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Abstract

In recent years, porous ceramics have been widely explored for a wide range of
applications due to their unique combination of thermal, structural and mechanical properties.
However, these structures have not been adequately studied for their energy absorption
properties due to their inherent brittleness. Several fabrication methods have also been
developed during the last decades to control porosity, pore size distribution and pore
interconnectivity in porous ceramics. In the present study, alumina (Al.O3) and zirconia
toughened alumina (ZTA) ceramic foams were fabricated by three different methods i.e.
sponge replication technique, thermoforming method, and sacrificial phase template (space
holder). An attempt has been made to modify the brittle nature of ceramic foams by
encapsulation, infiltration with polymers and metal (aluminium).

Al;03 and ZTA foams with 10, 20 and 30 Pores Per Linear Inch (PPI) were initially prepared using
a polymeric sponge replication technique (porosity <40%). Subsequently, foams were
infiltrated and encapsulated with polymer and molten aluminium to make a composite and
coated with nickel (Ni) by an electrolytic process. All the samples were subjected to the
characterization of cellular and mechanical properties. 10 PPI infiltrated foams showing a
significant increase in specific compressive strength and specific impact energy (SIE) were

compared to bare and encapsulated foams.

Ni coating substantially enhanced compressive strength under static conditions for all
foams irrespective of their pore density. An increase of 19 times was noticed for 10 PPI foams
and around 14-15 times of enhancement was observed with 20 and 30 PPI foams. Plateau stress
(opl), energy absorption density (EAD), densification strain (€cq), and energy absorption
efficiency (EAE) were estimated and evaluated on a comparison basis. Under the dynamic
impact, the maximum energy absorption property was 9 times that of bare foams. The
introduction of metallic coating on cellular ceramics structures that enhance compressive
strength and energy absorption properties will be useful for various applications.

Thermo- foaming method was used to fabricate Al2Os and ZTA open-cell foam with

porosity above 85% with a solid strut.

Al;Oz and ZTA foams (porosity >80%) were fabricated using a thermo-foaming method using
varying powder to sucrose weight ratios. All the fabricated foams were characterized for their
compressive strength, bending strength, and fracture toughness under static loading conditions.
The compressive strength increases with an increase in a weight ratio from 0.4 to 1.2. The

maximum compressive strength values were found to be 1.9 MPa, and 1.8 MPa for alumina

Xi



and zirconia toughened alumina foams, respectively. Further increase in powder to sucrose
weight ratio led to a decrease in the compressive strength due to partial collapse of the cell
walls during the foaming process. The 3-point bend test results revealed an improvement of
bending strength and fracture toughness values of zirconia toughened alumina foams compared
to alumina foam, which can be attributed to the transformation toughening mechanism.

Al,0O3 and ZTA closed-cell foams (Porosity<70%) were fabricated through the space
holder technique. Al.O3 and ZTA samples with varying porosity of 20% to 70% were
investigated by control of porosity and micropore size. The micropore sizes of 10pum to 40um
can be easily fabricated by controlling the size of polystyrene beads. The samples with smaller
micropores show higher compressive strength than those with larger micropores. Al,O3 foams
showed higher compressive values compared to ZTA foams. Foams with 10pum micropores
sample have higher compressive strength values when compared to 20um and 40um
micropores samples. The compressive strength values obtained at 20VVol% and 80Vol% were
720MPa and 20MPa, respectively.

A theoretical model was developed and validated with experimental data to predict the
properties of open-cell AlOs foam. The mechanical properties such as compressive strength
and Young’s modulus depend on Al,O3 foams' pore size and porosity. However, the strut
thickness plays a role in the foams' strength. Al.O3 foam is collapsed layer-by-layer and the
stress is highly concentrated at weak struts. The experimental results are divided into strut
bending and slight densification categories. Finally, the numerical simulation results were
slightly higher than the experimental results; however, the failure point matched at 0.0611

strain.

Keywords: Al;O3, ZTA, Porous structures, Foams, Pores per linear inch (PPI), Infiltration,

Encapsulation, Compressive strength.
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Chapter-1

Introduction

1.1 Introduction to ceramics

Ceramics are a class of materials with a long history and formed initially from natural materials
such as clay and other aluminas. Humans have used ceramics for making utensils and artworks
for thousands of years. Ceramics were found to be used before 5000 BC [1]. Ceramics are
broadly classified into traditional ceramics and advanced ceramics. Traditional ceramics are
clay-based; domestic wares, art objects, and building parts are examples of clay-based
ceramics. The following process usually prepares ceramics: mixing of constituent powders
with water or binder, pressing of the powders to form the desired shape, pre-firing for binder
removal, and sintering at elevated temperature for full densification. The main drawback of
these traditional ceramics is that they are very brittle, so attention has been paid to other
advanced ceramics materials. Advanced ceramics are different from traditional ceramics. They
are not generally clay-based; instead, they are made up of various oxides or non-oxides (Metal
oxides, borides, nitrides, carbides, and silicates). As a result, ceramics used throughout the
industry in technical applications require extreme hardness and stability of temperature [2].
1.1.1 Alumina ceramics

Alumina or aluminium oxide (Al203) is one of the most investigated ceramic materials due to
the properties of tolerance to corrosion and high-temperature refractory design [3]. Alumina
grades can be classified as 90% to 97% alumina purity and 98 % to 99.95% alumina purity.
Alumina with a purity range of 90% to 97% is ideal for metallization (metal deposition that
enables brazing) due to the wide grain structure. With a purity level of 98% to 99.95%, alumina
is a typical range for isostatically pressed types, with extruded formulations and accessible at
low prices. Alumina has various phases, such as alpha (o) phase, gamma(y) phase, and beta ()
phase. o -Alumina is the most thermally stable form of alumina oxide, while other phases of
alumina shift at a specific temperature. For example, at a temperature of 1000 °C, the vy -
alumina-phase is converted to a -alumina phase. McColm (1983) stated that o -alumina is
present in the corundum structure. As presented in Fig 1.1, it has a hexagonal shape and two
alumina molecules per unit. With aluminium above and below the middle of the triangle, three
oxygens shape an equilateral triangle. Each corner of a cube is placed in one of these classes,
while another is placed at the cube's middle.
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Oxygen

Aluminum

Fig 1.1 Schematic demonstration of oxygen arrangement around AI®* ion in alumina [3]

Table. 1 Physical and mechanical properties of alumina [4]

Property Value
Density 3.96 gm/cc
Melting Temperature 2072 °C
Tensile Strength 373.3 MPa
Flexural Strength 351.6 MPa
Poisson’s Ratio 0.23
Compression Strength 2537MPa
Fracture Toughness 4.3 MPa m'?

Polycrystalline a—phase alumina is used as a structural ceramic due to its good mechanical
properties [5] and excellent thermal properties. The major fields of applications for alumina
are:

» Abrasives, high-temperature refractories, ceramics and glass

» Aluminum sulphate or activated alumina (the product of alumina, or clay, or bauxite, with
sulphuric acid) is important in paper manufacture as a colour binder and filler.

» The electric and electronic industries widely use alumina ceramics.

» For electronics, the main product is the insulating substrate on which conducting or
resistive, even capacitive or inductive, circuits are deposited due to high resistivity. Jewelry
(Jewels, scratch-proof glass for watches), Lazer matrices, and substrates for specific
electronic circuits and waveguides are the primary applications of single sapphire crystals,
as well as abrasion-resistant optical windows: for military use, but also barcode readers in

supermarkets. However, alumina has found the most widespread use in polycrystal state:

2
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the internal, transparent tube of sodium vapor lamps used for street lighting. Transparent

alumina has several applications, such as electromagnetic windows, transparent armor,

envelopes of high-pressure metal halide lamps.
1.1.2 Zirconium dioxide ceramic
Zirconium dioxide (ZrOz), usually known as zirconia, is a crystalline ceramic material
identified in 1789. Zirconia has high strength and high fracture toughness than the other
ceramics with this unique property; these ceramics are called ceramic steels [6]. Zirconia
ceramics are used to fabricate for many engineering applications such as extrusion dyes, valves
and port liners for combustion engines, biomedical implants, thermal shock resistant refractory
liners or valve parts in foundries. Several reliable solutions (ZrO.-MgO, ZrO;-CaO, ZrO»-
Y203) were tested for biomedical applications in the early development stages. Zirconia is
doped with stabilizers to attain high hardness and strength and fracture toughness to achieve
structural application demands. The research focused on zirconia-yttria ceramics systems,
characterized by fine-grained microstructures known as Tetragonal Zirconia Polycrystals
(TZP). Zirconia is a well-known polymorph that occurs in three forms: monoclinic (M), cubic
(C), and tetragonal (T) [7].
Zirconia is a polymorphic material and exhibits three temperature-dependent phases; at room
temperature, it exists in monoclinic form (known as baddeleyite), which transforms to
tetragonal (1170 — 2300 °C) and cubic crystal structure (2370 — 2680 °C) upon heating, as
shown in Fig. 1.2.

Q Q

9

1170 °C 2370 °C

Monoclinic Tetragonal Cubic

Fig. 1.2 Polymorphs of Zirconia (Red spheres represent Zr, and blue represent O)[8].
The reversible transformation of the tetragonal to monoclinic phase while cooling is thermal
and martensitic. It is accompanied by a sudden crystal volume expansion of ~ 4%, making the
sintering of monoclinic zirconia difficult [9]. The expansion while cooling creates internal
stress and induces microcracks, which disintegrate the component. For successful sintering of

zirconia, the volume expansion during cooling needs to be controlled to stabilize high-
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temperature phases to room temperature. Early efforts of rapid quenching of monoclinic
zirconia to obtain high-temperature phases didn't offer consistent results [9]. In 1929, Ruff et
al. reported the tetragonal structure of zirconia at room temperature for the first time by adding
different oxides (CaO, MgO, ThOg, etc.) [10]. The addition of oxide dopants to zirconia
changed the transformation temperature and stabilized the high-temperature phases at room
temperature; it was estimated that a significant amount (> 15 mol.%) of CaO or MgO was
required to stabilize the cubic phase of zirconia at room temperature [11]. These cubic
stabilized solid solutions are known as fully stabilized zirconia (FSZ). Garvie et al., in their
work, found that the dispersion of metastable tetragonal zirconia in cubic zirconia showed
enormous improvement in mechanical properties compared to FSZ, and they are labeled
partially stabilized zirconia (PSZ) [6,12].

