements, demonstrated a maximum fracture toughness of around 3.72 MPaVm and a flexural
strength of about 1047 MPa. The mechanical properties of the composite were significantly enhanced
when continuous uncoated alumina fibres were added to the PSZ matrix. The maximum fracture
toughness reached around 6.89 MPaVm, while the flexural strength was approximately 296 MPa. This
study demonstrates the positive impact of continuous fiber reinforcement on the toughness of PSZ
composites. The mechanical properties of the PSZ composite were further improved by incorporating
continuous fibers with a LaPO4 coating. The fracture toughness reached a maximum of around 15.93
MPaVm, while the flexural strength measured approximately 277 MPa. The significant enhancement
highlights the combined impact of fiber reinforcement and coating, leading to exceptional mechanical

performance.

Navarro et al., [123] studied the preparation and evaluation of zirconia-based/Al.O3 composites for
electrolytes in solid oxide fuel cell systems. The PSZ composite, fabricated using isostatic pressing,
demonstrated a maximum fracture toughness of around 2.40 MPaVm and a flexural strength of about
300 MPa. Kailer et al,.[124] studied the potential of utilizing the Chevron Notch Beam method to
assess fine-grained zirconia ceramics' fracture toughness. The monolithic zirconia, prepared by hot

pressing exhibited a fracture toughness of around 6.22 MPaVm.

Chledowska et al,. [125] studied the impact of adding aluminium oxide to 3 mol% yttria-stabilized
tetragonal zirconia (3YSZ) for solid oxide fuel cells (SOFCs). They examined the effect of the dopant
on the electrical and mechanical properties of the electrolytes. The PSZ composite, fabricated using
gelatin method and containing 3 mol% zirconia particulates, demonstrated a fracture toughness of
around 6.37 MPaVm.

The study conducted by M. Ruhle etal., [126] explores the role of tetragonal (t) and monoclinic (m)
Z1rO; phase in toughening ZrO;-toughened Al>O3 ceramics. They found that both types of ZrO» phases
contribute to toughening mechanisms, through different processes. In the stress field of propagating
cracks, t-ZrO; phase undergo a stress-induced transformation to m-ZrQ,. This transformation helps in

absorbing energy and slow crack propagation, thereby enhancing the material's toughness. On the other
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hand, residual stresses around already-transformed m-ZrO, phsae can lead to microcracking, which

can enhance the material's toughness.

1.9 Motivation of the Present work

Some of the conventional manufacturing methods result in significant material waste and require
several additional steps to fabricate the desired final shape of components. This approach not only
utilizes substantial resources but also contributes to the overall duration and expenses of
manufacturing. Introduction of additive manufacturing (AM) has completely transformed the industry
by providing a more efficient and simplified option. Additive manufacturing, or 3D printing, allows
for the creation of complex objects with high accuracy, directly from computer aided design (CAD)
files. Additive manufacturing adds layer by layer of the material to get the final component and
eliminates the necessity for subtractive machining methods. In addition, additive manufacturing
enables the creation of intricately designed and customized shapes that would be difficult or
unattainable with traditional forming methods. The flexibility of AM technology allows for new
opportunities in creative design and efficient product improvement in various sectors, including
aerospace, automotive, healthcare, and consumer products. Moreover, additive manufacturing
provides enhanced design flexibility, allowing engineers to rapidly and effectively fabricate throughout
the product development phase. In summary, additive manufacturing is a notable progression in
manufacturing technology, providing a more effective, environmentally friendly, and adaptable

method for creating intricate components with excellent accuracy.

Gelcasting is a well-known ceramic shape forming process, which involves using methyl acrylamides
(AM) to start the creation of a strong gel network within a slurry that contains ceramic powder
particles. This procedure entails initiating free radical polymerization between acrylamide (the
monomer) and methylene bisacrylamide (the crosslinker), with the use of initiators and catalysts. The
gel structure that forms as a result effectively suspend the ceramic particles and evenly spread
throughout the solution. This makes it easier to shape complex ceramic components. Nevertheless, the
application of acrylamide in gelcasting is limited due of concerns over its neurotoxicity and
vulnerability to oxygen inhibition. Therefore, ongoing research efforts in gelcasting are concentrated
on investigating alternative technologies that provide safer and more environmentally sustainable
choices. The available options consist of natural polymers such as agarose, gellan gum, and curdlan,
as well as environmentally sustainable cross-linkable binder systems including Isobam,
methylcellulose, and HMDA-paraformaldehyde. Researchers are exploring alternate approaches to
address the limits of standard gelcasting technologies. Present research work aims to advance the

development of safer, more sustainable, and diverse procedures for shaping ceramics.
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The combination of gelcasting and rapid prototyping techniques is shown as a promising approach in
the fabrication of ceramic components. Gelcasting, known for its ability to produce intricate shapes
and near-net complex geometries, is coupled with rapid prototyping methods to streamline the
manufacturing process and achieve superior control over the structure and characteristics of ceramic

components.

The inherent characteristics of ceramics, including high porosity, brittleness, and limited fracture
toughness, pose challenges in their practical applications. Additionally, machining processes for
ceramics are often expensive due to their hardness and tendency to undergo fracture during shaping.
To enhance the mechanical properties of ceramics, various methods such as reinforcements and process
modifications have been explored. Reinforcements involve incorporating secondary phase materials,
such as particles, platelets, whiskers and fibres with suitable interfacial coating into the ceramic matrix
to improve fracture toughness, wear resistance and other mechanical properties. Process modifications
include changes in fabrication techniques, such as fabrication of molds, alteration of sintering
conditions or methods of introducing of additives, to optimize microstructure and enhance mechanical
performance. These approaches aim to overcome the inherent brittleness and low fracture toughness

of ceramics, thereby expanding their potential for various applications.

In the present study, we have chosen different ceramic systems to investigate different techniques of
forming shapes. These systems include monolithic alumina, mixed oxides like barium strontium
titanate with a composition of Baos SrosTiO3 (BSTO) and ZrB,, Additionally, composites made of
alumina and zirconia which is partially stabilized with 3 mol% yttria (3Y-PSZ), are investigated in
detail. The main goal is to evaluate the effectiveness of reinforcements, such as a - alumina platelets
and carbon short fibers, in improving the mechanical properties of alumina and zirconia composites.
The work investigates the efficacy of these reinforcements to improve the mechanical performance of
the ceramics, while simultaneously exploring to create complex shapes that may have been difficult to
obtain using conventional methods. The outcome of the present investigation of net shaping and
reinforcing approaches demonstrates enhanced performance of the oxide ceramic materials studied and
promises potential applications in diverse fields, like aerospace and automotive sectors for structural

components, biomedical implants and in electronic devices.
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Chapter 11

Experimental & Characterization techniques

This chapter presents characterization techniques used for the evaluation of various ceramic systems
studied in terms of phases present, their microstructures, physical properties and mechanical
properties.

2.1 Powder characterization: X- ray diffraction study - determination of structure

X-ray Diffraction (XRD) is an essential analytical method in material science, providing information
about the crystallographic structure and chemical composition of materials. It involves directing a
monochromatic X-ray beam onto a sample and measuring the diffracted X-rays to obtain information
about its atomic and molecular structure. The diffraction pattern produced by XRD is a unique
identifier for each material, analogous to a fingerprint's uniqueness to an individual. These patterns,
characterized by distinctive peaks and troughs, indicate the material's internal crystal lattice and can
reveal the existence of different phases, the size of crystallites, and the level of crystallinity. The ability
of XRD to detect subtle variations in atomic arrangements is particularly valuable for the study of

polycrystalline materials.

A standard X-ray Diffraction (XRD) apparatus comprises of an X-ray generator, a sample holder at the

centre of the setup, optics to direct the X-rays, and a detector arranged in a concentric configuration.
Bragg's Law:

Bragg's Law is a fundamental principle governing X-ray diffraction, providing a mathematical
relationship that explains the conditions for constructive interference of X-rays scattered by a crystal

lattice.

The mathematical expression for Bragg's Law is:
nA=2dsin0 -

Here,

e n1is an integer representing the order of reflection,
o 41is the wavelength of the incident X-rays,
e dis the spacing between atomic planes in the crystal lattice, and
o 0 is the angle of incidence.
When monochromatic X-rays with a wavelength (L) strike a crystal lattice, they interact with the

electron cloud surrounding the nucleus of atoms within the lattice, leading to scattering. According to
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Bragg's Law, constructive interference—where waves reinforce each other—occurs when the path
difference between X-rays scattered by adjacent atomic planes is an integer multiple of the wavelength.

This constructive interference results in distinct bright spots on a diffraction pattern.

Figure 2.1 illustrates the schematic of Bragg's Law. In this phenomenon, monochromatic X-rays with
a wavelength (1) and planar wave characteristics are incident upon crystal planes having Miller indices
(hkl). The crystal lattice, composed of atomic planes, reflects these incident X-rays at the same angle.
The scattered X-rays undergo constructive and destructive interference, depending on the path
difference between X-rays scattered from adjacent atomic planes. Constructive interference occurs

when the path difference is an integer multiple of the X-ray wavelength, forming diffracted X-rays.

Plane wave
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Fig.2.1. Schematic representation of Bragg's Law [1].

Applications of XRD:

XRD is widely used for various materials science, chemistry, biology, and engineering applications.

Some of the applications include:

Identifying and characterizing crystalline phases in materials
Determining the crystal structure of materials

Quantifying the phase composition of materials

Studying the orientation and texture of materials

Measuring the strain and stress in materials

Analyzing the microstructure of materials

Studying the thermal and mechanical properties of materials

AN NN N N N N

Identifying and characterizing defects in materials
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2.3 Rheological characterization: Rheology of ceramic suspensions and viscosity

Viscosity in a fluid is caused by the internal friction between different layers of the fluid as they move
past each other. This friction is due to the molecular interactions between the particles in the fluid. The
stronger the interactions, the higher the viscosity of the fluid. Fluids, whether they are liquids or gases,
consist of molecules that are in constant motion. In a liquid, the molecules are relatively close together
and have strong intermolecular forces, allowing them to maintain a more ordered arrangement
compared to gases. These intermolecular forces, such as van der Waals forces or hydrogen bonding,
play a key role in determining a fluid's viscosity. When a force is applied to a fluid, such as when it is
flowing or when an object is moving through it, the molecules in the fluid start to move. However, due
to the intermolecular forces, the molecules tend to resist this motion and exert a drag force on each
other. This internal friction between adjacent layers of the fluid results in the resistance to flow, which
we perceive as viscosity. To visualize this, imagine a stack of playing cards. If you slide one card over
another, there is some resistance due to the friction between the cards. Similarly, in a fluid, adjacent

layers of molecules experience resistance as they slide past each other.

Y dimension

Velocity profile

du
radient,—
dy — AL
umax ﬁ u

Area of layer=A

ear Force=F

Velocity, u

Fig.2.2. Visualization of viscosity of fluid [2].

The magnitude of this resistance or internal friction depends on various factors. One important factor
is the strength of the intermolecular forces. Liquids with stronger intermolecular forces tend to have
higher viscosities because the molecules are more strongly held together and require more energy to
move past each other. Temperature also plays a significant role in determining viscosity. As the
temperature of a fluid increases, the molecules gain more kinetic energy and move more rapidly. This
increased motion disrupts the intermolecular forces, reducing the internal friction and decreasing the
viscosity. For example, honey is more viscous at room temperature but becomes less viscous when

heated. Additionally, the shape of the molecules and their size can affect viscosity. Long, tangled
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molecules or large particles in a fluid can hinder the flow and increase viscosity. This is why substances
like honey or molasses, which have complex molecular structures or larger particles, are more viscous

than simple liquids like water.

The general formula for viscosity is expressed using Newton's law of viscosity, which relates the shear

stress (1) to the velocity gradient (du/dy) in a fluid. The equation is as follows:

= * (du/dy)

In this equation:

T represents the shear stress, which is the force per unit area (F/A) acting parallel to the direction of
flow. p (mu) is the dynamic viscosity of the fluid, which is a measure of the fluid's resistance to flow.
(du/dy) represents the velocity gradient, which is the change in velocity (u) with respect to the distance

(y) perpendicular to the direction of flow.

Essentially, the equation states that the shear stress in a fluid is directly proportional to the dynamic
viscosity and the velocity gradient. The dynamic viscosity is a property of the fluid, and it determines
how easily the fluid flows and how resistant it is to deformation.It's important to note that the equation
assumes that the fluid behaves in a linear, Newtonian manner, where the shear stress is directly
proportional to the velocity gradient. However, some fluids, known as non-Newtonian fluids, do not
follow this relationship and have more complex viscosity behavior. Viscosity can be divided into two
types: dynamic viscosity and kinematic viscosity. These two types are based on different properties

and provide different insights into the flow behavior of fluids.

Dynamic Viscosity ([L):

Dynamic viscosity, denoted by the symbol p (mu), is a measure of a fluid's resistance to shear or
tangential stress when an external force is applied. It quantifies the internal friction within the fluid as
adjacent layers slide past each other. Higher dynamic viscosity indicates greater resistance to flow.
Mathematically, dynamic viscosity is related to the shear stress (1) and the velocity gradient (du/dy)

through Newton's law of viscosity:

T=p* (du/dy)

The Sl unit for dynamic viscosity is the pascal-second (Pa-s), but other common units include poise

(P) and centipoise (cP).
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Ceramics processing relies heavily on the flow behavior of slurries in various stages of production.
Understanding the viscosity of these slurries is essential for achieving the desired material properties
and product quality. In 3D printing, the flow characteristics of the ceramic material directly impact the
printing process and the final structural integrity of the printed objects. Fluids, as a broad category, can
be classified into two main types: Newtonian and Non-Newtonian. The distinction lies in how these
fluids respond to applied forces, particularly with changes in shear rate. Newtonian fluids, such as
water and motor oil, adhere to Newton's Law of Viscosity, maintaining a constant viscosity regardless

of variations in shear rate.

On the other hand, non-Newtonian fluids exhibit a more diverse behavior, with their viscosity changing
in response to alterations in shear rate. Slurries, common in various industrial processes, fall under the
umbrella of non-Newtonian fluids. The viscosity of slurries is influenced by factors such as particle
size, shape, concentration, pH and the nature of the suspending liquid. Within the non-Newtonian
category, there are several subtypes, each characterized by unique rheological properties: This diverse

category includes several subtypes, each characterized by unique rheological properties:

e Plastic: These fluids exhibit a constant viscosity up to a certain shear stress, beyond which
they start to flow.

e Pseudoplastic (Shear-Thinning): Also known as shear-thinning fluids, these substances
experience a decrease in viscosity as shear stress increases. Tomato ketchup serves as a classic
example of a pseudoplastic fluid.

e Rheopectic: In contrast to pseudoplastic fluids, rheopectic fluids become more viscous over
time when subjected to constant shear stress.

e Thixotropic: These fluids, like some paints, become less viscous when agitated or sheared,
only to gradually regain their viscosity when left undisturbed.

e Dilatant (Shear-Thickening): The viscosity of dilatant fluids, such as a mixture of cornstarch

and water, increases with shear rate, resulting in a thicker consistency.

The rheological characteristics of slurries can vary, and they often demonstrate non-Newtonian
behaviour [16], particularly exhibiting shear-thinning or shear-thickening properties depending on
their composition and conditions. Understanding these rheological nuances is essential in optimizing

the handling and processing of slurries across diverse industrial applications.

The ability to finely tune these rheological properties not only enables the production of high-quality
ceramic objects with intricate geometries but also opens up new possibilities for the integration of

ceramics in a wide range of industrial and technological applications. As advancements in rheological
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control continue to evolve, the potential for leveraging ceramics in additive manufacturing and beyond

becomes increasingly promising.

2.4 CNC profile cutter and 3D printer: EPS and ABS molds preparation

The subtractive manufacturing process of EPS molds utilizes a specialized machine known as a CNC
3D profiler cutter for EPS (Expanded Polystyrene) molding. EPS, commonly known as Styrofoam, is
a lightweight and versatile material often used in packaging, insulation, and construction. According
to computer-generated designs, the CNC profiler cutter precisely carves EPS foam blocks into intricate
shapes and molds. Using computer numerical control (CNC) technology, the profiler cutter follows a
programmed path to carve the EPS foam block layer by layer, creating highly accurate and detailed
three-dimensional shapes. The machine typically employs a rotating cutting tool, such as a hot wire or
router, to remove material from the foam block. One of the key advantages of using a CNC 3D profiler
cutter for EPS molding is its ability to produce complex and customized molds quickly and efficiently.
Traditional methods of carving EPS foam by hand are time-consuming and labor-intensive, often

resulting in inconsistencies and inaccuracies.

Figi. 2.3. CNC-3D profile cutter (SVP laser technologies, India)

3D printing is an additive manufacturing process that creates a physical object from a three-
dimensional digital model or computer-aided design (CAD), typically by laying down thin layers of
material in liquid or powdered form, such as plastic, metal, or cement, followed by fusing the layers
successively. Each layer represents a horizontal cross-section of the final product, thinly deposited.
Each technique offers access to different materials as well. While metals, optically transparent

materials, and rubber-like items can be 3D printed, plastics are the most commonly used material.
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Unlike traditional subtractive manufacturing techniques, which involve cutting or machining the object

out of a larger block, 3D printing produces complex shapes with less material.

Fused filament fabrication (FFF) is one of the most popular and accessible methods of 3D printing,
particularly for plastic materials. This process, often referred to as fused deposition modeling (FDM),
involves the extrusion of thermoplastic filament through a heated nozzle, which then deposits the
material layer by layer to create the desired object [5]. In an FFF 3D printer, the filament is typically
housed on a spool and fed through a heated extruder assembly. The extruder heats the filament to its
melting point, allowing it to flow smoothly through the nozzle. As the nozzle moves along predefined
paths, controlled by the 3D model, it deposits the molten plastic material onto a build platform or

previous layers, where it quickly solidifies.

ProtoCentre 999

Fig. 2.4. 3D printer Fig. 2.5. Printing process
Layer thickness and X-Y resolution are expressed in dots per inch (dpi) or micrometers (um) as printer
resolution. Approximately 100 pm (250 dpi) is the typical layer thickness. A few devices are capable
of printing layers as thin as 16 pum (1600 dpi1). The particles have a diameter of around 50 to 100 pm
(510 to 250 dp1). One of the critical advantages of FFF 3D printing is its versatility in material selection.
Many thermoplastic filaments are available, each with unique properties and applications. Common
materials include PLA (polylactic acid), ABS (acrylonitrile butadiene styrene), PETG (polyethylene
terephthalate glycol), TPU (thermoplastic polyurethane), and more. These materials offer varying
levels of strength, flexibility, temperature resistance, and surface finish, allowing diverse parts and

prototypes to be produced.

Tools and Technology used for 3D Printing
Different Software packages can aid in each different stage of the design process; from CAD design,

to STL files preparation. Some of the best software for CAD modeling include:
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1. Solidworks

2. Rhinoceros

3. Fusion 360

4. Onshape

5. Tinker CAD STL

Some of the popular slicing softwares are:
1. Cura
2. Simplify3D

The utilization of 3D printing technology for creating plastic molds has brought about a significant
transformation in the manufacturing process. This innovation provides a quicker and more economical
option than conventional mold production methods. By employing fused filament-based plastic
materials, it is possible to create complex mold designs with great accuracy and quickly. This method
facilitates expedited prototype and iteration, enabling manufacturers to evaluate and enhance their
designs effectively. In addition, 3D-printed plastic molds are well-suited for small-scale production,

offering versatility for customized or low-volume manufacturing requirements.

2.5 Furnaces: Heat treatments

High-temperature furnaces for binder removal and sintering ceramics are important in manufacturing,
providing controlled environments for precise thermal treatments. These furnaces can ramp from room
temperature (RT) to 1750°C at a rate of 0.5°C per minute, allowing for gradual heating to prevent
thermal shock and ensure uniform binder removal. Following binder removal, these furnaces are used
in sintering, where ceramic green bodies are heated to elevated temperatures to fuse particles and
achieve densification. The sintering temperature depends on the specific ceramic material and desired
properties but typically ranges from several hundred to several thousand degrees Celsius. High-
temperature furnaces offer the necessary temperature control and stability to achieve optimal sintering

conditions, resulting in important, dense ceramic components with enhanced mechanical properties.
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Fig. 2.6. High Temperature tube Furnace for sintering up to 1750 °C in Inert gas

2.6 Archimedes technique: Density measurement

Based on Archimedes' Principle, the Water Displacement Method is a simple approach used to
calculate the density of solid objects. In this procedure, the object being evaluated for density is
immersed in a vessel that is filled with water. When the object moves through the water, it increases
the water level. By precisely measuring the change in water level prior to and following the submersion
of the object, one can ascertain the volume of water displaced. The density of an object can be
estimated by applying the formula after the volume of water displaced and the object's mass are known

L Mass of Ohject
DLIlblt‘- — Volume of Water Displaced

This method is beneficial for irregularly shaped objects or those with complex geometries, where direct
volume measurement may be challenging. The Water Displacement Method offers a simple yet
effective means of density determination by relying on the principle that the buoyant force experienced
by the object equals the weight of the water displaced. Firstly, the specimen is weighed in the air (Wa)
to obtain its mass. Then, the specimen is submerged in distilled water at 24°C, and its weight
underwater (Ww) is recorded. According to Archimedes' principle, the difference between the two
weights (Wa - Ww) represents the weight of the water displaced by the volume of the solid specimen.

The specific gravity (SG) and density of the specimen can be calculated using the following formulas:

SG = ]1 X SGU[“ ater

WL,
P=w_w, *PL
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Where

W.= mass of the sample in air,

W= mass of the sample in water

SG= Specific Gravity of the immersing fluid
pL = density of water (1g/cc)

2.7 Vickers indentation: Hardness measurement

Vickers Microhardness Test:

In materials science, hardness refers to a material's resistance to localized deformation or indentation,
such as scratches. It is a key property indicating a material's ability to withstand mechanical forces
without permanent deformation or fracture. The American Society for Metals (ASM) defines hardness
as a material's resistance to permanent indentation or penetration by a harder body, highlighting its
significance in assessing material durability and wear resistance. Harder materials typically exhibit

greater wear resistance, and hardness often correlates with tensile strength in metals.

The Vickers hardness test method uses a diamond indenter shaped like a right pyramid with a square
base and an angle of 136 degrees between opposite faces, subjecting the material to a load ranging
from 1 to 100 kgf. This full load is typically applied for 10 to 15 seconds. Post-removal of the load,
the two diagonals of the indentation on the material's surface are measured using a microscope, and
their average is calculated. The Vickers hardness is then determined by dividing the load (in kgf) by

the indentation's area (in square mm).

This approach offers precise measurements and is versatile and applicable to a broad range of
materials, including metals, plastics, and ceramics. Additionally, Vickers hardness can be estimated by
evaluating the projected area of the impression, a process achievable through image analysis. Although
studies on this are limited, measuring diagonals remains the preferred method for assessing hardness,

even with distorted indents.

The Vickers hardness test encompasses two distinct force ranges: "Microindentation Vickers" (10g —
lkg) and "Macroindentation Vickers" (1 — 100kg), tailored to varying testing needs. Despite the
differing force ranges, both categories utilize the same indenter, ensuring a continuous Vickers

hardness scale across the complete range of metal hardness (usually HV100 — HV1000).

This indentation technique maintains a nearly constant HV value across diverse test loads, proving
statistically precise under varying conditions, provided the specimen exhibits reasonable homogeneity.
This consistent performance across different load settings ensures reliability in hardness values,

enhancing its usefulness in material analysis and testing. The Vickers hardness test allows for
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evaluations at different scales, including macro, micro, and nano indentations, enabling comprehensive

hardness characterization in ceramics.

A schematic illustrating the Vickers indentation is depicted in Figure 2.7. This diagram displays the
square pyramid-shaped diamond indenter tip used in the Vickers test and the diagonals of the
indentation it leaves on the sample. Various types of indentation tests categorized based on the test

force and the indenter type are illustrated in the flow chart depicted in Figure 2.7 for easy visualization.
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Fig. 2.7. Schematic illustrating the Vickers diamond pyramid indenter and the indentation produced
[13].

The Vickers hardness number (HV) is calculated using a formula correlating the applied load to the
surface area of the indentation.

a©

2FSin<2) _ 18544£
. a2

Applied force Finkgf

HV =

= Surface area the indentation inmm2 dz
Where:

o Frepresents the applied load in kgf (kilogram-force).

e d denotes the arithmetic mean diagonal of the indentation in millimeters ((d1+d2)/2).

« o’ signifies the angle between opposite faces of the square-based pyramid (136 degrees).

The Vickers hardness values are typically reported as, for instance, "300 HV/10," indicating a Vickers
hardness of 300 attained using a 10 kgf test force.

2.8 Universal testing machine (UTM): Flexural strength and fracture toughness
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The Universal Testing Machine (UTM) performs material testing, including the three-point bend test,
which assesses flexural strength and fracture toughness. By subjecting specimens to bending stress
until fracture, this method yields essential data for evaluating material behavior and fracture
resistance, which is crucial in industries like aerospace and automotive for ensuring structural
integrity.

Fig. 2.8. Universal texting machine (INSTRON 5982 UTM)

Flexural strength(c):
Flexural strength was determined from the measured force on the 2 kN load cell. Cross head speed of

0.5mm/min was used. Flexural strength was calculated from the formula as per ASTM C1161-13
standard.

_ 3FL

~ 2BD?

o = Flexural strength (MPa), F'= Load (N), L= Supporting span (mm), B= Width of test beam (mm)

and D = Depth or thickness of test beam (mm).

F

-

L

Fig. 2.9. 3-point bend test specimen
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Fracture toughness(Kic ):

Fracture toughness is measured by the direct crack method. The pre-cracked beam notch (pb
notch) was cut with a precision diamond saw (Buehler ISOMET 4000) and a low diamond content
metal bound wafering blade (Buehler series 7LC; 76mm 0.15mm). The revolution and cutting speed
were 100 rpm and 1 mm/min. Following the initial cut, a saw with a razor blade mounted on it was
used to make a sharp cut while applying diamond paste to ensure that the final pb notch geometry
complied with ASTM C1421-10 standard

K [Pmax Sp 10~ ] [ [a/W]1/2 ]
Ipb =
p BWZ 2[1-a/w]3/2

And

g = g@@W) = Ao + Ai(@/W) + Axa/W)> + As@W)> + Asa/W)* + As@@W)°
Kipb measures fracture toughness (Kic as per ASTM standard) (MPa Vm), g = g(a/W) = function
of the ratio a/W for three-point flexure, Pmax = maximum force (N), So = span length (mm),B = side to
side dimension of the test specimen perpendicular to the crack length (depth) (mm), W = top to bottom

dimension of the test specimen parallel to the crack length (depth) (mm), and a = crack length (mm).

Fig. 2.10. Precracked beam specimen

To meet the requirements of ASTM C1421-10 [25] standard for a three-point flexure test, the
pb notches' geometry parameters are chosen to be close to the upper limits in 5 < So/W < 10, 0.35 <

a/W <0.60, with a maximum error of 1.5%, while avoiding overcuts.

These parameters can ensure that the tests are carried out with high accuracy and precision, while

also meeting the requirements of the ASTM C1421-10 standard.
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2.9 Dielectric spectroscopy: Dielectric constant and dielectric loss

Introduction

For many electronic applications, a measurement of the dielectric materials can yield vital design
parameter information. Its dielectric qualities can be connected to, for instance, the frequency of a
dielectric resonator, the impedance of a substrate, or the loss of a cable insulator. Enhancing ferrite,
absorber, and package designs can also benefit from the information. Knowledge of dielectric
characteristics has also been found to be beneficial for more contemporary uses in the food, medical,
automotive, and aerospace sectors.

Dielectric constant

If a material can retain energy in the presence of an applied external electric field, it is categorized as
dielectric. When a parallel plate capacitor is exposed to a DC voltage source, the presence of a
dielectric substance between the plates stores more charge than the absence of any material, or
vacuum, between the plates. Because the dielectric material balances the charges at the electrodes,
the capacitor's storage capacity is increased. The dielectric constant is correlated with the capacitance
of the dielectric substance. A parallel plate capacitor stores more charge when a dielectric substance
(a vacuum) is present between the plates than when a DC voltage source V is positioned across it.
The dielectric constant, often known as relative static permittivity, is denoted by &. &=¢/€o, where &o
is the electric permittivity of empty space (=8.854x107'2 F/m) and ¢ is the material's static

permittivity.
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Figure 2.11. Parallel plate capacitors, DC case [16].

where C and Co are capacitance with and without dielectric, k¥’ = &; is the original dielectric constant or
permittivity. ‘A’ is the area of the capacitor plates and ‘t’ is the distance between them. By
neutralizing charges at the electrodes that would otherwise contribute to the external field, the
dielectric material enhances the capacitor's storage capacity. The above-mentioned equations show

how the dielectric material's capacitance and dielectric constant are connected.