1.1.2.1 Stabilization of zirconia by doping

Pure zirconia cannot maintain an 8-fold fluorite structure at room temperature because of Zr's
smaller atomic size. It is overcrowded by oxygen atoms around it, which causes internal strain
in the lattice [13]. These internal strains can be partially relieved by changing atom order to 7-
fold monoclinic structure. Therefore, zirconia exists in the monoclinic structure at low
temperatures. As discussed previously, zirconia's high-temperature phases can be stabilized at
room temperature by doping them with certain aliovalent oxides (Y3*, Gd**, Cr**, Ga®*, Fe®*,
Ce**, Ge™, etc.). The addition of oxide dopants with a higher atomic radius and lower valency
than Zr (example: Y3*, Gd®*) can reduce the internal strain by relieving oxygen overcrowding

and generating oxygen vacancies lattice for charge compensation represented in Fig. 1.3.

O vacancy
1: first neighbor
2: second neighbor

Fig. 1.3. Position of oxygen vacancies in Yttria or Gadolinia stabilized zirconia [14].
The addition of Y203, which has a higher cation (Y**) radius and lower valence than Zirconium
ion, replaces Zr** with Y3* ion, relieves oxygen crowing and creates oxygen vacancies for

charge compensation as shown in Fig. 1.4, which favors 8- fold fluorite structure, this can be
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understood better with the help of Kroger-Vink notation stated below. Where Y;,. represents
Y3 in cation site with a single negative charge, substituting Zr** ions. 0} indicates oxygen
ions in anionic sites with neutral charge and V; represents oxygen vacancies with a double

positive charge.

YSZ (Yttria-Stabilised Zirconia)
Cubic Fluorite Structure

Fig. 1.4 Stabilization of zirconia with yttria addition [9]
As oxygen vacancies show preference to be closer to the smaller cation, oversized dopant vacancies
will be closer to Zr ion. In contrast, in the case of undersized dopants, they will be bonded to dopant
cations. Therefore undersized dopants cannot relieve oxygen overcrowding around Zr**. Hence,
the stabilization mechanism explained with oxygen vacancies associated with Zr ions
1.1.2.2 Types of stabilized zirconia:
Depending on phases and their distribution, zirconia ceramics can be classified into three types:
1.1.2.3 Fully stabilized zirconia:
Fully stabilized zirconia (FSZ), also known as cubic stabilized zirconia, contains only a single cubic
phase. These can be obtained by adding enormous amounts of stabilizers, and its microstructure
contains large cubic grains. Generally, FSZ has limited structural applications because of its low
mechanical properties and is mostly used in high-temperature applications as thermal barrier
coatings, heat exchangers and solid electrolytes. Single-crystal cubic zirconia ceramics are
popularly known as synthetic diamonds.
1.1.2.4 Partially stabilized zirconia
The Partially stabilized zirconia (PSZ) contains tetragonal or monoclinic precipitates in cubic
grains, which can be observed in CaO, MgO stabilized zirconia. PSZ ceramics have better

mechanical properties than FSZ and can be used in structural applications.
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1.1.2.5 Tetragonal zirconia polycrystals
These are single-phase tetragonal zirconia ceramics and possess high fracture toughness due to a
phenomenon known as stress-induced transformation toughening. TZP ceramics' microstructure
contains finely distributed small tetragonal grains and has excellent mechanical properties. The
improved mechanical properties of PSZ and TZP were due to the absorption of energy during
tetragonal to monoclinic martensitic transformation. The increase in volume due to this
transformation around the crack tip closes the crack and increases its propagation resistance,
thereby increasing fracture toughness. Therefore the mechanism is referred to as transformation
toughening.
1.1.2.6 Tetragonal (t) to Monoclinic (m) transformation in stabilized zirconia
The transformation from the tetragonal to the monoclinic phase in zirconia is martensitic. The
martensitic transformation originated from steels. A hard phase called martensite forms when a
high-temperature austenitic phase is quenched in steels, and this process is known as martensitic
transformation. The martensitic transformation is diffusionless, athermal, and involves quick,
simultaneous, and cooperative movement of atoms over a distance of less than interatomic spacing,
which results in microscopic shape deformation in the transformed region. This change in shape is
responsible for transformation toughening.
The factors responsible for t-m transformation in zirconia can be explained by the equation given
by Lange [15], The total free energy per unit volume needed for the transition of the tetragon to the
monoclinic phase can be defined as:

AGt—m=(Gem—Gct)+(Usem—Uset)+(Usm—Ust) (1.2)

Or

AGtm=—AGc+AUse+AUs (1.2)
AGec is the difference in chemical-free energy between the tetragonal and monoclinic phases. It
depends on temperature and composition; AUse changes elastic strain energy associated with
particle transformation. It depends on the modulus of the surrounding matrix and external stresses,
and AUs is the change in surface free energy of transformed particles or grain. If AGt-m<0, then
the tetragonal phase is unstable and turns into monoclinic and if AGe-m>0, then the tetragonal
phase retains in the particle or grain. The total free energy change AGt-mcan be increased, and the
tetragonal phase can be retained by decreasing AGe, increasing AUse or increasing AUs. It is well
known that with the help of stabilizers, one can strengthen 6Gc. AUse can be improved by reducing
external stress, and decreasing grain size can improve AUs.
1.1.2.7 Transformation toughening of zirconia ceramics
The high toughness of zirconia ceramics is mainly due to its transformation to the monoclinic

phase when subjected to stress. The transformation toughening in zirconia ceramics for the first
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time and reported an enormous amount of strength and toughness improvement in PSZ [6].
Because of the stress developed by the crack propagation, metastable tetragonal zirconia
transforms into a stable monoclinic phase; this transformation is accompanied by a volume
expansion of ~4%. The volume expansion in the vicinity of crack propagation provides

compressive stress, which reduces crack propagation, as shown in Fig. 1.5.

Tensile stress 4w wmmd Tensile stress
Da®
Da®

Compressive
stress

_>\_/
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202020202

Fig. 1.5° Schematic representation of transformation toughening in zirconia ceramics [16].
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In the presence of moisture, the transformation from tetragonal to monoclinic can occur without
propagation of the crack, and this phenomenon is known as Low-temperature degradation. If
the transformation is triggered by crack propagation, one can get enhanced toughness. On the
other hand, the transformation may be triggered by a reaction with water molecules on the
surface, resulting in surface roughening, microcracking, and grain pull-outs (known as low-
temperature degradation).

1.2 Introduction to Porous structures

Porous materials are usually considered materials with more than 30% porosity, and their
conventional dense equivalents cannot reach the unique characteristics and properties of
materials with controlled porosity. Man has made use of porous materials for centuries [17].
Big Shigir is one of the ancient wooden artefacts that has been found in Russia (Fig. 1.6).
Scientists have estimated the age of this artefact to be 11,500 years. Wood is a naturally porous
material, and for ages, human civilization has made use of it for a wide range of applications.
Due to their attractive combination of porous structure properties such as lightweight, high
energy absorption, and low thermal mass, porous materials of different material systems
(metals, polymers, and ceramics) can be found in a variety of applications in molten metal

filters, hot gas filters, medical implants and catalysts [18]. Porous structures can be fabricated
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from any materials such as metals, plastics, ceramic, glass, and even composites. Porous
structures are classified into two porous primary structures groups; engineered honeycomb and
reticulate ceramic foams. The foams can be classified into two types based on their pore
structure: open-cell structured foams (also known as reticulated foams i.e. like a net) and
closed-cell foams shown in Fig 1.7. A honeycomb's cells have square, hexagonal, and
triangular, etc. On the other hand, foams are three-dimensional porous materials in which cells
are interconnected and oriented randomly. Fig. 1.7 shows that various natural materials such
as bone, wood, etc., have different porous structures. Bone (Fig. 1.7a) contains an open porous
structure with interconnected pores. Bird feather rachis (Fig. 1.7b) and bamboo (Fig. 1.7c) have
a closed-cell porous structure. One of the impressive porous structure of long, directional pores
can be observed in honeycombs (Fig. 1.7d) and wood (Fig. 1.7e). Honeycomb consists of
ordered hexagonal pores with no transverse connectivity, but they are open along hexagons'
axes. Similarly, wood (Fig. 1.7f) contains elongated pores along the tree's trunk, and they are
not connected in the direction of the ray. Among different porous architectures, the one which

exhibits higher mechanical properties compared to other structures can be selected.

Fig. 1.6 Big Shigir [17]
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Fig. 1.7 (a) Open pore structure of bone, (b) and (c) closed-cell structure of rachis and
bamboo, (d) hexagonal pore structure of a honeycomb, (e) and (f) directional pore
architectures of cedarwood and cork [19-22].

Properties of these porous structures are a function of the material of fabrication and the
structural parameter, namely size and shape of the cells, distribution of the between the cell
edges and faces, and the relative density or porosity.

1.3. Ceramic porous structures

The porous structures can be fabricated out of metals, plastics, ceramics, glasses for a wide
variety of engineering applications, e.g., polymeric and glass foams for thermal insulation,
polymeric foams for packaging industries, metallic and glass sandwich panels for structural
uses, closed-cell polymeric foams support for floating structures, etc. Ceramics materials have
exceptional properties from the material property charts, typically known as Ashby charts Fig
1.8. With these special properties, ceramics is a natural choice for high-temperature
applications compared to metal and polymers. Ceramic foams have numerous applications due
to their low densities and high melting points, low thermal conductivity, and high corrosion
resistance. Engineering foams are classified into two groups: open-cell and closed-cell. Open-
cell ceramics foams have been studied for use as the molten metal filter in foundry application,
hot gas filters and scaffolds in tissue engineering. [17,23-25]. Ceramic foams with closed cells
are used for high-temperature insulation, including insulation for furnaces. All the alumina
ceramic materials have superior mechanical properties and lower density, which is very

9
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suitable for lightweight applications compared to other ceramics. Among all porous ceramics,
porous alumina structures exhibit unique characteristics such as comparatively high intensity
and improved thermal and chemical stability. Porous alumina ceramics, therefore, play an
essential role in high-temperature systems. Alumina porous structures can be used as catalyst
substrates for a catalytic converter, shock attenuating parts, molten metal filters, refractory
linings of furnaces because of their high melting point, filtration of gases and porous scaffolds
for tissue engineering in the case of biomedical applications. [26]. Zirconia-toughened alumina
(ZTA) has been developed to replace alumina in applications where greater tolerance to
fracture is needed. Zirconium Oxide (ZrOz) ceramics had higher bending strength and fracture
toughness when compared to Al>Os.