43



Dielectric loss/ Tangent loss

The loss of energy required to heat a dielectric substance in a fluctuating electric field is known as
dielectric loss. In alternating field, electric permittivity is a complex quantity with in-phase (&) and
out of phase (g;) components. The dielectric material and frequency are usually the primary
determining factors. The Loss of Tangent, also known as tan delta (tan 0), is used to assess dielectric

loss.

tan o=/, (6)

= energy lost per cycle / energy stored per cycle

(a7

Figure 2.12. Loss tangent vector diagram [16].

2.10 Microstructural and Fractography analysis: Optical microscopy, field emission scanning
electron microscopy and Transmission Electron microscopy

Filed emission Scanning electron microscopy

Electron microscopes were developed in the 1930s to overcome the limitations of optical microscopy
and provide significantly greater magnification and resolution, surpassing that of optical instruments.
When it comes to analysing and interpreting the microstructures of materials, scanning electron
microscopy (SEM) is a potent technology widely utilized in material science. In the case of a Field
Emission Scanning Electron Microscope (FE-SEM), a field-emission cathode in the electron gun of a
SEM provides narrower probing beams at low as well as high electron energy, resulting in both
improved spatial resolution and minimized sample charging and damage. The FE SEM interacts with
an incoming electron beam and a solid sample. Electron bombardment of the specimen can generate
diverse emissions, such as backscattered electrons, secondary electrons, Auger electrons, X-rays,
visible photons, and more.

Secondary electrons occur when an incident electron collides with an electron in a sample atom. This
collision causes the electron to be knocked out of its orbital shell, which can be used for image
formation. It is capable of producing magnified images in the range of 10-100 nm. Back-scattered
electrons (BSE) refer to electrons in a beam that are reflected from the material due to elastic scattering.
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This scattering is mainly influenced by the atomic number, which provides more information about

the distribution of elements in the sample.

The interaction of the incident electron beam with a material's surface results in X-ray generation
within the material. When electrons are rearranged to fill vacant spaces in an atom's shell, the extra
energy produced can be released as an X-ray rather than an Auger electron. This is similar to the
procedure that is used to generate Auger electrons. X-rays have a unique energy specific to the element

from which they originate to determine the composition of a sample.
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Fig.2.14. Schematic Diagram of FESEM [19].
A JEOL SEM 5600 LV and a JEOL FESEM 6330 FEG are the scanning electron microscopes (SEM)
utilized in this work. A picture of the JEOL FESEM 6330 FEG is displayed in Figure 2.14. The sample
used for scanning electron microscopy observation was sputtered with approximately 15 nanometres
of gold to minimize the influence of charges.

Microstructures of the samples were studied wusing optical and FESEM images.

Transmission Electron Microscopy (TEM)

The transmission electron microscope (TEM) functions based on a concept that closely resembles that
of the light microscope. The primary difference lies in the fact that light microscopes employ light
beams to concentrate and form an image, whereas transmission electron microscopy (TEM) utilizes a
beam of electrons to focus on the object and produce an image. Electrons have a comparatively shorter
wavelength than light, which possesses a somewhat longer wavelength. The operation of a light

microscope is based on the principle that an enhancement in resolution capability leads to a decrease
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in the wavelength of light. Conversely, the transmission electron microscope (TEM) operates by
illuminating the specimen with electrons, which enhances the resolution power and leads to a larger
wavelength of electron transmission. Given that the electron's wavelength is around 0.005 nm, which
is 100,000 times smaller than the wavelength of light, it follows that the transmission electron
microscope (TEM) achieves a resolution roughly 1000 times greater than that of a light microscope.
Research has demonstrated that the transmission electron microscope (TEM) can effectively observe

the internal structures of incredibly small particles, such as virus particles.
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Fig..2.15. Instrumentation of the Transmission Electron Microscope [21].

Working principle of TEM

A TEM operates similarly to a slide projector. The projector produces light that passes through the
slide. The structures and objects on the slide change the light as it moves through. This prevents the
light beam from fully traversing the slide, resulting in obstruction. Directing the beam of light onto a
surface creates a magnified version of the slide. Below is a comprehensive explanation of how a typical

Transmission Electron Microscope works:

e The electron gun positioned in the upper part of the microscope generates a continuous flow

of electrons with the same wavelength.
e Condenser lenses 1 and 2 concentrate the flow into a slender and unified beam. The first lens
establishes the dimensions of the focused area of the electron beam on the sample. The
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second lens focuses the light to a precise point on the sample, converting it from a wide,
dispersed area.

e The Condenser aperture restricts the electron beam by deflecting electrons that have high
angles of incidence (those that are far from the optic axis, represented by the dotted line in the
middle).

e A portion of the beam that makes contact with the specimen is transmitted.

The objective lens focuses the transmitted part into a picture.

e Optional objective and focus Metal apertures constrain the beam, with the goal aperture
increasing contrast by removing high-angle diffracted electrons and the chosen area aperture
allowing users to evaluate regular electron diffraction by atom configuration.

The intermediate and projection lenses gradually magnify the image along the column. The operator's
image is illuminated by  beams hitting  the  phosphor  picture screen.
A wide spectrum of radiation from the electron beam's interaction with specimen electrons can reveal
a lot about the sample. Elastic scattering and diffraction patterns do not lose energy. The transmission
electron intensity may fluctuate due to the electron beam's inelastic interaction with electrons at
dislocations, grain boundaries, and second-phase particles in the material. Both elastic and inelastic
scattering can reveal much about the sample. Voltage boosts the TEM instrument's lateral spatial
resolution. At 400 kV, TEM equipment has point-to-point resolutions exceeding 0.2 nm. High-voltage
TEM equipment has stronger electron penetration because high-energy electrons interact less with
matter. TEMs with high voltage handle thicker samples. Low TEM depth resolution. The TEM pictures

depict electron scattering from a three-dimensional sample to a two-dimensional detector.
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Chapter 111

Net shaping of ceramic components

Introduction

Ceramics are used in various specialised fields due to its exceptional properties such as high
strength, hardness, resistance to oxidation at high temperatures, resistance to corrosion, low density,
chemical stability, and erosion resistance. Additionally, ceramics are relatively inexpensive. Owing
to their hardness and high melting temperatures and the challenges associated with shaping them
into final products [1,2].

The conventional method of producing ceramics utilising colloidal processing techniques and
consolidating them in specifically prepared dies is widely recognised and established. The
manufacturing processes of die-casting, slip-casting, and injection molding have been evaluated to
determine their advantages and disadvantages [3-5]. We understand the necessity to enhance the
existing powder processing methods in order to manufacture complex ceramic components with
intricate geometries, while minimising expenses. The rapid prototyping (RPT) approach has been
developed global interest due to its ability to rapidly refine designs and efficiently integrate
systematic enhancements at each stage [6]. Many additive manufacturing (AM) processes include
fabricating the desired product layer by layer using a computer-aided design (CAD) file [7]. This
allows for easy and fast design modifications, if necessary, at a relatively low expense. Selective
laser sintering (SLS) and three-dimensional (3D) printing techniques have been investigated as
powder processing methods for creating solid components from ceramics and metals [8]. These
techniques, complications arise when additional phases need to be incorporated into the matrix
phase in order to produce a product with a consistent microstructure and enhanced properties. One
additional challenge with the aforementioned methods is that when the ceramic part is constructed
layer by layer, there is a high probability of weak regions forming at the connections between the
layers [9]. Gelcasting is a method that involves creating easily free-flowing slurries of ceramic or
metal powders and cast them into molds that can be discarded. This technology is becoming more
significant as an  alternative to SLS or direct 3D printing  methods.
We have developed a technique, rapid prototyping and gelcasting (RPGC) that allows for the
production of relatively big and intricate components in a cost-effective manner, typically in a single

step [6]. More details are given in section 1.6 in chapter 1.
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3.1 Preparation and characterization of ceramic suspensions

3.1.1 Ceramic slurry preparation by gelcasting
Materials:

e Monomer: Methacryalmide (MAM)

e Cross linker: Methylenebisacrylamide (MBAM)

e Dispersant: Darvan 821-A

e [nitiator: N, N, N', N’-tetramethylene-1,2-diamine (TEMED)

e Catalyst: Ammonium persulfate (APS)

e Alumina powder
To achieve a free-flowing suspension with a solid loading of 40 to 55%, the process involves several
steps combining rapid prototyping and gelcasting techniques (RPGC). Initially, we prepared an organic
premix solution by dissolving monomer (MAM) and cross-linker (MBAM) in deionized water at a
weight ratio of 33:6:1 [10,6]. We then added Darvan 821-A, a dispersant for alumina (1-2 wt% as per
solid loading), to the premix solution to disperse the ceramic powder. Next, we incorporate the
calculated amount of alumina powder into the solution to ensure uniform dispersion. To achieve
homogeneity, we then tumble this ceramic slurry for 24 hours at 15 rpm, using alumina balls as the
mixing media. After mixing, the slurry is de-aired in a vacuum desiccator to remove trapped air bubbles
[11]. Once de-airing is complete, the slurry is ready to cast into RPT molds coated with wax. We then
allowed it to gel at 60 °C for 6 hours, followed by mold removal, drying, debindering, and sintering
the product. The combination of rapid prototyping and gelcasting techniques allows for the precise
shaping of alumina components, ensuring high dimensional accuracy and mechanical properties.

Figure 3.1 illustrates the sequential steps in this net shaping process, for the RPGC process.
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Fig 3.1. Flow chart showing the steps involved in net shaping of components from alumina/YSZ

ceramics using RPGC process.
3.1.2 Viscosity of alumina slurries

The solid loading of a suspension is a key parameter in the casting process, as it needs to optimize the
viscosity of slurries to flow freely and cast into molds whit good solid loadings to produce dense
ceramic products. Optimal viscosity control, about 1 Pa.s is optimal for gelcasting because it directly
affects the characteristics of the sintered pieces. In our work, we measured the viscosities of alumina
slurries at three different solid loading: 45%, 50%, and 55%. Figure 3.2 shows a direct proportional
increase in the viscosity of the alumina slurry with increasing solid loading. Surprisingly, when the
solid content reaches 55%, the viscosity reaches its highest point at 700 mPa.s., within the ideal range
(<1 Pa.s.) for casting [12]. From viscosity curves indicates that the alumina slurry with a 55% solid
loading is highly suitable for casting.

Further increases in solid loading resulted in a viscous slurry that does not flow freely and impairs
deairing. This would result in defects like voids in the final product that negatively affect the
mechanical properties [11]. Therefore, we selected slurries with 50% solid loading levels for the
component gelcasting process. It provides optimal flowability and good solid loading combination,

resulting in dense products with desirable qualities after sintering.
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Fig.3. 2. Shear rate dependence of viscosity of a) alumina slurry with three levels of solid loading (45,
50 & 55%)

Entrapped air bubbles are a typical concern with solvent-based processing methods as they have a
negative impact on the density and mechanical properties of the components produced. Prior to casting,
the slurry was subjected to ultrasonication followed by degassing through vacuum. Ultrasonic
vibration leads to degassing by causing the entrapped air bubbles to escape from the slurry. This was
followed by vacuum degassing process [11] to reduce the pressure, causing the entrapped air bubbles
to expand and eventually escape from the slurry. Combination of these approaches could remove

entrapped air successfully yielding higher densities for the end products.

3.1.3 Rapid protyping — EPS and thin ABS molds preparation by subtractive and additive
manufacturing

The criteria followed for mold fabrication are that
. the mold is a replica of the component required,
. the mold is non-porous,

1
2
3. the demolding process does not damage the green body, and
4

. demolding should be easy and less time-consuming to avoid damage to the green body.
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CAD tools created several solid models of the component replicas based on their required geometries.
3D printing creates the commonly used molds from ABS, PLA, or PVA, allowing easy removal using
solvents like acetone and hot water [9,11,13]. The mold removal process typically takes a few hours,
during which the green body may sustain some damage from soaking. Hence, looking for alternative
approaches that enable mold removal in shorter durations is necessary. In this direction, we have made
significant innovations in fabricating thin-walled ABS molds for easy dissolution. EPS molds have an
advantage over ABS because they dissolve instantaneously in acetone, avoiding damage to the green
body. However, EPS molds have the drawback of being porous, requiring subtractive manufacturing
to shape them. In this work, we have addressed these aspects. There are no reports of EPS molds being
used for component net shaping. The fabrication of ABS and EPS molds used for casting the slurries
in the present work is discussed below.

a) EPS mold fabrication by 3D profile cutting

EPS is a relatively inexpensive polymer for commercial use. We fabricated molds from EPS block
using a 3D profile-cutting CNC machine (SVP Laser Technologies, Chennai, India). First, a CAD
design of the shape is created using Solid Works software, and the CAD file is then converted to G-
codes by multi-CNC to be fed as input into a CNC machine for 3D profile cutting. The polystyrene
EPS molds were created by removing layer by layer (subtractive manufacturing) from the EPS block
as per the design. Figure 3.4 shows a typical CAD design and the corresponding EPS mold to fabricate
an alu mina cup. In the case of a mold for complex shapes like rocket thrust nozzle, subtractive
manufacturing requires the design of the mold to be divided into many parts. EPS molds of different
parts were fabricated individually and assembled using synthetic glue (Fevicol). We used low-density
polystyrene to fabricate various EPS molds, with a wax coating to make the internal surface non-

porous.
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Fig.3. 4. a) CAD design of a mold and b) expanded polystryrene (EPS) mold fabricated by CNC 3D

profile cutting, as a replica of a cup-shaped component.

b) ABS mold fabrication by 3D printing

The ABS molds were printed layer by layer (AM) per digital design using a 3D printer (AHA-3D
make, India), extruding an ABS filament through a heated nozzle and depositing it on a base. A Cura
3Dslicing software was used to slice the model and make the negative, which served as the mold
pattern. The printing parameters optimized for the ABS mold preparation are 30 mm/s printing speed
and 30% filling density to achieve a high degree of forming accuracy and good sealing performance
[14].

The CAD design and the mold used to fabricate an alumina component in the shape of a rocket
thrust nozzle by gelcasting are shown in Figure 3.4. The wall thickness of the mold was kept to a

minimum of 0.3 to enable easy mold removal at a later stage.
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Fig.3. 4. a) CAD design for a Rocket thrust nozzle and b) Negative of the nozzle printed using ABS
from the CAD design by a 3D printer.

3.2 Near -net shaping of alumina ceramic components by RPT and gelcasting
3.2.1 Fabrication of alumina green bodies

In the fabrication process, the free-flowing alumina slurry was cast into molds made of either ABS
and EPS materials. These molds provide the desired shape and structure for the components being
produced. Subsequently, the filled molds are subjected to a polymerization process by heating them
in an oven set at 60°C for a duration of 6 hours. During this time, the polymerization reaction takes

place, transforming the ceramic slurry into solid green bodies with the desired shape and dimensions.

Once the gelling process is completed, the solid green bodies are carefully removed from the molds.
This is achieved by dissolving the molds in acetone, which effectively dissolve the ABS and EPS
material, releasing the solidified green body of the components. The use of acetone as a solvent allows
for the easy and efficient extraction of the green bodies without causing damage to their structural
integrity or shape. Overall, this method provides a straight forward and effective way to produce solid
green bodies from the free-flowing slurry, enabling the fabrication of intricate ceramic components

with precise geometries.

3.2.2 Mold removal, drying, debindering and sintering of alumina ceramics

The dissolution is almost instantaneous for EPS molds. On the other hand, in the case of ABS molds,
the colorless and transparent acetone solution gradually transformed into a turbid liquid in a few
minutes. After two hours of immersion in acetone, the outer parts of the mold were dislodged, but the
part of the mold buried in the green body remained intact. In the case of thin-walled molds, we found
that it takes an hour for the mold to collapse and disintegrate entirely on its own after immersion in

acetone. To speed up the experiment and to prevent the green body from getting damaged due to
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acetone penetration, the mold was manually removed after softening. The green body was then
immersed once more in fresh acetone to remove residues of the mold material before processing
further. The green bodies were dried in an environmental chamber with a humidity control of 90%
relative humidity (RH)and a temperature of 50 °C for four days. The binders in the dried green bodies
were then removed by heating them to 900 »C for two hours in a tube furnace. The debindered compacts

of alumina then sintered in air at 1675 C for two hours.

a) Debindering of alumina green bodies in air atmosphere
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S <
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Q
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b) Sintering Heat Profile: in air atmosphere
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1675 °C
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L <<(,
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To demonstrate the efficacy of the method, several com ponents of different shapes and sizes were
fabricated from alumina using the RPGC process, which are shown in Figure 3.5(a-d). In the case of the
thrust nozzle, the EPS mold was designed in parts that were fabricated and assembled. Alumina components

fabricated by gelcasting into 3D printed ABS molds, made by AMare shown in Figure 3.6 (a-d).
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Fig.3. 5. (a-d). Alumina components fabricated by gelcasting into CNC 3D profile cut EPS molds, made
by subtractive manufacturing. The components in Fig.3.5 are: a) a gear of maximum diameter 50
mm x height 23 mm, b) a cup of 70 mm OD x 30 mm height, ¢) a rectangular block of 92 mm x 60
mm x 8 mm, and d) rocket thrust nozzle of complex shape with maximum diameter 68 mm x height

102 mm.
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Fig. 3.6.(a-d). Alumina components fabricated by gelcasting into 3D printed ABS molds, made by
additive manufacturing. The components in Fig.3.6 are: a) a cup of OD 82 mm x height 38 mm, b)
hollow cylinder of OD 82 x thickness 38 mm, c) rocket thrust nozzle of complex shape with maximum

diameter 48 mm x height 70 mm, and d) rectangular tray of size 134 mm x 65 mm x 25 mm.

3.3 Physical, mechanical properties and microstructural characterization of
alumina components

The Archimedes technique was used to determine the density and porosity of the components
after they are sintered as discussed in section 2.1, We have also determined the uniformity in the density
across the height, the long dimension of the thrust nozzle, as shown in Figure.3 7. The density of the

components is nearly 99 % of the theoretical density and is quite uniform.

98.8%

98.8%

98.7%

99%

Fig.3.7. Variation in relative density measured along the long dimension of alumina thrust nozzle. The

measurements were done on samples cut out of another nozzle.

The hardness of the samples is measured using Vickers indentation method. Indentations were made at 20
kgf load, applied for 15 seconds and the hardness was determined from the average value of the diagonals
measured across the indentations. Data for 5 indentations at different places are used to find the average

value.
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We determined the flexural strength and fracture toughness using a 3-point bend test on a specimen cut to
3.0 x 4.0 x 45.0 mm dimensions, as per ASTM C1161-13 [15] standard and fracture toughness as per ASTM
C1421-10 standard [16], discussed in detail in section 2.8, chapter 2.

Table 3.1. Properties of alumina compacts

Sample | Sintering Relative Vicker’s Flexural Fracture

Temperature (°C) | Density (%) | Microhardness | Strength toughness

@ 2 hrs HV (GPa) o Kic
(MPa) (MPa Vm)
Al,0s | 1675 99 22.5 389 3.01

Microstructural studies

Fig.3.8. FESEM images recorded in (A) pure alumina sample (polished and thermally etched).
(B) pure alumina fractured surface.

FESEM images recorded in various compacts are shown in Figure 3.8. Figure 3.8A shows the
micrographs recorded in pure alumina specimen after polishing and thermal etching at 1350 °C for two
hours [17]. The grains are densely packed, and porosity was not observed. Figure 3.8B shows images
recorded on a fractured surface. Thestartingaluminapowderwasofsize~700nm. Micrographs show

grains of 1-3 pm size revealing that some grain growth has taken place.
Summary

Gelcasting and RPTs were used to fabricate complex shaped components of ceramic composites.
Molds were designed using Solid works software. 3D printed ABS molds and 3D profile cut EPS

molds of desired shapes were fabricated by RPT and free flowing slurries of sus pended ceramic
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powders were cast into them. Demolding was done by dissolving the mold material in acetone which
took about 60 min for ABS molds, and 30-60 s for EPS molds, based on the design. Design and
fabrication of molds with a minimum possible thickness of ~0.3 mm for ABS molds and providing
internal coating for the easily dissolvable EPS molds (to eliminate the problems associated with the
porosity of the mold) and efficient de airing process before casting are some of the innovative
developments in the present work. With a solid loading of about 55% in alumina slurry, the final
products were of density close to 99%. Mechanical properties of final components are comparable or
superior to reports in the literature. Flexural strength of 388MPa and fracture toughness of 3 MPavm

were recorded from measurements.

The present process has the advantage of enabling redesigning of molds to correct for shrinkages that

occur during debindering and sintering. This technique is generic, reproducible,

is of low cost, and is extendable to fabricate components of requisite complex shapes from powders of
various ceramic and metal systems, using slurry-based techniques. The RPGC method is aptly suited
for the net-shaping of large and complex-shaped components with second-phase additions, with good
microstructures and properties. The process innovations in mold fabrication open up a scope for
designing large and complex molds that enable production of high-value components for medical,

automotive, and aerospace applications

3.4 Fabrication of barium strontium titanate (BSTO) components by using different gelcasting
systems and RPT molds

Barium strontium titanate (BSTO) is a ceramic that finds application as a high-storage capacitor,
sensor, detector, transducer, in-tuneable microwave device, and filter [18,19]. This work discusses the
synthesis of slurries with suspended particles and fabrication of Bag s Sro.5 TiO3 components of different
shapes and dimensions using environmentally friendly gelling systems like Isobam and
methylcellulose, and also the widely used but toxic methyl acrylamide system [20-22]. Suitable molds
made of acrylonitrile butadiene styrene (ABS) and expanded polystyrene (EPS) are fabricated by rapid
prototyping and a concentrated slurry of the required ceramic is set in it by gelcasting; the process is
referred to as the RPGC process [6,23]. The green body is further processed to obtain a density higher
than 98 %. The sintered products are evaluated by measuring density, microstructure, and dielectric
properties. This work opens up the possibility of adopting the versatile RPGC process with non-toxic

organics for applications by industries.
3.4.1 Viscosity of BSTO slurries with different gelling systems

BSTO powder was synthesized by solid-state reaction in a two- step process [20,24]. The raw

materials, BaCOs, SrCOs3, and TiO2, weighed out in stoichiometric ratio, were mixed well by tumbling
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the powders in a turbo mixer for a duration of 12 hours, during which tungsten carbide (WC) balls
were added to aid in uniform mixing. The initial heat treatment involved calcining the powders at 930
oC for a duration of 2 hours. This was followed by dry ball-milling for 4 h. This milling step helps in
further homogenizing the mixture and reducing the particle size and enhances the reactivity of the
reactants in the next step. The resultant ingot was then subjected to a second heat treatment at a higher
temperature of 1100 °C for 2 hours. This step was essential to complete the reaction and ensure the

formation of the desired Baos Sros TiOz compound.

To achieve a free-flowing suspension with 50 vol% solid loading, the amount of BSTO powder required

is calculated and added to a measured quantity of organic premix solution. The solution was prepared
by dissolving monomer (MAM) and cross-linker (MBAM) in deionized water (deionized water:MAM:
MBAM = 33:6:1, by weight), to which Darvan C-N (1-2 wt%, based on the solid loading) was
added as a dispersant. In the Isobam (IB) and methylcellulose (MC) systems, to make the premix
solution, Isobam (2 wt%) or methylcellulose (2 wt%) was dissolved in distilled water, and 1 wt% of
dispersant was added. Slurries with a solid loading of 50 vol% were prepared in each case by
incorporating the BSTO powder into the corresponding premix solutions. The resultant ceramic
slurries were tumbled for 24 h at 15 rpm with WC balls as mixing media to achieve uniformity. The
slurries were then de-aired in a vacuum desiccator to remove any trapped air before casting into molds.
Figure 3.9 shows the steps involved in the net shaping of BSTO components by the RPGC process
[6,23]. We refer to the methacrylamide system as AM, the Isobam system as IB, and the
methylcellulose system as MC.
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Fig.3. 9. Flow chart indicating the steps involved in net shaping of BSTO components by RPGC

technique.

Fine particles can help stabilize the suspension. The data in Figure 10a shows that the BSTO powder
consists of particles ranging from 0.3 um to 0.7 um. These particles can stabilize the system by
preventing larger particles from settling. This ensures that the slurry remains uniform, preventing
agglomeration and settling. The study focused on investigating and optimizing the rheological
behavior of gelcast slurries by varying the binder content. The AM slurry's viscosity is slightly lower
than the IB and MC slurries. Figure 3.10b demonstrates that the viscosity of BSTO slurry reaches its
lowest point, averaging around 1-2 Pa.s, when subjected to shear rates of 50 to 100 s™. Which is

suitable choice for casting, especially with a solid loading of 50 vol%.
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Fig.3. 10(a) Particle size distribution of BSTO powder (b) Shear rate dependence of viscosity of BSTO
slurries prepared in AM, IB and MC gelcsating systems.

3.4.2 Fabrication Process

Figure 3.11 shows the process steps involved in the shape forming of BSTO components.

Ceramic
components

Fig. 3.11. Process steps in shape forming of BSTO ceramics.

3.4.3 Fabrication of Molds



a) ABS Mold fabrication by 3D printing

Using a 3D printer (AHA-3D create, India), the ABS molds were additively manufactured layer by
layer according to the digital design by extruding an ABS filament through a heated nozzle and
depositing it on a base. The model was cut using a slicing program (Ultimaker Cura), and the resulting
negative served as the mold pattern. In order to obtain a high level of forming accuracy and good
sealing performance, the printing parameters are set to a printing speed of 30 mm/s and a filling density
of 30 % [23]. Figure 3.12 shows the CAD design and the mold used to create BSTO components by
gelcasting. The mold’s wall thickness was kept to a minimum of 0.3 mm for easy removal. Depending

on the height of the product required, the extent of filling of the slurry was adjusted.

W, |

Fig.3.12. (a & b) Typical CAD designs for molds and (c) ABS molds for fabricating components of

rectangular and circular cross-sections.
b) EPS mold fabrication using 3D profile cutting

Figure 3.13 shows a typical CAD design and an EPS mold created, to fabricate BSTO rods. and a wax

coating.

a)
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Fig. 3.13. (a) Typical CAD design for mold fabrication and (b) an EPS mold used to fabricate BSTO
rods.

3.4.4 Mold removal and further processing of green bodies to realize components

The free-flowing slurry of the chosen system was cast into ABS or EPS molds and polymerized by
heating at 60 °C in an oven for 6 hours. After completion of the gelling process, the solid green
bodies were removed by dissolving the molds in acetone. The dissolution is almost instantaneous for
EPS molds. In the case of thin-walled ABS molds, we found that it takes an hour for the mold to
collapse and disintegrate entirely on its own after immersion in acetone. To speed up the experiment
and to prevent the green body from getting damaged due to acetone intraction, the mold was manually
removed after softening. The green body was then immersed in fresh acetone to remove residues of

the mold material before processing further.

The green bodies were dried in an environmental chamber at 90% relative humidity (RH) and a
temperature of 50 °C for four days. The dry green bodies' binders were then removed by heating them
to 900 °C for 2 hours in a tube furnace. The debindered ceramic parts were then sintered in air at 1350

°C for 2 hours, and the furnace cooled to obtain the final BSTO compacts showed in figure 3.14.

Fig.3. 14. (a) BSTO rods of different lengths (up to 10 mm) and diameter (2-4 mm), (b and ¢) BSTO
components of different shapes fabricated by the RPGC process.

3.4.5. Physical, dielectric properties and microstructural studies of BSTO components
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XRD analysis

The indexed X-ray diffraction (XRD) pattern for BaosSrosTiOs (powder and components) shown in
Figure 3.15. The analysis on XRD confirms the formation of a single phase Bao.sSrosTiO3s for both

powders annealed at 1100 °C and components sintered at 1350 °C with cubic perovskite structure.
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Fig.3.15. Indexed XRD patterns recorded for Bao.sSro.sTiO3; (BSTO powder and components) using

CuK,, radiation

Density and hardness

The densities of the sintered samples were determined using Archimedes' principle, utilizing glycerine
as the medium for immersion. Table 3.1 provides the relative densities (the ratio of measured and
theoretical density) for BSTO components that were manufactured utilizing 3 different gelcasting
systems. The relative densities of all these samples are approximately equal, and nine samples were

used to measure density.