77 Youngs Modulus
772 Compressive Strength

T -
Ceramics

Density (gr/cc)

Fig. 1.8 Young’s modulus and Compressive strength vs density [1]
1.4 Applications of porous ceramics
Porous ceramic structures (open cell/closed cell) used in different applications are shown in
Fig 1.9.
» Energy-absorption devices such as antimine boots and automobile bumpers.
» Structural sandwich panels in lightweight building panels.
» Molten metal filters in foundries for removal of inclusions.
» Catalyst substrates for automobile applications and pollution control of health-hazardous

gases emitting from stationary devices.

A\

Heat exchangers for energy conservation, energy-efficient air-heaters etc.

A\

Open-cell foams are used as porous scaffolds in tissue engineering; their interconnected
porosity is essential for cells to penetrate the scaffold and migrate through it.

> Closed-cell foams excellent materials for thermal insulation

10
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Fig. 1.9 shows applications of porous ceramic (a)-(b) Energy Absorption devices, (c) Molten
Metal Filters, (d) Catalyst Substrates (e) Porous scaffolds used in tissue engineering [27]

1.5 CAD models through X-ray tomography

3D models were developed with the help of therapeutic imaging procedures, for example,
Computed Tomography (CT) and Magnetic Resonance Imaging (MRI) or ultrasound scanning
(US). The CT is mostly focused on hard tissue observations such as ceramics and bones etc.
The CT data is observed as a pile of x-rays and this data is processed through commercial or
open-source software to get final 3D models. Where additional alterations or adjustments are
required, it can be made to 3D CAD model. The 3D CAD model is converted to an STL file,
and this STL file is used as input to 3D printing machine. Finally, the 3D printing machine is
used to manufacture the required 3D model. Subsequently, post-processing is required to get
the final product. The post-processing contains surface finishing and support removal. The last
advance in the work process is the medical application. The complete procedure is shown in
Fig 1.10.
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Fig.10 Procedure to manufacture CAD models [28].

With the help of Computer-Aided Design and Manufacturing technologies (CAD/CAM), the

medical imaging techniques offer new possibilities for fabricating customized cranial implants.
With the help of Computer-Aided Design and Manufacturing technologies (CAD/CAM),

medical imaging techniques offer new possibilities for the fabrication of customized cranial

implants. Now the object of the work is presented below.

1.6 Objectives of the work

Fabrication of alumina and ZTA foams with different PPI levels through a sponge
replication process

Fabrication and properties evaluation of polymer encapsulated and infiltrated alumina
and ZTA foams through sponge replication of technique

Fabrication and properties evaluation of metal encapsulated and infiltrated alumina and
ZTA foams through polymeric sponge replication of technique

Effect of nickel coating on the mechanical behaviour of polymer replicated Al.Oz and
ZTA foams.

Microstructural and mechanical properties of alumina and ZTA foams prepared by the
thermo-foaming technique

Closed-cell alumina and ZTA foams prepared by sacrificial template method

12
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1.8 Organization of the thesis

The thesis has been divided into nine chapters:

Chapter 1: Introduction

Chapter 2: Literature survey

Chapter 3: Experimental Methods

Chapter 4: Open-cell foams prepared through sponge replication method

Chapter 5: Study the effect of nickel coating on ceramic foam through electrolysis
technique

Chapter 6: Open-cell foams prepared through thermo-foaming method

Chapter 7: Closed cell foams prepared through sacrificial phase template method
Chapter 8: Deformation study through simulation

Chapter 9: Summary, conclusions and scope for future work

A brief discussion of these chapters is given below:

Chapter 1 presents the background of ceramics, porous ceramics and their applications in
various fields, alumina and ZTA ceramics used to fabricate porous ceramics in different
applications, and the organization of the thesis.

Chapter 2 outlines a detailed literature review on the fabrication of porous structures by different
fabrication techniques and mechanical behaviour of porous ceramics and their composite and
studying the deformation behaviour of ceramic foams.

Chapter 3 deals with the details of raw materials used in the study and fabrication of open cell/
closed cell of alumina and ZTA foams (with 10, 20 and 30 PPI) through different methods i.e.,
polymeric sponge replication process, thermo- foaming, and sacrificial phase template method.
Encapsulation and infiltration with polymers and metals to study the composite effect.
Optimization of processing parameters and sintering schedule. Different equipment and
techniques used for physical and mechanical characterization

Chapter 4 describes the fabrication of alumina and ZTA open-cell foams through sponge
replication process. Optimization of processing parameters (i.e. solid loading, number
coatings) and physical and mechanical properties evaluation of dip coating, dip+spary coating
foams is described in detail.

Chapter 5 explains the effect of nickel coating on the alumina open-cell foam through the
electrolysis technique. Optimization of bath composition and processing perimeters and
physical and mechanical characterization for evaluating phase identification and compressive

strength with respect to the coating thickness are discussed in depth.

13
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Chapter 6 explains the fabrication of alumina and ZTA open-cell foams prepared through the
thermo-foaming method. Optimization of processing parameters and physical, mechanical
properties evaluation with respect to different powder to sucrose weight ratios range 0.6 to 1.4
are discussed in the chapter.

Chapter 7 explain the fabrication of alumina and ZTA closed-cell foams prepared through the
sacrificial phase templated method. Physical and mechanical properties were evaluated with
respect to the pore size and porosity of the sample.

Chapter 8 describes the deformation behaviour of the foam under quasistatic compression through
simulation. X-ray tomography studies were used to design the CAD model for simulation. The
simulation study reveals the foam's crack initiation and propagation. These simulation values were
compared with experimental values.

Chapter 9 brings out significant findings, concludes the research work's outcome, and presents

scope for future research.
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Literature Review

2.1 Porous structures

In the last few years, there has been an increase in interest in developing and using extremely
porous ceramic materials due to their various uses and applications in many fields [29]. Dense
materials processed by powder metallurgical routes usually contain defects in the form of pores
or voids. Porosity, in general, is not desirable in engineering solids because of the detrimental
effects on the mechanical and functional properties in the end applications [30]. However, most
engineering solids such as metals, ceramics, and polymers contain small percentages of
processing-induced porosity, which is inevitable. Interestingly, there are numerous natural
solids such as bones, cork, wood, leaves, sponges, and coral where the constituent materials
are arranged in a fashion that leads to forming a two or three-dimensional arrangement of pores
creating highly porous architectures. The superior structural and biological functionalities of
such natural porous solids are attributed to both the constituent material(s) and the porous
structure. As nature continues to inspire the development of modern materials and structures,
engineered porous structures emerged as a special class of materials with unique structures that
contain a specific arrangement of the micro/macroscopic pores and a porosity level of 30 vol.%
or higher [31,32]. Both natural and engineered porous structures find extensive use in
lightweight structures, load-bearing components, thermal insulations, filters, packaging
materials, solid-state battery electrodes, solid oxide fuel cells, and impact energy-absorbing
structures. The low density of porous structures aids in designing lightweight but mechanically
tolerant structures such as sandwich panels widely used in automobile, aerospace, and military
applications. The low thermal conductivity of porous structures facilitates the fabrication of
reliable, efficient, and economical thermal insulations that can only be matched in performance
by expensive vacuum-based insulations. The architecture of the pores has a significant
influence on the choice of a specific area of application for porous structures. In this respect,
Fig 2.1 shows that porous structures with open-pore architecture were considered to be more
suitable for functional than structural requirements. In contrast, those with closed pore
architecture were more appropriate for structural than functional applications. Then, porous
structures with partially open-pore architecture had a wider scope of application because they
tend to meet structural and functional requirements [33,34]. Accordingly, porous structures are
defined as natural or artificial solids with closed or open pores, voids, cavities, channels, or

interstices with varying shapes [35].
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Fig 2.1 Application Vs. pore architecture. Source [33].

The morphology and architecture of the pores determine their properties and areas of
application [33,36-41]. Structurally engineered porous structures can be broadly categorized
into honeycombs and foams. A typical porous honeycomb structure consists of a two-
dimensional array of hexagons/polygons that are elongated along the third dimension. On the
other hand, foams are porous structures containing polyhedral-shaped cells packed in three
dimensions to occupy the entire available space. Foams can be fabricated as both open-cell and
closed-cell structures; if the constituent material of the foam is contained only in the cell edges,
then the foam is said to be an open-cell foam. If the edges and the faces are both solid so that
each cell is isolated from its adjacent cells, the foam is said to be a closed-cell foam. If the
pores are open on both sides, without definite shapes, and arranged as a random network of
bubbles, the structure is described as a reticulated pore [42]. In the isotropic pore structure, the
pores are oriented so as to give the same physical properties in all directions.

In contrast, in an anisotropic pore, the pores are oriented to give varying physical properties in
all directions [43,44]. All these are illustrated in Fig 2.2. Finally, porous structures are
categorized as porous if their porosity varies between 20 % and 70 %, and as foamed or cellular

if their porosity varies between 70 % and 95 % [37,45].
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Fig.2.2 Different morphology of pore structures

2.1 .1 Properties porous structures
The porous structures properties depend on the following parameters [46,47]. Those are

» The properties of solid of which the porous structure is made

» Processing route that is used for the fabrication of cellular materials

» The interconnectivity of the struts and shape of the cells

» The porous structure's relative density is a solid cellular density ratio to the solid's

density.

2.1.2 Applications of porous ceramics
2.1.2.1 High-temperature thermal insulation applications
The need for thermal insulation is critical for technological development, but many industrial
processes would not be possible without adequate thermal insulation [48]. The use of thermal
insulation helps to reduce power consumption during the processing of materials at high
temperatures and protects the surrounding spaces from the heat produced by the processing
environment. The properties of ceramic foams, such as low density, low thermal conductivity,
chemical inertness, high-temperature stability, and thermal shock resistance, make them ideal
for thermal insulation applications [49]. The use of ceramic foams with closed pore
morphology is preferred since it prevents the convective component of heat transfer. Alumina,
zirconia, SiC and mullite foams are used as insulating materials due to their stability at very
high-temperatures.
2.1.2.2 Acoustic absorbing materials
The mechanism of sound absorption by ceramic foams is as follows: when sound waves enter
a porous ceramic body, the air in the pores vibrates and creates friction with the strut [1]. Due
to the viscous effect, the sound waves are converted into thermal energy and absorbed. The
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requirements of a ceramic foam used for acoustic absorption application are small pore sizes
(20-150 um), high porosity (above 60 vol.%), and high mechanical strength [50]. Their good
fire and weather resistance are added advantages for them to be used as sound-absorbing
materials in high-rise buildings, subways, tunnels, TV emission centers, and cinema centers.
2.1.2.3 Molten metal filtration

In most molten-metal processing, undesirable nonmetallic inclusions are introduced into the
melt during the acts of melting, transporting, and alloying the metal before casting them into
molds [29]. Once the metal is cast, these inclusions can result in defects that render the product
unusable. Reticulated ceramic foams are used for the filtration of molten metal before casting
[51]. To act as filters for molten metal, ceramic foams should have appropriate pore size and
pore interconnectivity, sufficient strength, high-temperature stability, good thermal shock
resistance, and good erosion resistance. The selection of the ceramic foam as a filter material
depends on the molten metals which have to be filtered. For filtration of ferrous metals and
alloys with high chemical activity and high casting temperatures, alumina and silicon carbides
with great chemical stability are usually selected. The multi compositional ceramics are also
used to form a filtration system. For example, ceramic foam filters made from a composition
containing alumina, SiC, cordierite and zirconia are used for the filtration of molten Al, Cu,
Zn, and bronze.

2.1.2.4 Catalyst support

Ceramic foams are extensively employed as a support for metal catalyst particles used in
multiphase catalysis. Alumina, titania, zirconia, silica, and silicon carbide foams are used for
this purpose [29]. Supports play a major role in the promotion of the reaction. The tortuous
channels in ceramic foams can generate turbulence and then ensure good mixing of the
reactants. Compared to the reactor-filled with stacking particles, the reactor with a ceramic
foam core can reduce drop in pressure [52]. A large surface area is needed to achieve good
contact between the catalysts and the flowing reactants. The ceramic foams have a relatively
high surface area and the surface area can be further increased by coating them with other
microporous materials such as zeolites or aerogels [53]. Some of the specific examples in which
ceramic foams are used as catalyst support include oxidation of ammonia, decomposition of
organics by photo catalysis, and destruction of volatile organic compounds (VOCs) by

incineration.
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2.1.2.5 Bio-implants

Bio-scaffolds are utilized for bone tissue engineering applications to facilitate the repair of
bone damaged due to illness, injuries, or deterioration. The scaffold structure must be three-
dimensional and facilitate cell interaction by providing an avenue to transport nutrients and
oxygen and to allow tissues and capillaries to develop [54]. Additionally, the materials used to
fabricate the scaffold must be biocompatible, bioactive, or biodegradable. Hydroxyapatite and
tricalcium phosphate have similar chemical compositions as that of natural bones. The
development of porous bone replacement materials from hydroxyapatite is addressed to mimic
the micro and macroporous architecture of the mineral phase of living bone. This prevents
interference of connective tissue formation, which will obstruct the long-term stability of the
implant. For bone repair strategies, macroporous hydroxyapatite ceramics with highly
interconnected pores are required to provide in-growth access of surrounding host tissues,
facilitating the further deposition of newly formed tissue in the spherical cavities. When used
as implants, hydroxyapatite (HA) foam becomes filled with mature new bone tissue and osteoid
without any immune or inflammatory reactions after the implantation period. This is attributed
to the high biocompatibility of HA and the suitability of foam networks in providing good
osteointegration. Porous hydroxyapatite ceramics with gradient porosity [55] and bimodal pore
structure have also been studied for bone graft applications. In addition, porous hydroxyapatite
ceramics are used as drug-releasing agents [56-58].

Porous ceramics structures can be manufactured with a range of microstructures with regulated

properties using many flexible and easy methods ( Fig. 2.3).

Porous Structures

A 4

y A 4 \ 4 A

Sponge i . Sacrificial Freeze Rapid
Replication VB =R Phase Template casting Prototype

Fig 2.3 Different fabrication methods for the fabrication of porous ceramics [27,59]
2.2 Replica Method
The polymeric sponge replication process is the most widely used conventional procedure for
creating open-cell foams. In this process, polymeric organic template impregnated in a ceramic
slurry, accompanied by thermal treatment, resulted in the organic template's combustion and

followed by sintering of a pore skeleton to produce porous ceramics with the same morphology
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as the original porous material. This approach's most essential steps are impregnating
suspension's rheology and its adhesion to the polymeric sponge. These techniques provide an
easy alternative for developing 20% to 90% porosity macroporous ceramics and an average
pore size ranging from 1-700 micrometers [60,61]. The properties of the ceramic foam formed
by this route can be varied by varying the rheological properties of the slurry, such as
characteristics of the viscosity and polymer foam, such as the PP1 (number of pores per linear
inch), the size of the pore, the shape, its distribution and foam density [62]. The sponge
replication method was the first process to developed to manufacture porous ceramic structures.
The fundamental theory for this methodology is depicted in Fig.2.4 [60]. The replication
process can be separated into two separate forms: the synthetic template (synthesis template)
and the natural template. Schwartzwalder and Somers started utilizing polymer sponges to
manufacture porous ceramics in 1963. After that, the sponge replica technique has become one
of the most common methods for producing porous ceramics. A high porosity polymeric
sponge (usually polyurethane) is used in this technique.

Drying,

template
removal

—>

Sintering

Impregnatlon

Or infiltration

Polymer sponge Ceramic suspension or Resultant porous
template precursor ceramic

Fig 2.4 Schematic of the replica method illustrating all the steps involved
in the fabrication of ceramic foam [17].
Fabrication of porous ceramic structures through the polymer sponge replication process is
usually a polymeric sponge first submerged in ceramic suspension. The excess slurry is then
extracted by moving the impregnated sponge through the rollers, and a ceramic slurry covering
is built over the struts of the original polymeric sponge. The ceramic-coated polymer template
is subsequently dried and pyrolyzed by cautious heating between 300°C and 800°C. Heating
rates that are usually less than 1°C/min are expected. This step allows for progressive
decomposition and polymeric diffusion content. Finally, the coating is densified by

temperatures between 1100°C and 1700 °C based on the slurry composition. Dispersants were
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used to achieve suspensions with appropriate rheology. Binders and plasticizers are also
typically used to improve the ceramic coating strength by avoiding cracks on struts preventing
pressure build-up during pyrolysis. Binders play an essential role in the fabrication of porous
ceramics by adding strength to the green body [63]. Binders of powder are combined with
ceramic products and liquid to create a viscous solution. They can be used to connect particles,
provide plasticity, and assist in regulating slurry flow properties. Popular binders and
dispersants are used in ceramic suspension. i.e. Darava-C, colloidal orthophosphate aluminium,
potassium and sodium silicates, magnesium orthoborate, and colloidal silica hydratable
alumina, polyvinyl butyral with polyvinyl butyral plasticizer-like polyethylene glycol, and
polymerizable monomers. Polyvinyl alcohol (PVA) [64], potato, corn cassava [65], poppy
seed, and wheat have all been used as binders in the production of porous ceramics[66—68].
Table 2.1 depicts the different examples provided by this approach documented in the
literature. In addition to that, porous ceramics structures developed through this method usually
have interconnected open porosity with a range of 40% to 95%. The pore size between 100 um
and 3.5 mm is shown in Fig. 2.5(a). However, there may be a separate form of defect in this
production process, as shown in Fig. 2.5(b). The possibility of cracks and flaws formation
during the polymer template's pyrolysis from the ceramic foam and such flaws can significantly

harm the final mechanical features of porous ceramic.

bmm

Fig. 2.5 Images of porous ceramics prepared through the sponge replication method (a)
ceramic foam with reticulated porous structure (b) strut defect after sintering [68,69].

Many steps have been developed to address this drawback by utilizing polymer precursor
solutions[70] and adding fibers to boost slurries' wetting on the polymer sponge. Nangrejo and
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Bao developed a process to create polymeric precursor solutions for silicon carbide (SiC) foams
and demonstrated the absence of holes in the middle of the struts'

The impact of recoating slurry viscosity on the properties of reticulated porous SiC ceramics
was investigated by Xiumin Yao et al. [71]. It has been discovered that the recoating of the
polymeric sponge includes a high viscosity slurry with a thixotropic loop. The improvement in
viscosity caused by the increase in solid loading results in a decrease in cell size and increased
strut thickness in SiC replicated porous ceramics. The decrease in cell size and rise in strut
thickness contribute to an increase in solid loading. Compressive intensity improved from
0.78MPa to 1.59MPa as coating viscosity increased from 0.07Pa.s to 1.44Pa.s. The
microstructure of the samples has been observed to have both large and small pores. Small
pores were caused by sintering, whereas entrapped air bubbles caused large pores. The air
bubbles were removed in part through the roller process of removing excess slurry. The
polymeric sponge process [72] was used to make hydroxyapatite porous ceramics.

Zivcova et al. investigated the synthesis of porous alumina ceramics utilizing various foaming
agents such as rice starch, lycopodium, coffee, flour, semolina, and poppy seed. Many of the
formation agents were granular (5m — 1 mm) and had a low density (1.1-1.5 g/cc) [73].
Standard slip casting (TSC) and starch consolidation techniques were used to prepare the
samples (SCC). But for poppy seed, which displayed thermal effects up to 600 °C, all pore
formers exhibited burning activity between 250-550 °C. Since the starch needed to create
pathways for exhaust gasses during pyrolysis to prevent stress and cracking of the samples,
using poppy seed as a pore formed by conventional slip casting was not effective. According
to the results, both starch-containing pore formers may be used in starch consolidation casting
as both pore-forming and body forming agents.

Schwartzwalder et al.[59] discovered that ceramic cellular structures with varying porosities
and pore sizes were processed through a polymeric sponge replication technique. After that,
the sponge replica method became the most widely used method for developing high porosity
open-pore ceramics. Polymer sponge, such as polyurethane foam (PUP), is the most commonly
used template for porous ceramics fabrication.

Fitzgerald et al. [74] fabricated silicon carbide fine open-cell foam by using sodium chloride
compact. Silicon carbide was infiltrated with Poly Carbo Silane (PCS). Water was used to leach
out the salt, which contributed to the formation of PCS foam accompanied by the air's heating,

and a brittle structure was finally formed after pyrolysis. The system, thus formed, had a
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uniform open cell network with cell sizes varying from approximately 10 um to 150 um and
having controlled densities.