The hardness of BSTO components was evaluated using Vickers's indentation method. The hardness
was determined by calculating the average value of the diagonals measured across the indentations
after applying an indentation force of 0.5 kg for 15 seconds. The average value is determined using
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data from five indentations conducted at various positions on the polished materials. The subsequent

equation is employed to ascertain hardness.

Table 3.1: Sintering temperature, Relative density (%), and hardness for BSTO composites fabricated
using AM, IB, and MC gelcasting systems.

Gelcasting System Sintering Temp. | Relative Density (%) Hardness
(°C) (GPa)
AM 1350 98.5+0.01 4.52 +1.25
IB 1350 98.0+£0.01 4.33+1.14
MC 1350 97.5+0.01 4.28 +1.21

The BSTO ceramics made with the AM gelcasting system has the highest density and hardness,
followed by those made with the Isobam and MC systems. These can be attributed to different
viscosities of the slurries; the AM system gave rise to a slurry of marginally lower viscosity than IB

and MC systems, resulting in slight variations in densities and hardness.

Microstructural Studies

The FESEM images of BSTO components, obtained after polishing and thermal etching at a
temperature of 1100 °C for 2 hours [17], are displayed in Figure 3.16. The grains exhibit a high level
of compaction, with no visible porosity or cavities. The mean diameter of the grains is 6.0 um. The
microstructural characteristics of the BSTO components produced utilising additive manufacturing
(AM), injection molding (IB), and machining (MC) processes exhibit significant similarities.

Therefore, one can anticipate similar characteristics in the items produced using the three procedures.

Fig.3.16. (a-c) show micrographs recorded in BSTO specimens fabricated by IB, MC and AM

gelling systems respectively, after polishing and thermal etching.
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Fig.3.17. (a) Dielectric constant (€; ) and b) Dielectric loss (tan ), as a function of frequency up to 1

MHz, measured at room temperature.

The dielectric constant (€;) and dielectric loss (tan &) were determined using a Novocontrol dielectric

spectrometer. This measurement was conducted on pellets

with a diameter of 1 cm. Prior to the measurement, the surfaces of the pellets were coated with Ag
paint and then subjected to annealing at a temperature of 200 to create electrodes. Figure 3.17 displays
the frequency dependence of the dielectric characteristics up to 1MHz at room temperature for BSTO

components manufactured using AM, IB, and MC gelcasting processes.

Table 3.2 compares the dielectric characteristics of BSTO components produced using three different
gelling systems in relation to those described in the literature utilizing various synthesis methods. The
research indicates that the sintering temperature significantly influences the dielectric behavior of
BSTO samples. At elevated sintering temperatures, when there is a possibility of grain development,

the values of & are observed to be reduced.

The dielectric constant of BSTO components produced using AM gelcasting is around 800, somewhat
higher than those manufactured by IB and MC gelling techniques in the frequency range of 1 kHz to

1 MHz, as indicated in Table 3. 2. In addition, the BSTO components have little dielectric loss across
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the whole frequency range, which makes them promising options for applications that demand

dependable and energy-efficient electrical properties.

Table 3.2 compares the dielectric constants and dielectric losses for barium strontium titanate using
various gelcasting processes acquired in this study and the values reported in the literature for barium

strontium titanate ceramics.

Method Ceramics Sintering | Sinterin & & tand | tand | Ref.
Temp. (°C) | g Time | (1kHz) | (IMH2) | (1kHz) | (IMH2)
(hours)

SSR BaosSrosTiOs 1260 2 928 - 0.91 - 25
SSR BaosSros(Sno.i2 Tioss) 1300 3 850 0.014 26

O3
SSR BaosSrosTiO3 1230 2 1000 - 0.93 - 27
SCM Bao.5Sros(Sno.20Tio.so) 1350 2 179 167 0.06 | 0.011 | 20

O3
SCM BaosSro.s(Sno.10Tio.s0) 1350 2 392 395 0.030 | 0.006 | 20

O3
SCM Bao.5Sros(Sno.osTio.es) 1350 2 502 483 0.029 | 0.005 | 20

O3
Gelcasting(AM) BaosSrosTiOs 1350 2 854 800 0.003 | 0.003 | PW
Gelcasting(1B) BaosSrosTiO3 1350 2 764 736 0.003 | 0.002 | PW
Gelcasting(MC) BaosSrosTiO3 1350 2 756 730 0.002 | 0.004 | PW

Conclusions

This work discusses the near-net-shaping method used to fabricate dense BSTO components, with a
focus on environmentally friendly organics for gelcasting process. The quest for low-toxicity gelling
agents was fruitful, as the IB and MC were shown to be competitive with the process using AM
monomers (toxic) reported in literature. To accomplish this, it was necessary to optimize many
processing parameters related to the preparation of ceramic slurries, mold fabrication, drying, and

processing conditions, as outlined in this work.

Complex-shaped BSTO ceramic components were fabricated using gelcasting and rapid
prototyping techniques, using RP-GC process. The molds were designed using SolidWorks, a CAD
software. The free-flowing slurries of suspended ceramic powders were cast into 3D printed ABS
molds and 3D profile cut EPS molds to fabricate BSTO components of required shapes. Demolding
was accomplished by soaking the mold material in acetone for around 60 minutes for ABS molds and
30 to 60 seconds for EPS molds. We have created molds with a small thickness of 0.3 mm (easily
dissolvable) for ABS molds which provides with an advantage of easy dissolution. Another
contribution is development of easily dissolvable EPS molds with a coating that renders the interior
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of the mold non-porous and also avoids interaction of green body with the soaking medium.
Additionally, a reliable de-airing process was implemented prior to casting, to remove the entrapped

air.

Using a slurry with a solid loading of 50 vol%, the resultant BSTO components exhibited a density of
98%. The dielectric properties of the components obtained using the three different gelling systems
are comparable and are in the range reported in literature [5,42, 43,44] on BSTO samples sintered at
similar temperatures. The products fabricated in the present work by the non-toxic gelling systems are
pore-free and have comparable microstructures and dielelctric behaviour as those fabricated by the
methacrylamide-based gelling system. Gelcasting has a potential to move closer to realising industrial

applications with RP-GC process, owing to the non-toxic gelling agents, as brought out in this work.
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Chapter IV

Alumina - o alumina platelet composites

The work discusses novel alumina composites with single crystalline alpha-alumina platelets as
reinforcement fabricated by integrating gelcasting with rapid prototyping [1,3]. Different amounts of
platelet alumina (ranging from 0, 1, 2, 3,4, 5, 15, and 25 wt%) are coated with monazite (LaPOs4) using
a chemical method and are introduced into alumina matrix to enhance its mechanical properties [4].
The alumina platelets have a uniform thickness of approximately 150 = 25 nm [5]. The gelcasting
process was used to mix the monazite-coated alpha-alumina platelets in the alumina matrix uniformly
and create a free-flowing ceramic slurry with a 50 vol% solid loading. The slurry was cast and gelled
in disposable expanded polystyrene (EPS) molds machined as per the computer-aided design (CAD)
[1,3]. The green bodies are dried, debindered, and sintered to obtain compacts of characterized
alumina composites. The composite with 4 wt% platelet content exhibited a notable 80% enhancement
in fracture toughness when compared to monolithic alumina. Microstructural studies reveal deflection,
bridging, and branching of the cracks caused by the coated platelets, providing evidence for their
contribution to improved fracture toughness. The composites of optimised composition possess
superior mechanical properties and have the potential for applications at high temperatures and in the

biomedical sector.

4.1.1 Synthesis of a — alumina platelets

A solution combustion method demonstrated a novel route for obtaining crystalline Al,Os platelets [5].
Briefly, aluminum nitrate (Al(NOs)s) was initially dissolved in distilled water, forming a transparent
solution. We then added urea (CO(NH>)), which initiated a complexation reaction with the aluminum
ions. When we heat the solution to boiling point, the urea-aluminium complex undergoes rapid

exothermic decomposition, leading to significant forming and gas evolution. This self-propagating
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combustion effect means that much heat is released into the solution, which speeds up the change of

the precursors into a-Al.O3 platelets. The reaction involved seen in figure 4.1 is

2A1 (NO3)3+ 5(NH2)2CO—ALO3+8N2+5CO2+10H; (1)
corl{\w:‘enngtns fg;,f,gfi’f,'n lil. Combustion IV. Alumina
Metal Organic
\ N
nitrates fuel H.0 "cO: H.0
120°C 20°C
~—3 ~—
. Cooling
Drying in air

Fig. 4.1 Steps in Solution combustion process

The resulting powder crushed and was subsequently calcined at 800°C in an air atmosphere to promote
complete crystallization and phase stabilization. X-ray diffraction (XRD) analysis revealed the
successful formation of the a-phase with its characteristic hexagonal crystal structure. Figure 4.2a
shows the indexed XRD pattern of the synthesized a-Al.Os, phase confirmed by JCPDS data reference
code 98-008-5137. The FESEM image shown in Figure 2b shows the platelet morphology of a-alumina

which has an average thickness of 150 + 25 nm.
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Fig. 4.2 a). Indexed XRD pattern of Al,O3 prepared by solution combustion method, confirms formation
of hexagonal phase of o—Alumina. b) FESEM micrograph of milled a-alumina platelets.

4.1.2. LaPOy4 coating on a — alumina platelets

LaPOs is a suitable interphase for ceramic composites. Alumina platelets were coated with lanthanum

phosphate (LaPOs). In this process, the platelets were immersed in a solution containing dispersed
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lanthanum phosphate hydrate in water, supplemented with 1 mL of dispersant. The mixture was
maintained at 80°C for 24 hours. Afterward, the platelets were dried and heat treated at 900 °C for 2

hours to ensure proper adherence of the coating.

Figure 4.3a shows the alumina platelet morphology, 4.3b shows the LaPO4 needle shaped morphology
and 4.3c shows LaPOs4 needle coated on alumina platelets. The TEM microstructural analysis showed
that the LaPO4 needles were successfully deposited on the alumina platelets. The needles exhibited a
distinct morphology and dispersed themselves evenly on the alumina platelets' surface. This coating
on the alumina platelets creates a surface modification that may affect the fracture mechanics of the

resulting composites.

xlgP(),‘needle?s 2
"coated on platelets -+, 4

Fig. 4.3. TEM images of a) alpha alumina platelets, b) nano LaPO4 needles and c¢) LaPO4 needles
coated on alpha-alumina platelets

4.1.3. Second phase addition and preparation of the composite suspensions

To achieve a free-flowing suspension with a solid loading ranging from 50% to 55%, the required
alumina powder (or a powder mix containing secondary phases) is computed and added to a measured
amount of an organic premix solution. This solution is prepared by dissolving the monomer (MAM)
and cross-linker (MBAM) in deionized water (deionized water:MAM: MBAM = 33:6:1, by weight) ,
with the addition of Darvan 821-A used as a dispersant (1-2 wt% based on solid loading). The resulting
ceramic slurry undergoes a 24-hour tumbling process at 15 rpm, utilizing alumina balls as mixing
media to achieve uniformity. Subsequently, the slurry is de-aired in a vacuum desiccator to eliminate

any trapped air before the casting process [6].

4.1.4 Viscosity of composite slurries

The ceramic slurry's viscosity rises with increasing solid loading during the gelcasting process. The
slurry's viscosity can be managed by varying the amount of water and binder material added. The shape
and surface properties of the platelets also play a role in determining viscosity, as smooth and rounded

particles tend to decrease the viscosity in comparison with irregular, sharp-edged platelets. Figure 4.4
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shows the shear rate dependence of viscosities measured for the slurries at 50 vol. % loading,

respectively.
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Fig. 4.4. Shear rate dependence of Viscosity of alumina- platelet alumina slurries at 50% solid loading

for composites with different alumina content.

A suspension's solid loading is critical, low viscosity must allow easy pouring into molds
to produce highly dense products. It is essential to optimise the viscosity and binder contents. In the

gelcasting process, achieving viscosities around 1 Pa.s. is considered optimal for obtaining the best
properties in the resulting sintered parts. In our study, we measured the viscosity of alumina slurries
optimized for 50% solid loading. As shown in Figure 4.4, it has been found that when loaded to 50%,
alumina slurries and composites with a-alumina platelet inclusions become less viscous than pure
alumina. Additional solid loading produced a thick slurry that hindered deairing and did not flow
readily. This would cause flaws in the finished product, such as voids, which would impair its

mechanical properties [6]. Therefore, we chose slurries with a 50% solid loading optimal for casting.

4.1.5 Casting, drying, debindering and sintering of composites

The slurry, which exhibited free-flowing characteristics, was cast into EPS molds and underwent
polymerization through heating at 60°C in an oven for a duration of 6 hours. Upon the completion of
the gelling process, the solid green bodies were extracted by dissolving the molds in acetone. The green
bodies were subjected to drying in an environmental chamber at 90% relative humidity and a
temperature of 50°C for a period of four days. Following this, the binders in the dried green bodies were

removed by heating them to 900°C for 2 hours in a tube furnace. The resulting debindered ceramic parts
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were then sintered in air at 1675°C for 2 hours, followed by furnace cooling, to achieve the final alumina-

alumina composite structures shown in Figure 4.5.

a)

Fig. 4.5 Compacts of alumina-alumina composites with inclusion of 4 wt%% alumina platelets,
prepared by the RPGC process. The dimensions of the components in the figure are (a) 70 x 35 x 10
mm and (b) 30 mm diameter and 10 mm height.