White et al. [75] also used an innovative approach to maintain the composition of corals and
other aquatic invertebrate skeletons by duplicating them. Under low pressure, the coral is first
infiltrated with wax in this process. The mechanism culminated in a negative type of cellular
structure. The leach out of the calcium carbonate-based coralline skeleton was used in a
strongly acidic solution. Thus, the negative template was impregnated with a ceramic
suspension, and a macro-porous ceramic was obtained by extracting the organic material by

pyrolysis.
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Table.2.1 Examples of Replica Methods Reported in the Literature

Type of template Method&
Precautions Composition
Synthetic | Polymer Alumina [37][43][44], Alumina fiber-reinforced [77], zirconium Oxide[52], SiO2, MgO [67]
Templates | foams Impregnation | silicon carbide [67][78], SisN4[79], Titanium diboride [67], Alumina —ZrO, composite [80]
with ceramic Mullite [81][67][82][76][83] , Li2O—ZrO.—SiO.—Al203 ceramic [84] SiC-Al0s—SiO, composites
Slurry [85], calcium phosphate-based composites [68][86], Lao.gaSro.16C00.02MnO3 [87]
Carbon Chemical vapor | Silicon carbide, SiO2, SisNg4, TiC, TiN, Titanium diboride, Titanium dioxide, ZrC, ZrN,
foam deposition & Zirconium Oxide, Cr203, Alumna, among others [88]
infiltration
Natural Sol-gel process | Iron Oxide [89], Alumna, Titanium Oxide [90-92], Silicon carbide, ZrC-C [93-95]
Template by using metal
salts, hydroxides,
Metal infiltration | Silicon carbide [94][96][97] , Si- Silicon carbide composites [97—99]
Vapor infiltration | Silicon carbide [100] , Alumna [101] , Titanium dioxide [102]
and reaction with | Titanium Carbide [102,103]
gaseous metals or
metal precursors
Wood (CVI)
Impregnation with | Silicon carbide [104]
ceramic Slurry
Impregnation with | Silicon carbide composites [105]
preceramic
polymers
Liquid Zeolite porous structures [106], Calcium phosphate composites [107]
precipitation of
precursors
Coral Impregnation Alumina [75] , PZT [108]
with ceramic
Slurry
Hydrothermal Hydroxyapatite [109,110]
Reactions
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2.3 Sacrificial phase method

The sacrificial template technique is commonly used in the industry to process porous ceramics
with different chemical compositions. Other pore formers (space holders) have been used to
make a porous structure for various applications in this process. To obtain a two-phase
composite mixture, the sacrificial phase is first homogeneously mixed with the ceramic powder
or precursor(s). Homogeneous dispersion of the sacrificial phase within the matrix is critical to
developing a uniform porous structure. Next, the sacrificial phase is removed from the mixture
by pyrolysis, sublimation or evaporation, followed by sintering to obtain the final porous
ceramic structure. The final porous structure is thus a negative replica of the initial sacrificial
phase, as opposed to a favorable cellular structure that is achieved in the replica method [111-
113]. Next, the sacrificial phase is removed from the mixture by pyrolysis, sublimation or
evaporation, followed by sintering to obtain the final porous ceramic structure. The final porous
structure is thus a negative replica of the initial sacrificial phase, as opposed to a positive
cellular structure that is achieved in the replica method [29]. A schematic representation of the
overall process is depicted in Fig. 2.6, and Fig. 2.7 shows the typical porous microstructures
developed using the sacrificial phase technique [114-117]. The following routes are employed
to develop the two-phase perform that after pyrolysis (or sublimation/evaporation) and
sintering lead to the final porous structure: (i) dry mixing of the component phases followed
by pressing [60], (ii) forming a two-phase colloidal suspension followed by slip, tape or direct
casing [118], and (iii) impregnation of a previously consolidated preform of the sacrificial
material with a pre-ceramic phase or a ceramic suspension [74]. Various pore formers were
used to manufacture porous ceramics in these processes, such as synthetic and natural organic
materials, chemicals, and salts. Table 2.2 represents the list of pore formers reported in the
literature. By properly selecting the sacrificial phase, it is possible to vary the pore size from
1-700 pum and total porosity from 20-90 vol. %. Since the final porous structure is a negative
replica of the sacrificial phase, defects in the ceramic walls can be avoided, resulting in
improved mechanical strength of the porous ceramics [17]. The sacrificial phase technique has
more advantages over other methods. It is feasible to modify the structure and different pore
sizes with varying porosities using appropriate space holders (sacrificial phase). The pore
former's pyrolysis is very time-consuming and emits a massive exhaust gas volume that can
cause environmental issues. During pyrolysis, the volume of gas produced is the key downside
of using organic material as a pore type which may trigger tension, cracking, and deformation.
The disadvantages of burning plastic and natural organic products are partially overcome by

using water and oils (volatile oils) as a sacrificial phase [114].
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Fig 2.6 A schematic representation of the sacrificial phase technique [17].

Fig 2.7 Microstructures of macroporous ceramics produced using the sacrificial template
method: (a) a TiO. foam [114] and (b) an ordered macroporous SiO, foam [115].

Li et al.[119] used naphthalene powder particles as a pore-forming agent to silicon nitride to
fabricate B-grain porous silicon nitride porous structures high-temperature sintering at 1700 °C
in a high-pressure inert atmosphere. The flexural strength of the fabricated foam attributed
between 50-120 MPa and 160-220Mpa in the porosity range 42-63% and 50-55%,
respectively. Microstructural differences (equiaxed versus fibrous) affect the strength of the
fabricated foam.

Diaz et al.[120] utilized rice flour (particle size: 5-18 um) as a pore former to manufacture
porous silicon nitride ceramics. The mix was placed under-stimulation for proper distribution
of the pore former. The mixture was then frozen and vacuum-dried. Phosphoric acid (HzPOa)
was used as a pore-forming agent for the fabrication of a-grained SizN4foams at a low sintering
temperature (1000-1300°C ) without gas pressure [121]. Porous alumina with directional pores
produced by using mercerized cotton threads as pore-forming agents. By utilizing these cotton

threads, different sizes of the diameter of pores were obtained [122].
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Table.2.2 Examples of Sacrificial Template Methods Reported in the Literature

Sacrificial template

Material Composition

Synthetic PVC beads Alumina, (Cai-x, Mgx)Zra(POa4)s [86]
organics Polystyrene beads SiO2 [115,123,124], Titanium dioxide- SiO2 [124], Zeolite [125], Alumina [126][127]
Polyethylene oxide Lead Zirconate titanate (PZT) [128]
(PEO) beads
Polymethyl SiC [129], SiOC [60][130-132], Lead Zirconate titanate (PZT) [128] Hydroxyapatite
methacrylate (PMMA) [133][134]
Phenolic resin SisNg [135]
Nylon Silicon carbide [136]
Polymer gels Titanium dioxide, SiO; [137]
Natural Seeds Alumina [126]
organics Cellulose/cotton Alumina [138], Mullite [139]
wax Hydroxyapatite [140]
Alginate Alumina [141]
Starch Alumina [142][143][62][144], Lead Zirconate titanate (PZT)[145] , SiO>—Na,O—CaO—
MgO glass, Hydroxyapatite [140][118,146], Mullite [147], SisN4[148], CaCO3[149],
Diatomite [150] , Cordierite [151][152]
Liquids Freeze -drying Alumna [117]
Emulsion Oils Alumina [153], Titanium dioxide [154][155], SiO2 [156]
Salts Sodium chloride (NaCl) | Silicon carbide [74],
Alumina [157]
PbTiO3, La1-xSrxMnO3[158]
Metals and Nickel Alumina, YSZ [159]
ceramic
15 Carbon Silicon carbide [136], Mmullite [160]
SiO; Particles Silicon carbide [136]
Zno NiO, Silicon carbide composites [105]
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2.4 Ice-templating process

Ice-templating is a processing technique to develop macroporous ceramic materials with
characteristic features such as anisotropic pore architecture, hierarchical structural
organization, and low pore tortuosity [161]. This is a relatively inexpensive technique for
producing porous ceramics, which provides a means for bioinspired designs. In this process,
ceramic powder is taken and suspended in the water. Then, the ceramic suspension is frozen
unidirectionally under an applied thermal gradient. During the freezing process, the ice crystals
start growing in the thermal gradient direction. Ice crystal has a unique feature: it grows 100
times faster in prismatic plane direction than its basal plane direction [162]. During the ice
growth process, the growing ice crystals eject the particles in front of them, and the ejected
particles are aligned between the two successive growing ice-crystals. This process makes a
structure that consists of alternate layers of ice and ceramic particles. The frozen structures are
taken to the sublimation process, in which ice crystals are removed to create the porous
structures. After the sublimation process, the sample contains alternate layers of ceramic
particles and pores. Finally, these freeze-dried samples are sintered to strengthen the porous

structure. These steps are schematically shown in Fig. 2.8.
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Fig. 2.8 Schematic of various steps involved in the ice-templating process [162].
2.5 Direct foaming method
In the direct foaming technique, a ceramic suspension is first foamed by introducing gas
bubbles into the suspension. Next, the suspension is polymerized to retain the porous
architecture induced through gas bubbles, followed by demolding, drying, and sintering in

order to develop a porous ceramic structure. Finally, the sintered foams are glazed to improve
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the mechanical properties. This technique focuses on introducing gas bubbles into ceramic
slurries to prepare ceramics that are porous. Fig 2.9 schematically shows the various steps of
the direct foaming technique. In general, this technique can produce highly porous green bodies
that are relatively stronger and can withstand forces during machining. The porosity of the
resultant foams depends directly on the amount of gas supplied to the suspension during the
foaming process. In contrast, the stability of the wet foam dictates the pore size. Two different
methods are employed for the stabilization of the wet foam. One utilizes biomolecules such as
proteins, liquids, and surfactants, which are adsorbed on the surfaces of the gas bubbles thereby
decreasing the interfacial energy between gas and media, thus preventing the coalescence of
the gas bubbles. However, the stabilization through surfactants lasts only several minutes,
whereas protein stabilization can last several hours. The other effective method to stabilize the
wet foam is to utilize ceramic particles with modified surface chemistry to enhance the ability
of the particles to adsorb the long-chain amphiphilic molecules on the surface. Such a process
has been observed to stabilize the foamed ceramic suspensions for several days [31]. Fig 2.10
shows typical microstructures of ceramic foams developed using the direct foaming technique
[163-165]. The direct foaming technique provides a relatively fast and environmental-friendly
way to produce cellular ceramics with a wide range of porosity. Due to defect-free cell struts,
cellular ceramics fabricated by the direct foaming technique tend to be relatively stronger than
those manufactured by the replica method [27]. In this method, ceramic or precursor solution
is foamed with physical or chemical blowing agents such as volatile liquids for stabilized foam
production, dried and subsequently sintered for the production of macroporous ceramics. The
final porosity of porous ceramics developed by this technique is calculated by the gas's quality
incorporated in the suspension during the foaming process. Despite its benefits over the replica
process, the pore size is also one of its disadvantages since it is challenging to manufacture
ceramics with a small pore size distribution. Otherwise, the pore size is strongly influenced by
the wet foam's stability before setting [111]. Destabilizing processes raise gas bubbles by
coalescence and result in large pores of final porous ceramic. It is then essential to regulate the
bubbles in the wet foam [31].

Here, we only address the surfactant with long chains and biomolecules identified as
amphiphilic molecules. The surface of gas bubbles will absorb it and decrease the interfacial
energy between suspension and gas, thus slowing coalescence. The foaming technique is a
quick and straightforward, environmentally safe way to prepare porous ceramic with more

porosity. Many efforts to develop this method have been made. On the other side, Tomita et al.
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utilized mechanical approaches to prevent harmful ingredients while utilizing surfactants.
Pradhan and Bhargava applied sucrose (improve foam stability) to the ceramic suspension to
minimize the brittleness of green bodies [111].

Lyckfeldt et al.[142] established a unique forming method for porous ceramics. As both a
consolidator/binder and pore former, starch was used. In wet conditions, various porous
alumina components were fabricated and de-molded. The sample porosity was considered to
be in 23-70% range, but the samples exhibited outstanding mechanical properties.

Han et al. [166] researched the manufacture of highly porous ceramics with regulated pore
structure by foaming and agar gelling. The foaming phase was caused by the forming of
macropores and window pores, and by adding agar, the formation of micropores was
encouraged. However, the macropores and window pores' scale decreased as agar content
increased. There was also a narrower size distribution of macropores in the ceramic foams

prepared with higher agar content due to faster stabilization of foams through more rapid

gelation.
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Fig 2.9 Production of ceramics by using direct foam technique [17].

Fig 2.10 Representative microstructures of (a) closed-cell and (b) open-cell ceramic foam
fabricated employing the direct foaming technique [163,165].
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2.6 Paste extraction

Paste extrusion is a conventional technique generally employed to manufacture honeycombs
mainly used for catalysts and filters. In this technique, a paste of ceramic powder, binders, and
a lubricating agent is prepared using high-shear mixing. An extrusion ram forces the paste
through a die, resulting in an extruded product of the desired shape, which can be further
molded into the required shape and length. It is considered a classical route and is used to
produce honeycombs for various applications, such as filters. The first paste should be prepared
by high-shear mixing and utilizing this technique, so specific components such as ceramic
powders with lubricant agents are required. After mechanical extrusion, the green body is
produced, followed by heat treatment for drying, debinding and densification. An example of
the Honeycombs achieved by this strategy is provided in this document. A schematic
representation of the paste extrusion process in shown in Fig. 2.11(a). Next, the extruded green
bodies go through a typical ceramic processing route of drying, binder burnout, and sintering
to produce the final macro porous ceramics [31]. The main advantage of this technique is that,
the honeycomb porous structures can be extruded with unidirectional channels of desired cross-
sectional shapes such as square, circular, and triangular [167]. Fig 2.11(b) shows a honeycomb

structure produced using paste extrusion process.

(a) Direct extrusion (b)
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Fig. 2.11 (a) A schematic of the extrusion process and (b) a honeycomb
structure produced using the process [167].
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2.7 Rapid Prototyping method
Rapid Prototyping (RP) technique, also known as solid free-form fabrication, is employed to
produce a scaled or full-sized prototype from complex datasets, in which three-dimensional
(3D) objects are assembled by point, line or planar addition of the material [168]. Molds or
dies which usually carry the ceramic suspension are not required in this processing route. A
number of RP techniques are currently commercially available including stereolithography
(SLA) [169], selective laser sintering (SLS) [36], laminated object manufacturing (LOM)
[170,171], fused deposition modeling (FDM) [172], solid ground curing (SGC), and ink jet
printing [171,173]. In all of the RP techniques, 3D architectures are built directly by layer by
layer deposition of materials [171]. Fig. 2.12(a) shows a schematic representation of the
processing steps involved in rapid prototyping and Fig. 2.12(b) depicts an ESEM micrograph
of sample produced by rapid prototyping, revealing smooth horizontal and textured vertical
surfaces as well as semi-spherical surface pores. Porous ceramics with both the cellular and
periodic structures can be fabricated with a relatively higher level of accuracy in comparison
to other fabrication techniques. Compared to all other techniques discussed for fabrication of
porous ceramics, a distinct advantage of this is the ability to create highly complex porous
architectures with well-controlled pore morphology. However, the manufacturing cost
associated with the RP techniques are considerably higher relative to the other techniques [31].
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Fig 2.12 (a) Schematic representation of the steps involved in rapid prototyping for
fabrication of porous ceramic parts and (b) SEM micrograph of a typical scaffold processed
by RP technique (length of the white bar is approximately 3.6 mm) [174,175].
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2.8 Mechanical behaviour of cellular structures

Properties of foams are influenced by three factors: (i) relative density (por = p¥/ps), where p*
and ps are the apparent density of the porous structure and constituent material, respectively,
(i) properties of the solid of the porous structure which is generated, and (iii) the topology
(connectivity) and shape of the cells [32,176-184]. Variation of , constituent material, pore
morphology and connectivity strongly affect the properties of porous structures. Total porosity
(pe) of porous structures is estimated as p: = (1 —pr )*100. Porous structures typically undergo
progressive failure at a relatively constant stress and exhibit large compressive strain before
complete densification, making them ideal structures for high energy-absorbing applications
under impact loading conditions [31]. Typically, porous structures are considered as structures
and most of the available materials can be processed into porous structures possessing a porous
architecture. As a result, porous structures have been fabricated from various metals, ceramics,
polymers, and composites. For example, clay (alumino silicates), alumina (Al203), silicon
carbide (SiC), partially stabilized zirconia (ZrOz2), titania (TiOz2), silica (SiO2), and glass are
commonly employed materials that are utilized for the fabrication of open-cell and closed-cell
ceramic foams [62,180,181]. Since porous structures' load-bearing capacity is crucial for most
of the applications, the mechanical response of porous structures has been investigated
extensively. Fig 2.13 shows the representative uniaxial compressive stress-strain curves of
porous structures as well as the critical parameters such as the stiffness (slope of the linear part
of the stress-strain curve), peak stress, plateau stress, densification strain, and total energy
absorption (area under the stress-strain curve up to densification strain), which are extremely
important to understand the load-bearing characteristics of porous structures. For each stress-
strain curve, three distinct zones can be observed that are characteristics of porous structures
[185-188] (i) an elastic region (ii) a plateau region (plateau stress) up to a large strain value,
and (iii) a densification stage. Stiffness, peak stress, plateau stress, and densification strain are
strongly influenced by pr. In general, stiffness, peak stress, and plateau stress increase with
increasing pr whereas densification strain shows an inverse relationship with (Fig. 2.13). Such

variations with pr also significantly affect the energy absorption capacity of porous structures.
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Fig 2.13 A Schematic of uniaxial compressive stress-strain curves of porous structures
with different relative densities [186,189].

Strain

The cell collapse mechanism also relies on the cellular material's relative densities. In
elastomeric materials, with a relative density below 0.3, the cell walls buckle elastically. The
cell walls yield or crush at higher densities since they are too short and dense to buckle
elastically. In the case of metals and many polymer foams, on the other hand, cell wall plastic
buckling is true for relative densities of less than 0.3. The cell edges are too small and dense to
bend plastically at greater densities; they shear instead. In the end, the flow stress rises rapidly,
known as densification to high strains. The cellular solid failure mechanism is shown in Fig
2.14 below.
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Fig.2.14 Failure behaviour of cellular solid [190].
It has also been documented that ceramic foams follow the same stress-strain behaviour pattern.
However, cells fail in this situation due to the brittle weakening of the cell walls [191]. The
quasi-static fracture behaviour of the porous alumina structure has been compared to that of
Al-alloy in a recent analysis. The study emphasized that the densification area is absent in

porous ceramic structures because of high strains (almost 25%). Because of their intrinsic
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cellular nature, a large amount of energy absorption capacity under compression test is essential
for porous structures. The amount of energy absorption capacity under compression is mostly
dependent on the cell structure i.e. honeycomb and foams with interconnected 3D structures
based on materials used for fabrication (metal, polymer). While choosing a material system for
a specific application is often less critical, developing porous structures with the desired
microstructure and properties is extremely challenging. This is because for a given material
system and porosity, properties are significantly influenced by the type of porosity (open-cell
vs. closed-cell), pore connectivity, pore size and morphology, cell wall structure, and pore
anisotropy. For example, closed-cell foams typically exhibit better mechanical and thermal
properties relative to open-cell foams. Similarly, anisotropic porous structures exhibit
improved properties compared to isotropic porous solids. Therefore, the fabrication of porous
structures is a complex topic and there is no single processing technique that can address all
the microstructure variables which control their properties and performance.

As a result, numerous processing techniques have evolved to develop a wide variety of porous
structures with different micro-/macrostructures and properties. A brief description of various
techniques employed to fabricate porous structures is provided further. Improved and
revolutionary porous ceramic processing has led to personalized microstructural features.
Porosity and average pore distribution in a low-density structure may be well regulated to
determine the proper combination of strength, low thermal conductivity, large specific surface
area, and high permeability [17]. Porous ceramics' final characteristics can be adjusted by
regulating the microstructures and the volume fraction for each use. Porous ceramics'
processing significantly influences the microstructural properties. The most direct way of
manufacturing porous ceramics is to partially sinter powder compacts or sinter powder
mixtures, forming pores by reactions to the solid-state [17,142]. Unfortunately, this technique
typically indicates a low porosity of porous ceramics (<40 %). In addition to this, several
production methods have been developed to satisfy the desired properties' specifications for
various applications. Metal and polymer's porous structures have been studied extensively, but
porous ceramic structures' data is limited.