4.1.6 Mechanical properties, microstructural and fractography analysis of
composites

a) Density
Density and porosity have a considerable impact on the mechanical properties of ceramics and its
composites. Materials that have a greater density and a smaller amount of pores typically demonstrate

superior mechanical characteristics. We assessed the densities of the sintered samples using

Archimedes' principle, employing glycerine as the immersion liquid.
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Fig.4.6. Relative density (%), calculated by comparing the measured density to the theoretical density
values, for the composite samples sintered at 1675°C for 2 hours. The trend in the variation shows an

exponential curve.
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Relative density is computed as a percentage of the theoretical density estimated for the
composites from the known densities of alumina and a-alumina. Pure alumina sample has a relative
density of 98.5%, which is higher than all the composites. As shown in Figure 4.6, the composites with
1-5 wt% alumina have a relative density of nearly 96%. When 15 and 25% a-alumina is added, the
relative density drops to 94%. This is because alumina particles have a platelet morphology affecting
the extent of packing and this effect is more pronounced at higher platelet concentrations, resulting in

a reduction in relative density. Fit of the data to an exponential function shows a trend in the variation.
b) Hardness of the composites

The specimens were evaluated for hardness using the Vickers indentation method.
Indentations were formed by applying a 20 kgfload for 15 seconds. The hardness value was
obtained by calculating the average of the diagonals measured across the indentations, with five

indentations conducted at different locations.
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Fig 4.7. Microhardness of alumina composites with varying alumina platelet content. Variation in the

data shows an exponential fit.

Figure 4.7 shows the microhardness of alumina composites that have different amounts of Al,O3
platelets. The microhardness (HV) is 22.5 GPa in pure alumina with a relative density of 98.5%. It
goes down as the amount of Al.Os platelets increasing. The link between microhardness and density
shows that microhardness decreases as platelet alumina content increases. The higher platelet content

leads to the chance of increasing porosity in the composites.
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c) Flexural Strength and Fracture Toughness

Reasonable values of flexural strength () and fracture toughness (Kic) are essential for a ceramic
material to find many applications. We determined the flexural strength using a 3-point bend test on a
specimen cut to 3.0 x 4.0 x 45.0 mm dimensions, as per ASTM C1161-13 standard [7] and fracture
toughness measurement was conducted using the direct crack method as per ASTM C1421-10

standard [8] discussed in detail in section 2.8, chapter 2.

Pure alumina with no platelet addition, after sintering at 1675°C for 2hrs had shown flexural strength

and fracture toughness of 389 MPa and 3.01 MPa Vm, respectively.

The flexural strength and fracture toughness values of the composites as a function of wt% of alumina

platelets determined from 3-point bend test are presented in Figure 4. 8 a) and b).
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Fig. 4.8. a) Flexural strength (or) and b) fracture toughness (Kic) of alumina- platelet alumina

composites with different wt% of platelets.

Remarkable improvement in fracture toughness was observed in alumina reinforced with Al>O3
platelets (4 wt%), resulting in a significant increase from 3 to 5.4 MPa Vm. Additionally, the material's
flexural strength was measured to be 310 MPa. Alumina platelet composites with varying weight
percentages (1 to 5Swt%) showed an improvement in fracture toughness, although there was a decrease
in flexural strength. It is worth mentioning that the relative density of composites in this range is
approximately 96%. The strength and fracture toughness of the alumina (15 and 25 wt%) platelet
composite is decreased, while the relative density is approximately 94%. The packing of alumina
platelets in the matrix causes a decrease in density and an increase in porosity in higher concentrations

of platelet-reinforced composites.
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d) Microstructural studies and fractography analysis

The inclusion of Al,O3 platelets as a secondary phase in the alumina matrix was expected to result in
alterations to the microstructure, which in turn will affect the mechanical properties and crack
propagation. Extensive microstructure analysis was conducted to understand better the connection

between these platelets and the observed enhancement in fracture toughness in the current composites.

FESEM images were recorded in polished composites after thermal etching at 1350°C for 2 hrs [9]
and are shown in Figure 4. 9 (a &b). Figure 4. 9 (a) shows the pure alumina. Figure 4. 9 (b) shows the

distribution of alumina (5 wt%) platelets in the alumina matrix, and pores are not present.

Fig. 49. FESEM microstructures of polished and thermally etched pure alumina and
Al>03-5 wt% platelet Al,O3 composites.

Platelets are a barrier to prevent trans-granular cracks in composites containing 4 wt% alumina, as
shown in Figure 4. 10 a). Platelets can reduce the stress concentration at the tip of a crack, preventing
the break from spreading further. We explore how platelets act as a barrier between materials and
cracks, stopping cracks from spreading further. We aim to understand how effective platelets are in
preventing crack propagation. Figure 4. 10(b-d) illustrate the presence of fracture bridging and crack
deflection resulting from the inclusion of platelets in a composite material with a 4 wt% platelet
alumina content. Platelets can serve as connectors between particles, increasing the quantity of tie lines
and thereby enhancing the fracture toughness of composites. The observations above provide empirical
support for the notion that platelets are efficacious in impeding crack propagation and enhancing the

material's overall fracture toughness.
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Fig. 4.10. FESEM microstructures of polished and thermally etched alumina-alumina composites,
after crack initiation by indentation, with: (a) & (b) 4 wt% and (c) & (d) 3 wt% % alumina platelets.
All figures show distribution of platelets among alumina grains (typical platelets marked at 1).

Evidence is seen for arresting of cracks (at 1), deflection of the cracks (at 2, 3 & 4).
Summary

In the present work, we chose to investigate the possibility of improving the properties of alumina,
reinforced with alumina platelets which are given an interface coating of LaPO4. The a-alumina
platelets synthesized by the combustion route are of nanometric thickness, have large aspect ratio and
are single crystalline. The process of gelcasting free flowing slurries enables uniform distribution of
second phases and provides an easy, scalable, and cost-effective method of shape forming ceramic

components.

Microstructures recorded in those composites showed no substantial porosity or cracking. FESEM
images (Figure. 4.10) of polished specimen (thermally etched after indentation) provide clear evidence
for arresting of crack propagation, deflection and bridging of the cracks, by the presence of platelets,
shown typically in the composites with 3 and 4 wt%% platelet alumina. The concept of crack bridging
by platelets is also observed as one of the toughening mechanisms in these composites. The platelets

form a bridge between two separated crack faces and creates an obstruction that slows down the crack
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propagation. The large surface of the platelets provides many crack-stopping sites and increases the
amount of energy required for the material to fail. Our results on the alumina- alumina composites thus
obtained show that addition of 3 to 4 wt% platelet alumina results in an improvement in mechanical
properties yielding substantial flexural strength (310 MPa) as well as fracture toughness (5.4 MPa Ym),

simultaneously.

The combination of these effects has caused a significant increase in the fracture toughness of the
composites with optimal composition (alumina with 3 and 4 wt%% platelets), making them potential
candidates as dental implants and as high temperature components in aerospace and automobile
applications. The possibility of casting the slurries of the above compositions into molds fabricated by
rapid prototyping and gelcasting (RPGC) process makes many niche applications accessible in medical

and defence fields.
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Chapter V

Yttria stabilized zirconia (3Y-PSZ) — a alumina platelet composites

Introduction

Dental prostheses and implants utilize ceramics because of their biocompatibility and chemical
stability [1-3]. The aerospace and power generating industries want composites that possess both low
density and exceptional damage tolerance [4,5]. Oxide/oxide composites are well-suited for high-
temperature applications due to their inherent oxidation resistance. Additionally, they are more cost-
effective compared to other composites. Zirconium dioxide (ZrO.) is a highly important ceramic
material because it has a diverse variety of uses. Zirconium dioxide (ZrOz) is found in three
different crystalline structures under normal atmospheric pressure: monoclinic (m), tetragonal (t), and
cubic (c). The monoclinic phase is thermodynamically stable at room temperature and undergoes a
phase transition to the tetragonal phase at around 1170 °C. The tetragonal phase is thermodynamically
stable until a temperature of 2370 °C, at which time it undergoes a transformation to the cubic phase.
The cubic phase remains stable until it reaches the melting point at 2680 °C [7]. At ambient
temperature, the high-temperature phases of ZrO2 can be made stable by incorporating oxides such as
Y203, MgO, CeO,, or CaO. Y203 is the predominant stabilizer in widespread usage. Zirconia ceramics
can be classified into two types according to their crystal structure: fully stabilized zirconia (FSZ) and
partially stabilized zirconia (PSZ) [8]. Zirconia ceramics that have been stabilized with a Y203 content
ranging from 3 to 6.5 mol% are commonly referred to as PSZ. These ceramics provide advantageous
qualities [9]. Additionally, zirconia that has been stabilized with 8 to 10 mol% is also known. You are
referred to as FSZ. Zirconia ceramics with less than 3 mol% of Y203 are utilized in the fields of
biomedicine and structural engineering due to their remarkable strength and resistance to fracture. The

ceramics mentioned are classified as toughened zirconia ceramics [10].

5.1 Fabrication of yttria stabilized zirconia (YSZ) - a alumina composites

The present work has focused on variation in the mechanical and physical characteristics of a-alumina
platelet toughened zirconia composites. Solution combustion synthesis was used to obtain single
crystalline a- alumina platelets of high hardness, large aspect ratio and about 150 nm thickness. Dense
ceramic components were fabricated by gelcasting free flowing slurries of the composites into
expandable polystyrene (EPS) molds, and by further processing. The addition of LaPOs-coated
platelets to the partially stabilised zirconia (3Y-PSZ) matrix resulted in a significant enhancement of
fracture toughness in the composites. The 3Y-PSZ composites, with 5 to 15 wt% platelets, had a

83



relative density of approximately 93-95%. These composites also demonstrated a significant flexural
strength of around 600 MPa, along with an excellent fracture toughness of approximately 8.8 MPavVm.
Microstructural studies provided clear evidence for the role of platelets in resisting the crack
propagation, deflecting and bridging the cracks. Owing to superior properties, the PSZ- alumina
platelet composites with optimal composition show promise as dental implants and as high temperature
components in aerospace and automobile applications. These 3Y-PSZ composites have an edge over
continuous fibre reinforced composites due to their higher strength and prospects to be fabricated in

large complex shapes by combining rapid prototyping and gelcasting (RPGC) techniques [11-13].

5.1.1. Second phase addition and preparation of composite suspensions

To prepare a free-flowing slurry of requisite composition, 3 mol% YSZ powder (with an average
particle size of 200- 800 nm) was mixed with different weight percentages (x =0, 1, 5, 10, 15 and 25
wt. %) of LaPO4 coated alumina platelets and was tumbled in a turbo-mixer for 12 hours. A premix
solution was prepared by dissolving monomer MAM and cross-linker MBAM in deionized water. The
ratio of deionized water to MAM to MBAM was 33:6:1 by weight. Additionally, DARVAN - CN was
added as a dispersant (1-2 wt% based on the solid loading). Subsequently, suspensions were
prepared by combining the ceramic slurry with the organic premix gelling medium. A ceramic slurry
with a solid loading of 50% was obtained by adding a calculated amount of mixed powder (3Y-PSZ +
different wt% of LaPO4 coated a-platelets [14,15]) to measured amount of premix solution, allowed
for mixing. The ceramic slurry obtained was tumbled for 24 hours at a speed of 15 rpm using zirconia
balls as the mixing medium. Subsequently, the slurry was subjected to vacuum de-airing in a desiccator
before being cast into EPS molds [16]. The loading level is optimized to achieve a viscosity of
approximately 1 Pa. s to ensure that the slurry flows freely. Ammonium persulfate was used as an

initiator and TEMED was used as a catalyst.

5.1.2 Viscosity of composite slurries

In the gelcasting process, the viscosity of the ceramic slurry increases as the solid loading increases.
The viscosity of the slurry can be controlled by varying the amount of water and binder material in the
premix. In addition to powder particle size and shape, the surface characteristics of the particle also
affect the viscosity; smooth, rounded particles tend to have a lower viscosity than irregular, sharp-
edged platelets. The shear rate dependency of viscosities recorded for the slurries at 55 and 50 vol%
loading, respectively, is shown in Figure 5. 1(a and b). Higher viscosity values made it difficult for the
slurries with 55 vol% volume loading to flow freely, as shown in Figure 5.1(a). Since slurries usually

have lower viscosity, we handled them by pouring them into molds with 50 vol% solid loading. As we
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added more alumina platelets, the viscosity increased systematically (Figure 5.1(b)). Also, we adjusted

the amount of dispersant to ensure the slurry flows well.
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Fig.5 1. Shear rate dependence of Viscosity of PSZ- platelet alumina slurries: a) at 55% solid loading
and b) at 50% solid loading for composites with different alumina platelet content.

5.1.3 Casting, drying, debindering and sintering of composites

The composites, consisting of 3Y-PSZ/a-Al,O3 (LaPOs-coated) platelets, were fabricated using
gelcasting and rapid prototyping (RPGC) process. The slurries are cast into EPS molds and kept at a
temperature of 65°C for 5-6 hours to allow for polymerization and completion of the gelling process.
The solid green bodies were removed from the mold by dissolving the mold with acetone. They were
then dried in a humidity-controlled oven for a week. The green bodies underwent debindering at a
temperature of 900°C and were subjected to a soak time of 2 hours to eliminate the organic binders.
Subsequently, the material was subjected to a sintering 1550 °C at a rate of heat is 1°C per minute for
3 hours and furnace cooled. Figure 5.2 the compacts of the 3Y- PSZ composite, fabricated with 5 wt%
of alumina platelets. Usage of small amounts of (10 to 15 wt%) organic binders in the RPGC process

enables higher densities to be achieved after sintering, compared to competing slurry-based techniques.

-
- -

Fig. 5.2. Compacts of YSZ-alumina composites with inclusion of 5 wt.% alumina platelets, prepared
by the GC-RPT process. The dimensions of the components in the figure are a) 70 x 30 x 10 mm, and
b) 30 mm diameter and 10 mm height.
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5.1.4 Mechanical properties, microstructural and fractography analysis of composites

a) Density of composites

The mechanical characteristics of ceramics are significantly influenced by density and porosity.
Materials with higher density and minimum porosity demonstrate superior mechanical performance.
In order to establish a relationship between the characteristics of the current composites, the densities
of the sintered samples were determined using Archimedes' principle, with glycerine as used for
immersion medium. The percentage of relative density, calculated by comparing the measured density
to the theoretical density values, is shown in Figure 5.3 for the composite samples sintered at a

temperature of 1550 °C for 3 hours.
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Fig. 5.3. Relative Density of YSZ-Alumina composites having different wt. % of alumina platelets.