There has been a substantial rise in the production and use of highly porous ceramic materials
over the past few years. This is primarily due to the material properties provided, such as high
permeability, low density, high surface area, low specific heat, and high thermal insulation. For
applications such as catalyst substrates or supports, molten metal filters, and refractory furnace
linings, thermal insulation, heat exchangers, and in the case of biomaterials, as porous

scaffolds, these are the essential aspects. The cell size and its diffusion across the structure also
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play a significant role in affecting the structure and mechanical properties. Closed-Porous
structures are often used for thermal insulation, and open-porous structures are used as fluid
transfer filters and catalyst support. Porous structures' requisite properties often depend on
production, and no single route is successful in producing all the structures needed. Thus,
various production routes are being developed and patented worldwide.

Amin et al. [192] showed that ceramic foams can be produced using polymeric foam
duplication. They claimed that ceramic foam properties greatly influence the density of ceramic
slurry. A rise in ceramic slurry density increases the foam's strength and density, making it
denser.

Yan et al. [193] find that the ceramic foam's compressive strength depends primarily on the
strut's thickness and the foam's relative density. The unstable fracture of ceramic foam struts is
due to the weakest frame faults, further contributing to crack initiation and crack propagation.
Han et al. [194,195] reported that the idea was to increase foam strength by adequately
regulating the sintering process's temperature. It is possible to examine the impact of foam
strength by sintering temperature by discussing three things: shrinkage, porosity, and grain
size. The shrinkage of alumina foams greatly improved as the sintering temperatures increased
from 1400 to 1600 °C due to the tiny gaps in the middle of the webs and the alumina particles
being close together and touching each other. Owing to this increase in shrinkage, the sintering
temperature rose, leading to a reduction in porosity. A lower porosity at 1550 °C resulted in a
higher strength of up to 1.3 MPa. There will be a decrease in porosity even though we sinter at
a temperature of 1600 °C, and there will also be a negligible decrease in compressive strength
due to grain growth at this temperature.

Hadi et al. [196] showed that alumina's foam's compression strength can depend on the overall
porosity and suspension properties. For corresponding forms of 10, 17 and 27 PPI, compression
strengths of 0.7, 1.1, and 1.5 MPa were observed. A considerable improvement in compressive
strength can be achieved for alumina foams by decreasing the struts' defects.

Dhara et al. [197] suggested that the most significant parameter affecting the foaming of
slurries and the final microstructure of sintered ceramic foams is slurry viscosity. The
characteristics of slurries are a high viscosity feature that impacts the microstructure of foams
of sintered alumina.

Konopka et al. [198] found that polymerize-urethane elastomer (PNUU) penetration into
porous SiO results in a composite that displays a high compression strength and retains large
deformations. The ceramic can reinforce the elastomer during cycle filling. On the other hand,

the elastomeric presence stops the plastic material from quickly collapsing.
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Jens Bauer et al. [199] claimed that one should attempt to increase the strength-to-weight ratio
of a substance or lower the density, or both, to improve the strength-to-weight ratio. The lightest
solid materials mostly have a drop density of 1000 kg / m3. Cellular materials, such as foams,
can achieve an immense lower density value. They were refining the micro-architecture of the
polymer cell structures through 3D laser lithography and alumina layer coating thickness
through deposition of the atomic layer on the polymer cell structure leads to ceramic-polymer
composites exceeding the compressive strength of all engineering materials with a density far
below 1000 kg / m®. A compressive power of 280 MPa at a density of 810 kg / m® results in an
optimized honeycomb cellular structure and a 50 nm alumina layer coating thickness.
Colombo et al. [200] claimed that armour systems require composite materials to provide
sufficient ballistic protection and weight saving, based on a mixture of different materials of a
different nature. A sheet pattern structure was developed and composed of ceramic tiles of
armor alumina bound to ceramic foams infiltrated with a polymer. Two types of polymer were
used to penetrate the ceramic foams for testing and evaluating an armor device's performance
for the first time. The ceramic-polymer composites were manufactured. A significant increase
in mechanical properties is seen by the composites made of SiC foams and thermosetting
polyurethane (cross-linked). Armour systems based on 6 mm alumina ceramic tiles bonded
with SiC polyurethane thermosetting used as backing lead to composites that can resist NATO
Ball FMJ bullets for vehicular and structural applications for vehicular and structural
applications ballistic and blast safety. NEN NATO Ball FMJ projectiles have not been
prevented by elastomeric polyurethane. It cannot be used for ballistic and blast defense systems
due to low projectile impact resistance.

Yu et al. [201] reported that polymer interpenetration in the shape of a 3D network, i.e. foam,
culminated in a new category of composite materials possessing improved combinations of
mechanical and physical properties. The study was carried out on a metal porous polymer
composite (MPPC) with an interpenetrating network structure they announced that polymer
interpenetrating into the form of the 3D network, i.e., foam, resulted in a new class of composite
materials exhibiting enhanced combinations of mechanical and physical properties. The study
was carried out on a metal porous polymer composite (MPPC) with an interpenetrating network
structure. By infiltrating the polymer in the aluminium foam, aluminium-polypropylene (Al-
PE) and aluminium-epoxy resin (Al-Ep) composites were manufactured. Using SEM
observation, the composite microstructures were characterized. MPPC 's compressive
behaviour and energy absorption properties have been studied in relation to aluminium foams;

compared with pure aluminium foam, the composites demonstrate improved compressive
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behaviour and enhanced energy absorption ability to build a new Interpenetrating Composite
material,

Cree et al. [202] showed how silicon carbide foam infiltrated with aluminium alloy and became
composite material. SiC had been vacuume-infiltrated with aluminium alloy A356 in the form
of a foam network. Typical fibrous fracturing and brittle cleavage are shown on the matrix
fracture surface, while the supporting struts show signs of de-bonding of the layer from the SiC
layered structure.

Jain et al. [203] suggested that square cell Cordierite/mullite honeycombs were fabricated using
the extrusion method. The honeycomb's mechanical behaviour with and without rubber
encapsulation was contrasted with industrial ceramic foam. Interestingly, the foam
demonstrated increased energy absorption levels and enhancement in rubber encapsulation's
essential stress compared to honeycombs' behaviour.

Peroglio et al. [204] found that foam replication process, alumina scaffolds were sintered. An
open-porous structure was accomplished with a porosity of 70 % and a mean pore size of 150
micrometers. SEM studies showed that toughening is caused by the crack bridging of polymer
fibrils. Different models and experiments have been conducted to analyse cellular materials'
mechanical behaviours and the cell walls' failure behaviour under an applied load to detect and
analyse the process of failure of cell walls under load. Material characteristics were examined
for cellular structures widely and found in several detailed surveys [205].

2.5 Deformation study by simulation

Early models exist on what a uniaxial elastic activity looks like, but they only considered axial
loading for the cell walls [206,207]. Ideally, this may be the optimal scenario. Still, the data is
obtained with various instruments in the modern world, which changes how the experimenter
collects the elastic properties. Later experiments find that the biological systems experience
bending deformations in their walls, and deformation of the cell walls play a secondary function
in mechanical building blocks [208-213]. The cells' failure under the influence of uniaxial
strain is elastic buckling, plastic yielding, or brittle crushing [1,209,221,222,212,214-220].
Moreover, their exact findings have been verified in experiments on elastic and elastic-plastic
honeycombs with a broad variety of geometries [211]. This analysis may be applied to the
uniaxial breakdown of papers [205]. Different materials have also been investigated in the
context of anisotropic cellular materials in previous research. The cells in a honeycomb system
can be organized into three distinct cell geometries. The configuration of such cells and their
volume fractions can be monitored by studying geometry and the cell walls' properties

[210,211]. The degree of anisotropy in the mechanical properties can be pointed out by
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considering the cell's geometry. Harrigan and Mann [223] demonstrated that the form and
properties can be derived from anisotropy tensor on the cell's surface. Investigations on the
anisotropy in Young's modulus have concluded that it is due to the cell walls' uniaxial
deformation [224-226]; this overlooks the significant contribution of the curvature of the cell
walls bending. Huber and Gibson [227] studied the influence of the type of anisotropy on the
substance's properties in a comprehensive fashion and considered a cell wall's bending. Using
a statistical formula, they developed relationships for Young's modulus, elastic-plastic and the
hardness stresses, contrasting the measured values with cell structure and mechanical
properties. This study looks at the effect of various forms of small "mistakes™ in porous
structures on the lattice's elasticity. A finite element process analysis was conducted to study
the impact of cracks on the modulus of elasticity and yield strength of standard honeycomb.
Morphologies with incomplete or broken cell walls were studied for the infinite regular

hexagonal honeycomb and the voronoi planar honeycomb [218,221,228,229].
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Materials and Experimental Methods

This chapter supplies details of the raw materials used in this study for fabrication of alumina
(Al203) and zirconia toughen alumina (ZTA) foams and their composites through different
fabrication methods, followed by description of different equipments and techniques used for
physical and mechanical characterization.

3.1 Raw materials used:

Raw materials used for the preparation of Al,Oz foam, ZTA foams and their composite foams
are represented in Table 3.1. The raw materials of the required quantities were measured using
an electronic balance with 0.1mg precision.

Table 3.1 Raw materials used for the preparation of Al.Oz foam, ZTA foams

Raw material Chemical formula Purity Source
Alumina Al;0O3 99.9 Rohini industries,
Mumbai, India.
Yitria stabilized zirconia YSZ 99.5 Alfa Aesar, Russia
Polyurethane foam C27H36N2010 - Rohini industries,
Mumbai, India.
Daravan C C3H40O2 99.9 Alfa Aesar, Russia
sucrose C12H22011 99.9 Loba Chemie, India
Resin C21H25ClOs 99.5 Loba Chemie, India
Polysterin beads (CgHg)n 99.9 Alfa Aesar, Russia

3.2. Open cell foams

3.2.1Fabrication of alumina and ZTA foams with different PPI levels through sponge
replication process

3.2.1.1 Fabrication of Al203 and ZTA Foams through Dip Coating

Fig 3.1 shows a process flow chart to fabricate alumina/ZTA ceramic foams through dip

coating.
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Fig.3.1 Process flow chart for fabrication of ceramic foam through dip coating.
3.2.1.1.1 Alumina/ZTA Slurry Preparation
The slurry preparation involves choosing a suitable chemical composition of slurry with the
required solid loading (wt%). The solid loading of the slurry is the amount of solid present in
the slurry. The formulation of slurry for 55% solid is given in Table 3.2.