Relative density is computed as a percentage of the theoretical density estimated for the
composites from the known densities of PSZ and a-alumina. Pure YSZ sample has a relative density
0f 99%, which is higher compared to all the composites. The composites with 5-15 wt. % alumina has
arelative density of nearly 94%. When 25% a-alumina is added, the relative density drops significantly
to 85%. The platelet morphology of alumina particles influences their packing efficiency. This effect
becomes more significant at higher alumina concentrations, leading to a notable reduction in relative

density, specifically at the 25 wt% alumina content.
b) Hardness of the composites

The specimens were evaluated for hardness using the Vickers indentation method. Indentations were
formed by applying a 20 kgf load for 15 seconds. The hardness value was obtained by calculating the
average of the diagonals measured across the indentations, with five indentations conducted at different

locations
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Fig. 5.4. Microhardness of 3Y-PSZ composites with varying alumina platelet content.

Figure 5.4 illustrates the microhardness of 3Y-PSZ composites with different levels of Al203 platelet
content. The figure demonstrates that pure PSZ with 99% relative density achieved a microhardness
(HV) of 12.3 GPa. However, when the content of Al.Oz platelets increased, the microhardness
decreased. The decrease in hardness values correlates with the drop in density as platelet concentration
increases. Consequently, there exists noticeable correlation between microhardness and the increasing
porosity resulting from higher platelet alumina content.
¢) Flexural Strength and Fracture Toughness

Reasonable values of flexural strength (c) and fracture toughness (Kic) are essential for a ceramic
material to find many applications. We determined the flexural strength using a 3-point bend test on a
specimen cut to 3.0 x 4.0 x 45.0 mm dimensions, as per ASTM C1161-13 [17] standard and Fracture
toughness is measured by the direct crack method as per ASTM C1421-10 [18], as discussed in detail

in section 2.8, chapter 2.

Pure YSZ (x = 0) compact with no alumina addition, after sintering at 1550°C for 3hrs had shown
considerably high flexural strength and fracture toughness of ~1029 MPa and ~4.97 MPa Vm,

respectively.

The flexural strength and fracture toughness values of the composites as a function of wt% of alumina
platelets (x =0, 1, 5, 10, 15 and 25 wt%) determined from 3-point bend test are presented in Figure
5.5 (as A: present work) along with the corresponding data reported in literature on PSZ and fully
stabilised zirconia (FSZ) composites with varying alumina particulate [20-22] or platelet [ 19] addition.
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The data from literature [19,22] available in mol% of alumina inclusion in YSZ is converted to wt%

to enable comparison.
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Fig. 5.5 a) Flexural strength (o) and b) fracture toughness (Kic ) of 3Y - PSZ-Alumina composites with
different wt% of alumina platelets. Data of the present work are shown as curve (A). Data reported in
literature on 3Y-PSZ composites with alumina content as second phase addition [ 19, 20-22] are also
shown (as B-E) in the figure for comparison.

The composites' flexural strength and fracture toughness were measured using a 3-point bend test. The
values of alumina platelets were determined for different weight percentages (wt%) (x =0, 1, 5, 10,

15, and 25wt. %). The results are shown in Figure 5.5 (labeled as A: present work).

From the figure 5.5 shows 3Y-PSZ composites thus obtained show that addition of 5 to 15 wt. %
platelet alumina results in remarkable improvement in mechanical properties yielding high flexural

strength (643 MPa) as well as fracture toughness (8.87 MPa Ym), simultaneously.

5.1.5. Transformation toughening

An essential mechanism for transformation toughening in PSZ is the tetragonal to monoclinic phase
transformation, which creates compressive stresses that prevent crack propagation. When

stressed, PSZ transforms from a tetragonal to a monoclinic phase.

When yttria-stabilized tetragonal zirconia is subjected to stress, its crystal structure at the point
of stress locally transforms from tetragonal to monoclinic, which increases by around 4 vol%. This
phenomenon is known as stress-induced phase transformation. Cracks that are formed experience
compressive stress at their tips, which stops them from further propagation [24]. Thet m phase
traneformation induced by stress locally in ZrO> is shown to improve materials' strength and fracture
toughness of zirconia composites [25]. This transformation results in the creation of compression

around cracks, causing them to deflect. The stress is distributed more evenly by deflecting cracks,
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preventing further propagation. This phenomenon enhances the material's resistance to crack

propagation, contributing to its improved fracture toughness and mechanical properties.
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Fig 5.6. Indexed XRD patterns of pure 3Y-PSZ and 3Y-PSZ with 5, 10 & 15 wt. % a-alumina platelet

composites before and after stress application, showing tetragonal and monoclinic phases to co-exist.

Tablel: Quantitative assessment of phase transformation in pure PSZ and 3Y-PSZ composites with

5, 10 and 15 wt% a-alumina under stress application, from XRD

S.no: | 3Y-PSZ Before stress application After stress application
composites
Monoclinic Tetragonal Monoclinic Tetragonal
Phase(%) Phase(%) Phase(%) Phase(%)
1 PSZ 4.22 95.80 5.02 94.98
2 PSZ + 5 wt% 8.30 91.7 9.00 91.0
3 PSZ + 10 wt% 8.90 91.1 9.30 90.7
4 PSZ+ 15 wt% 9.28 90.70 10.5 89.40
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In order to assess the contribution of transformation toughening to 3Y-PSZ + a- alumina composites
with a-platelets of the present study, XRD patterns are recorded in the composite samples before and
after stress application. Samples subjected to stress for fracture toughness measurements were used for
this purpose. The XRD data shown in Figure 5.6 for the composites with 5, 10 and 15 wt% platelet
content were analyzed to determine the monoclinic phase present before and after stress, and the resulrs

are presented in Table 1.

All the 3Y-PSZ composites show a small amount of monoclinic phase to be present, which increases
from 4.22 to 9.28%, with a corresponding decrease in the tetragonal phase as the alumina platelet
content is increased. On the application of stress, all the composites show nearly the same increase in
the monoclinic phase by about 1%, as is seen from Figure 5.7 and Table 1, compared to its content
before stress. These observations suggest that stress-induced transformation toughening is minimal

and occurs nearly to the same extent in all the composites.

The fact that the 3Y - PSZ composites showed remarkable enhancement in fracture toughness from 5
to ~ 8.5 MPa Vm, when the platelet content is in the range 5 to 15 wt%, as seen from Fig. 6, projects

the significant role played by single crystalline alumina platelets in causing effective reinforcement.

A possible reason for an increase in the monoclinic phase in the presence of alumina is that Yttria
(Y203), the stabilizer in 3Y-PSZ, and alumina (Al,O3) tend to segregate at the grain boundaries [26].
If yttria reacts with alumina, this segregation can form a Y-Al-O phase at the boundaries, which is less
effective in stabilizing the tetragonal phase than yttria alone [27]. This reduces the overall stability of

the tetragonal phase and promotes the transformation to the monoclinic phase.

"
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Fig.5.7. Monoclinic phase (%) varying with alumina platelet content, before and after stress application.
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5.1.6 Microstructural Studies

Inclusion of AlOj platelets in YSZ matrix as the second phase would bring about a change in
the microstructures and have an impact on the crack propagation and mechanical properties. To have
an insight into the role of platelets on the observed enhancement in the fracture toughness of the present

composites, detailed microstructural investigations were carried out.

FESEM images were recorded in polished composites after thermal etching at 1250°C for 3 hrs
[28] and are shown in Figure 5.8(a -d). Figure 5.8(a) shows distribution of alumina platelets in YSZ
matrix. Arresting of trans-granular cracks by the platelets can be clearly seen in Figure 5.8(b) in 3Y-
PSZ with 10 wt. % alumina. The platelets can reduce the stress concentration at the crack tip, and thus
suppress the crack propagation. The platelets can be seen to form a barrier between the matrix and the
crack, preventing it from spreading further. Figure 5.8(c-d) depict the occurrence of crack bridging and
crack deflection by the presence of platelets shown typically in the composite with 15 wt% alumina.
Platelets can serve as bridges between particles, increasing the number of tie lines and thus improve
the fracture toughness of the composites [29]. The above observations give evidence that platelets are
effective in providing resistance to crack propagation and thus lead to the material's overall fracture

toughness.

Figure 5.8(e) shows an image recorded in fractured surface of 3Y-PSZ composite with 15 wt.%
platelets, after thermal etching; it shows that debonding of the platelets is one of the operative
mechanisms, which dissipates energy and thus resists failure. Occurrence of platelet pull-out suggests
the presence of strong interfacial bonding and thus accounts for increased fracture toughness of the
YSZ-platelet alumina composites. The larger surface area of the platelets, compared to alumina
particulates, has an advantage in enhancing the interfacial bonding. Figure 5.8(f) shows the
microstructure of the polished and etched composite with 25 wt.% alumina. Agglomeration of
platelets, and voids occurring due to those agglomerates, can be seen this polished and etched

composite, which accounts for its lower density and reduction in its observed fracture toughness.
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Fig. 5.8. FESEM microstructures of polished and thermally etched ATZ composites, after crack
initiation by indentation, with: (a) & (b) 10 wt% and (c) & (d) 15 wt% alumina platelets. All figures
show distribution of platelets among YSZ grains (typical platelets marked at 1). Evidence is seen for
arresting of cracks (at 2, 3, 4 & 6), deflection of the cracks (at 5, 7 & 8), crack bridging (at 9). (e)
shows debonding of platelets (at 10 & 11) in the fractured and thermally etched composite with 15
wt% platelets; and (f) shows agglomeration of platelets and associated voids in polished and etched
composite with 25 wt% platelets.

Summary

In the present work, we chose to investigate the possibility of improving the properties of 3Y-
PSZ, reinforced with alumina platelets which are given an interface coating of LaPO4. The a-alumina
platelets synthesized by the combustion route are of nanometric thickness, have large aspect ratio and
are single crystalline. The process of gelcasting free flowing slurries into 3D profile-cut EPS molds
enables uniform distribution of second phases and provides an easy, scalable, and cost-effective

method of shape forming ceramic components.

Our results of composites thus obtained show that addition of 5 to 15 wt% platelet alumina results
in remarkable improvement in mechanical properties yielding high flexural strength (643 MPa) as well

as fracture toughness (8.87 MPa Vm), simultaneously.
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We gather from the above literature that improvement of fracture toughness with fibre
reinforcement occurs at the expense of flexural strength, and that LaPO4 coating increases Kic
substantially. Moreover, the process involved in the fabrication of fibre reinforced components into
complex shapes is expensive and involved. Hence, in the present work, we chose to investigate the
possibility of improving the properties of 3Y-PSZ, reinforced with alumina platelets which are given
an interface coating of LaPO4. The a-alumina platelets synthesized by the combustion route are of
nanometric thickness, have large aspect ratio and are single crystalline. The process of gelcasting free
flowing slurries into 3D profile-cut EPS molds enables uniform distribution of second phases and

provides an easy, scalable, and cost-effective method of shape forming ceramic components.

Our results on the 3Y-PSZ composites thus obtained show that addition of 5 to 15 wt% platelet
alumina results in remarkable improvement in mechanical properties yielding high flexural strength

(643 MPa) as well as fracture toughness (8.87 MPa Ym) simultaneously.

Microstructures recorded in those composites showed no substantial porosity or cracking. FESEM
images (Fig.5. 8) of polished specimen (thermally etched after indentation) provide clear evidence for
arresting of crack propagation, deflection and bridging of the cracks, by the presence of platelets,
shown typically in the composites with 10 and 15 wt% platelet alumina. The concept of crack bridging
by platelets is also observed as one of the toughening mechanisms in these composites. The platelets
form a bridge between two separated crack faces and creates an obstruction that slows down the crack
propagation. The large surface of the platelets provides many crack-stopping sites and increases the
amount of energy required for the material to fail. It also provides strong interface bonding, as

suggested by the observed platelet pull-out.

Based on the XRD observations, it was found that 3Y-PSZ composites with and without platelet
addition exhibit similar increase in the monoclinic phase by ~1% on stress application, indicating

minimal contribution from transformation toughening to the observed enhanced fracture toughness.

The significant increase in the fracture toughness of the composites with optimal composition (3Y-
PSZ with 5 to 15 wt% platelets), makes them potential candidates for use as dental implants and as
components in high temperature aerospace and automobile applications. The possibility of casting the
slurries of the above compositions into molds fabricated by rapid prototyping makes many niche

applications accessible in medical and defence fields.
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CHAPTER VI

Yttria stabilized zirconia (3Y-PSZ) composites with short carbon fibre
reinforcement

Introduction

Reinforcing monolithic ceramics with continuous fibers is an efficient way to get composites with
superior mechanical properties. The commonly used continuous fibers include carbon, alumina, and
zirconia [1]. With the addition of unidirectional carbon fibre into zirconia composites, an improved
fracture toughness of 15.4 MPaVm and flexural strength of 588.0 MPa were observed parallel to the
fiber direction [2]. Even though continuous fiber is an effective method for reinforcement, it is difficult
to make such composites in complex shapes, which limits its use in practical applications. On the other
hand, it is interesting to explore the efficacy of short fibre reinforcement, which can be combined with

the RPGC process to make complex shapes of composites with improved mechanical properties.
6.1 Fabrication

This study focuses on the fabrication of YSZ composites reinforced with short carbon fibres. We have
used the RPGC process [3 - 5], which involves fabricating suitable mold which is a replica of the actual
product desired, and setting a concentrated slurry of the required ceramic powders in the mold. This
process allows complex shapes to be fabricated with a uniform dispersion of any second phase added
[6]. We have chosen short carbon fibres as reinforcement in this work for improving mechanical
properties. Weak interfaces were generated between the fibre and the 3Y- PSZ matrix by coating second
phases by sol-gel techniques [7], so as to allow fibre pullout to enhance fracture toughness [8-10]. The
sintered products were evaluated by measuring density, microstructure and mechanical properties. The
current process of fabrication is generic and allows uniform dispersion of various second-phase
particles to complex-shaped parts, to suit a chosen application.

6.1.1. Monazite (LaPQOs) coating on short carbon fibre

To create 0.1 molar concentration solutions of La(NOs); and HsPOs, dissolve 3.24 g of La(NOs); and
0.98 g of 85% phosphoric acid (HsPO4) in 100 ml of distilled water in separate beakers at room
temperature. After dissolving, ensure a 1:1 molar ratio of La to P. Stir the solutions and heat to 60°C

to speed up the reaction. Finally, obtain a white-colored wet gel.
La(NOs)s + HsPOs = LaPO4+3HNO3 1

Once the gel has formed, add the pre-prepared short carbon (diameter 6 um) fibers (figure 6.1 shows

the short carbon fiber) and mix for 2 hours. Repeat the coating process three times to obtain uniform
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coating and allow for drying. To ensure the monazite coating, heated in an argon atmosphere at 800 °C
for 2 hours to ensure adherence of the coating on them. Figure 6.2 a shows the short carbon fiber

without coating and figure 6.2 (b & c) show LaPOj4 coated short carbon fiber used as reinforcement.

Fig.6. 2. (a) Carbon fibre diameter of 6 um and (b & c) Carbon fibre coated with LaPO4

6.1.2. Second phase addition and prepare the composite’s suspensions

To attain a free-flowing suspension with a solid loading ranging from 50 vol% the required quantity
of PSZ powder (or a powder mix containing reinforcement of short fiber) is calculated and added into
a measured amount of an organic premix solution. This solution is prepared by dissolving the monomer
(MAM) and cross-linker (MBAM) in deionized water (deionized water: MAM: MBAM = 33:6:1, by
weight), with the addition of Darvan - CN used as a dispersant (1-2 wt% based on solid loading) [11].
The resulting ceramic slurry undergoes a 24-hour tumbling process at 15 rpm, utilizing zirconia balls
as mixing media to achieve uniformity. Subsequently, the slurry is de-aired in a vacuum desiccator to

eliminate any trapped air before the casting process.

In the RPGC process, a suitable mold material is chosen which does not interact with the slurry of the
ceramic material. A Computer-Aided Design (CAD) file generates the negative of the final shape
required, to be printed by Additive manufacturing. The mold is printed layer by layer by additive or
subtractive manufacturing depending on the mold material. For the former, we used ABS plastic and
for the latter, we used Expanded Polystyrene (EPS) [4,5]. Both materials can be dissolved off in acetone

after the slurry has been set in the mold.

Slurry of YSZ containing 5 wt% amount of carbon fibres were prepared and optimised viscosity (<1

Pa.s) for casting. Then cast into EPS mold and allowed to set in the mold by polymerisation. The mold
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was then removed without damaging the green body. It was then dried in a controlled fashion,
debindered at about 900 °C and then sintered. The parts were sintered at 1550°C for 3hrs in argon
atmosphere. Test specimens were cut out of the samples and were characterized as follows. Figure
6.3(a) shows, an EPS mold of rectangular cross section and figure 6.3(b) shows the fabricated 3Y-PSZ

- carbon fibre composite after pre-sintering.

Fig. 6.3(a). Expanded polystyrene (EPS) mold of rectangular cross section and (b) short carbon fiber
reinforced 3Y—PSZ composite.

6.1.4 Mechanical properties, microstructural and fractography analysis of composites

Reasonable values of flexural strength (o) and fracture toughness (Kic) are essential for a ceramic
material to find many applications. We determined the flexural strength using a 3-point bend test on a
specimen cut to 3.0 x 4.0 x 45.0 mm dimensions, as per ASTM C1161-13 [12] standard and fracture
toughness was measured by the direct crack method as per ASTM C1421-10 standard [13] as discussed

in section 2.8 in chapter 2.

3Y- PSZ composite with 5 wt% short carbon fiber addition, after sintering at 1550°C for 3 h in argon
atmosphere had shown considerably high flexural strength and fracture toughness which are ~431 MPa
and ~9.1 MPa Vm, respectively.

These purpose of LaPO4 coating on carbon fibers is to lead to weak interfaces between the fiber and
the YSZ (Yttria-Stabilized Zirconia) matrix that can debond easily absorbing energy and suppressing
crack propagation. The weak interaction results in fiber pullout under stress applications and plays a
critical factor in improving fracture toughness. The YSZ composite's fracture toughness and flexural
strength are measured to be 9.1 MPavVm and 431 MPa, respectively. These properties indicate the
material's ability to resist crack propagation and tolerate bending stresses, indicating its potential for

use in challenging environments that require superior mechanical performance.
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Fig. 6.4. (a, b & c¢) show microstructures of cracked beam and carbon fibre pull out.

The fractured surfaces were systematically studied at the microscopic level. The primary toughening
mechanism for enhancing toughness in ceramic matrix composites is the feature of fiber pullout, which
is evidenced in the microstructures shown in Figure 6.4. When stress initiates the crack propagation
process, the fibers separate from the matrix and slide out, requiring additional energy. Thus, fiber
pullout mechanism contributes to fracture toughness by absorbing energy and restricting the

propagation of cracks.
Summary

The successful net-shaping of 3Y-PSZ composites with short carbon fibers has been demonstrated by
combining Rapid Prototyping Technology with Gelcasting (RPGC) process. This process with
reinforcements allowed fabrication of complex-shaped ceramic composites with highly enhanced
properties. Weak interfaces between the fiber and the YSZ matrix were created by LaPO4 coating on
the carbon fiber. From microstructures, fiber pullout was observed, which is known to
cause enhancement in fracture toughness. The YSZ composite with 5 wt% short carbon fiber exhibited
a fracture toughness of 9.1 MPaVm and a flexural strength of 431 MPa. The present approach is
economical and reproducible, and it can be extended to fabricate different complex shapes of

composite systems.
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CHAPTER VII

Summary and conclusions

Ceramics find applications in several areas because of their high strength, hardness, resistance to
oxidation at high temperature, resistance to corrosion, low density, chemical stability, erosion resistance
and relatively of low cost [1]. However, advancements in ceramic technology require to address two
broad technical aspects, namely, selecting suitable reinforcements for a given system and develop

innovative and inexpensive methods for shape forming it into compacts.

Because of their high melting pointing and difficulty in machining ceramics into final components,
fabricating them into required shapes is an involved process. The conventional method of shaping
ceramics using colloidal processing techniques into molds is widely recognized [2]. These methods
include die-casting, slip-casting, and injection molding, each have their own advantages and

disadvantages, which are discussed in detail in Chapterl.

With regard to oxide ceramics, like alumina and zirconia, improvements in their prospective applications
require 1) identification of suitable reinforcements that would enhance their mechanical properties, ii)
extending their capability for operation to high temperatures, iii) development of methods to distribute
second phases uniformly without agglomeration in the matrix, for homogeneity of the properties across
the dimensions of the product, iv) adapting modern techniques to net shape the components of the

composites reproducibly at low cost, using bio-compatible organics, avoiding toxic chemicals.

The present thesis addresses the above issues by employing RPGC process [3] that combines the rapid
prototyping and gelcasting techniques to fabricate complex shaped ceramic components. Products of
complex shapes were fabricated from free-flowing alumina slurry cast into 3D printed ABS molds by
additive manufacturing and 3D profile cut expanded polystyrene (EPS) molds by subtractive
manufacturing. The EPS and thin-walled molds make the demolding process quick avoiding unwanted
interaction of green body with mold removal solvents. EPS mold has added advantage of low cost and

fast fabrication. The final products were of density close to 99% [4].
Monolithic ceramics

Initially the process was developed and optimized to consolidate various monolithic ceramics like
alumina, barium strontium titanate (BSTO) and zirconia partially stabilized with 3 wt% yttria. The
products were characterized with regard to their density, microstructure and mechanical properties. By
using RPGC process, mechanical properties of final components of alumina exhibited flexural strength
of 388MPa and fracture toughness of 3 MPaVm. From figure 7.1 shows the various complex

geometries of alumina ceramics fabricated by RPGC process.
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Fig. 7.1. Various alumina components fabricated by RPGC process.

Traditional gelcasting system uses toxic acrylamide-based organics as binders which is demerit of the
process [5]. Aa an alternative isobam and methyl cellulose as binders makes the process
environmentally friendly. BSTO ceramic shapes were fabricated using three gelling agents such as
AM, IB and MC and compared the results. The different shapes of BSTO components prepared by
RPGC process were shown in Fig.3.14 of chapter 3 [6].

The products fabricated by the non-toxic gelling systems are pore-free and have comparable
microstructures and dielectric behaviour as those fabricated by the methacrylamide-based gelling
system. Gelcasting has a potential to move closer to realizing industrial applications with RPGC

process, owing to the non-toxic gelling agents.

Monolithic ceramics are prone to brittle fracture at high stress levels and limited fracture toughness
limits its use in practical applications. Low thermal shock resistance is also a drawback. This can be
overcome by reinforcing ceramic with second phases such as particulates, platelets, whiskers, short
and long fibres [7]. Though fiber reinforced ceramic matrix composites have high fracture toughness
of 15.93 MPa m; its flexural strength reported is low and is < 300 MPa [8]; and it is difficult to
process them to attain complex shapes. Moreover, alumina fibers undergo structural phase

transformation above 1150 °C, rendering them unsuitable for applications at higher temperatures.

The CMC systems taken up for the present study are composites of i) alumina and ii) zirconia choosing
single crystalline a-alumina platelets of nanometric thickness as a reinforcement. The a-alumina
platelets have an advantage that they are structurally stable at high temperatures. The platelets were
fabricated by combustion synthesis and were coated with monazite (LaPO4) to provide weak interface

between the platelets used as reinforcement and the matrix. The coating is stable to 1600 °C. To
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distribute the chosen second phase uniformly into the matrix. Solcasting method [9] was used where
the reinforcements were distributed and polymerized in the matrix phase. Subsequent heat treatments

remove the organics and result in a composite.
Composites of Alumina

Compacts of alumina composites of different concentrations of a-alumina platelets, ranging from 0, 1,
2,3,4,5,15, and 25 wt% were added to the alumina matrix (using solcasting method) were fabricated

by RPGC process and the resultant composites were characterized.

To assess the fracture toughness (Kic) of the two-phase composites, direct crack method was used as
per ASTM C1421-10 standard, by making a pb notch, rather than estimating Kic from hardness
measurements. Composites obtained with 3 to 4 wt% platelet alumina exhibited a flexural strength of
310 MPa and fracture toughness of 5.4 MPa Ym. Remarkable improvement in Kic by about 80 %, with
substantial flexural strength project these composites for various potential applications.
Microstructural studies revealed that crack deflection, crack bridging contributed to toughening
mechanisms. The density and mechanical properties of alumina-alumina platelet composites are

summarized in table 7.1.

Table 1: Density and mechanical properties of alumina- a alumina platelet composites.

S.no: | Matrix | Reinforcement: | Sintering | Relative Hardness | Flexrual | Fracture
phase: o- alumina temp.(°C) | Density (GPa) strength | toughness
Alumina | platelets with @ 2 hr (%) (MPa) (MPa.\Vm)

LaPO; coating

1 AlLOs No addition 1675 98.5 225 389 3.01

2 AlLOs 1 wt% 1675 96.5 19.5 348 3.82

3 AlLOs 2 wt% 1675 95.6 18.3 304 3.97

4 AlLOs 3 wt% 1675 95.8 18 300 4.74

5 AlLOs 4 wt% 1675 96 18.1 305 5.38

6 AlLOs 5 wt% 1675 95.6 17.4 302 4.1

7 AlLOs 15 wt% 1675 94.5 12.3 278 3.0

8 AlOs 25 wt% 1675 94 11.5 254 3.02

Composites of Zirconia (3Y-PSZ)

Composites of zirconia reinforced with LaPO4 coated a- alumina platelets were introduced into
zirconia, partially stabilized with 3 mol% yttria, (3Y-PSZ) matrix. Using RPGC process, 3Y-PSZ
composites with the addition of 0 to 25 wt% platelet alumina as reinforcement were fabricated and
characterized. Notable enhancement in the mechanical properties was observed for composites with
5 to 15 wt% platelet content, recording flexural strength of 643 MPa) and fracture toughness of 8.87

MPavm, simultaneously. From the microstructures recorded in the composites, evidenced arresting of
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crack propagation, deflection and bridging by platelet presence in the matrix. The density and

mechanical properties of 3Y-PSZ compotes with o alumina platelet reinforcement are summarized in

table 7.2.

Since PSZ is known to have a contribution from structural transformation to toughening, detailed XRD
analysis was carried out to estimate the percentage rise in monoclinic phase on stress application and
its contribution to Kjc. Based on the XRD analysis, it was found that 3Y - PSZ composites exhibit
similar increase in the monoclinic phase by only ~1%, with and without platelet addition, on stress
application. The observations indicate the contribution from transformation toughening to the observed
enhanced fracture toughness to be minimal and that the significant enhancement in Kic arises from

platelet reinforcements.

Table 7.2 Shows the mechanical properties of alumina-zirconia composites.

S.no: | Matrix | Reinforcement: | Sintering | Relative | Hardness | Flexrual | Fracture

phase: | o- alumina temp.(°C) | Density | (GPa) strength | toughness
3Y platelets with | @ 3 hr (%) (MPa) | (MPa.Vm)
PSZ LaPO4 coating

1 PSZ No addition 1550 99.0 12.3 1029 4.97

2 PSZ 1 wt% 1550 97.6 11.2 625 5.37

3 PSZ 5 wt% 1550 95.0 8.4 581 8.43

4 PSZ 10 wit% 1550 94.3 8.0 609 8.76

b PSZ 15 wt% 1550 93.6 8.5 643 8.87

6

PSZ 25 wit%

(=
|
n
=

85.2 54 333 7.18

Considering the disadvantage of continuous fibre reinforced composites in their inability to be made

it into complex shapes, the present work explored the possibility of fabricating 3Y-PSZ

composites with short carbon fibres coated with monazite as reinforcements. 3Y-PSZ composites
reinforced with coated short carbon fibre showed considerably improved Kic compared to 3Y-PSZ
with no addition. Weak interfaces generated between the fiber and the 3Y-PSZ matrix by coating is
found to allow fiber pullout to occur on stress, causing enhanced fracture toughness. 3Y- PSZ
composite fabricated with 5 wt% short carbon fiber using RPGC process had a relative density of
~97% and flexural strength of 431 MPa and fracture toughness of 9.1 MPaVm. This result is interesting
because components of monolithic 3Y-PSZ ceramic with short fibres with superior properties can be
shaped into complex geometries by RPGC process, to suit chosen applications. The process also
enables uniform distribution of second phases and provides an easy, scalable, and cost-effective

method of shape forming ceramic composites.
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Advantage of the current process is the ability to modify molds to address shrinkage during
debindering and sintering. Using slurry-based processes, this technique is versatile, easily replicable,
inexpensive, and adaptable to fabricate intricately shaped components from ceramic and metal
powders. The RPGC method is aptly suited for the net-shaping of large and complex-shaped

components.

The process advancements made in this work in mold fabrication, and the ceramic composites of
optimum compositions identified open up the scope for designing and fabricating high-value

components for medical, automotive, and aerospace applications.
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