Table Error! No text of specified style in document..1 Formulation of alumina/ZTA slurry

Powder (grams)

De lonized(DI)
water (gm)

Daravan (2% of
Powder) (gm)

Methyl Cellulose Ether (2%
of Alumina) (gm)

100

81.82

2

2

Alumina/ZTA slurry was prepared as per Table 3.2. Daravan821A is the dispersant to disperse
the powder particles uniformly in the slurry, and methylcellulose ether is the binder to provide
green strength. Alumina balls were used for mixing the slurry during ball milling. To prepare
the slurry, 100 grams of alumina balls were loaded in polypropylene bottles, and DI water was
poured along with Daravan 821A. High purity alumina/ZTA powder and Methyl Cellulose
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Ether were added and mixed properly without agglomeration. The formulation was pot jar
milled for 4hrs to ensure proper mixing and dissolution of methylcellulose ether in slurry. Fig

3.2 shows the pot jar milled used in the present experiment.

Fig 3.2 Image Pot-Jar milling.
3.2.1.1.2 Sizing of PUF
Polyurethane Foam (PUF) with 10,20 and 30 PP1 (Number of Pores per inch) was cut into the
required dimensions considering a shrinkage of 15% after sintering with the help of foam
cutting machine, shown in Fig 3.3 The foam after cutting was cleaned in isopropalene alcohol

to remove dust etc., before coating.

Fig 3.3 Image of foam Cutting Machine.
3.2.1.1.3 Coating of PUF with Alumina/ZTA Slurry
The dipping process does the coating. In dip coating, the slurry was taken in the beaker, and
PUF was dipped in slurry to ensure the coating of each strut uniformly throughout the PUF.
The process was repeated until the foam coated was 10 times the PUF weight.
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3.2.1.1.4 Removal of Excess Slurry

After coating the PUF with alumina slurry, the excess slurry must be removed from the foam
and this was done in two steps. The first step was that by squeezing the coated foam when
excess slurry can be taken out of the foam. In the second step, the compressed air was blown
through the polyurethane foam to remove the remaining slurry stuck inside the foam. Fig 3.4

shows the compressor used for blowing compressed air.

Fig 3.4 Compressor.
3.2.1.1.5 Drying of Foams
The coated foam was subjected to drying. In the drying process, the moisture content present
in the foam was removed by a hot air gun. Fig 3.5 (a) shows the hot air gun used in the present

study for drying coated foams.

Fig 3.5 Drying Equipment a) Hot Air Gun b) Hot Air Oven.
Final drying of the foams is carried out by keeping the foams inside a hot air oven at 45 °C for
3 hrs so that further moisture content inside the foam can be taken out. Fig. 3.5 (b) shows the

hot air oven used in the present study. Dried foam coated with alumina slurry with solid
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loadings of 50%, 55%, 60% estimates for the ceramic formulation for alumina/ZTA coating is

shown in Table 3.3.

Table 3.2 Weight of alumina/ZTA foam with respect to the solid loading

Solid Loading Weight of Alumina Weight of ZTA
Coated Foams (gm) Coated Foams (gm)
50% 2.00 4.1
55% 2.54 4.4
60% 2.60 4.5

It is evident from Table 3.3 that by increasing the solid loading of alumina/ZTA slurry from
55% to 60% solid loading, there is not much change in alumina/ZTA loading. Hence 55% of
solid loading is considered optimum. Dried foam samples were coated with slurries with solid
loadings and their respective alumina/ZTA loading, also as recorded, are shown in Table 3.4.

Table 3.3 Weight of foams with respect to solid loading

Solid Loading Weight of Alumina Coated Weight of ZTA Coated
Foams (gm) Foams (gm)
40% 3.20 4.5
45% 4.17 4.8
50% 4.19 5.2
55% 4.55 5.9

3.2.1.2 Fabrication of alumina ceramic foam through Dip + Spray coating process

Fig 3.6 shows a process flow chart to fabricate alumina ceramic foams through dip + spray
coating. In the dip + spray coating process, the first coating of alumina slurry on polyurethane
foam was by dip-coating. Polyurethane foam was dipped in alumina slurry with 55wt% solid
loading followed by spray coating on an ordinary paint spray gun for spraying the alumina
slurry with 45% solid loading. Fig 3.7 shows the ordinary paint spray gun which was used for
dip + spray coating process. The excess slurry was removed and dried. The sample was
subjected to heating to remove the organics and densify under identical conditions described
in the session (3.2.1.2).
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Fig 3.6 Process Flow Chart For fabrication of alumina foams through dip + spray coating
process.

Fig 3.7 Spray Coating Gun.

45



Chapter 3 Materials and Experimental Methods

3.3 Fabrication of Cellular Ceramic Composites

3.3.1 Epoxy Encapsulation of Alumina/ZTA foams

15x15x15 mm?® notched specimen and unnotched specimens 55x20x20 mm® were
encapsulated by wrapping the aluminum foil around the ceramic foam to avoid insertion of
polymer solution into the pores. During the testing, the effect of aluminum was considered
negligible. After wrapping the foam in the foil, the wrapped foams were dipped in polymer
solution which consists of epoxy resin and hardener with definite propitiations such as 20 parts
of epoxy and 6 parts of hardener by weight. After dipping the foam, it was subjected to 70 °C
temperature for one and half an hour so that polymerization reaction takes place and forms
epoxy encapsulated alumina/ZTA ceramic foam. Fig 3.8 shows the fabrication of epoxy

encapsulated foam.

Fig 3.8 Epoxy-encapsulated foams a) Bare b) Epoxy Encapsulated for Compressive test c)
bare foam for Charpy test d) Epoxy Encapsulated for Charpy test.

3.3.2 Fabrication of Polymer Infiltrated Alumina/ZTA Foams

3.3.2.1 Vacuum Infiltration setup Design

For vacuum infiltrating the alumina ceramic foam, we have fabricated vacuum Infiltration
design equipment. A design of vacuum infiltration facility setup was prepared in AutoCAD
with the required dimensions. The vacuum infiltration facility mainly consists of a cylinder
with a gas septum used to prevent the leakage of air, a foam holder, a glass beaker, and a
vacuum pump used for creating the vacuum inside the beaker. A vacuum infiltrator aims to
prevent the formation of air bubbles during the polymerization of polymer because of air

trapped inside the foam's pores. Fig 3.9 shows the schematic representation of VID Equipment.
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Fig 3.9 Vacuum Infiltration Design facility.

3.3.2.2 Vacuum Infiltration of Alumina/ZTA foams

Alumina/ZTA foams were placed within the holder and the polymer solution consists of 20
parts of epoxy and 6 parts of hardener by weight. The polymer was thoroughly mixed without
generating bubbles in the syringe. Vacuum generation using the vacuum pump and polymer
solution was injected into the foams. Foams of dimensions 15x15x15 mm? and unnotched
specimens 55x20x20 mm? were infiltrated. After infiltration, the vacuum infiltrated alumina
foam was placed in the oven at 70 °C for one and half an hour in order to effect polymerization.
Fig 3.10 shows the vacuum infiltrated alumina/ZTA foams used for compression and Charpy

impact test.

Fig 3.10 Vacuum Infiltrated foams a) Bare b) Epoxy Infiltrated for Compressive test c) bare
foam for charpy test d) Epoxy Infiltrated for charpy test.
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3.3.2.3 Metal Infiltration of Alumina/ZTA foams

Alumina/ZTA foams were placed within a specially designed holder and molten aluminum
metal was poured into the foams. Before infiltration of molten metal, simples were preheated
to avoid thermal shock failure. Foams with dimensions 15x15x15 mm? and unnotched
specimens 55x20x20 mm?® were infiltrated.

3.4 Fabrication of nickel-plated alumina foams through an electrolysis process

Alumina foams were coated with nickel through electrolysis technique. In this process, alumina
foam was coated with plasma for obtaining conductivity. Plasma coated alumina sample placed
in bath composition shown in Fig. 3.11. Bath composition and processing parameters are

shown in Table 3.5.

Fig. 3.11 Image of an electrolytic cell.

Table3.5 Details of bath composition with operating condition

Details Values
NiSO4-6H.O+ NiCl,-6H.O concentration (gm/l) 350
Boric acid concentration (gm/I) 20
Sodium sulphate (ml/l) 15
Omni additive (ml/l) 992:8
Magnum brightener (ml/l) 437:10

Operating Conditions

Current (Amp): 7-8.5
Voltage (V): 10-12
Deposition Rate: um/min 2.85

3.5 Thermo foaming method for fabrication of Alumina/ZTA foams
The Al,O3/ZTA powder to sucrose weight ratios (Wpss) was mixed in a pot jar mill in acetone

medium for 5h using zirconium balls as grinding media. Alumina/ZTA powder to sucrose
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weight ratios, powder mixture to acetone, and sucrose to zirconia balls weight ratios are shown
in Table 3.6. The mixed slurry (Alumina/ZTA powder + sucrose + acetone) was poured in 2-
liter borosilicate glass trays and heated at 185 °C in a hot air oven for the sucrose to melt.
Powder dispersed molten sucrose was appropriately stirred with a glass rod for homogenous
mixing of Alumina/ZTA powders in sucrose melt. The Alumina/ZTA powder dispersed molten
sucrose was heated at different temperatures ranging from 120 °C- 180 °C for foaming and
setting.

Table 3.6 Weight ratio values of powder to sucrose, powder mixture to acetone and powder
mixture to zirconia balls

Details Weight ratio
Powder to sucrose weight ratio (We/s) 0.6-1.4
Powder mixture to acetone 1:3
Powder mixture to zirconia balls 1:6

3.6 Closed cell foams

3.6.1 Uniaxial compaction for fabrication of closed cell foams

Polystyrene beads of different sizes (10,20 and 40um) were added to Al,03/ZTA powder with
different volume fractions. The powder mixture was compacted to cylindrical pellets of
different diameters (10 mm to 20 mm) at a pressure of 600 MPa using compaction dies and a
uniaxial hydraulic press shown in Fig.3.12. Zinc stearate was applied to the die walls as a
lubricant to reduce the die wall friction and 1 wt. % PVA (Poly Vinyl Alcohol) solution was

added to the powder before compaction as a binder to increase the green strength of the pellet.
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Fig. 3.12 Uniaxial hydraulic press.
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3.6.2 Sintering of compacts

Fabricated foams were sintered in a box-type electric resistance furnace equipped with MoSi;
heating elements (OKAY, Bysakh & Co., India) shown in Fig.3.13. Initially, samples were
heated to 550 °C with a slow heating rate of 1 °C/min and 30 min holding was provided to
remove organic removal, then the remaining schedule was carried out at a heating rate of 5

°C/min.

Fig. 3.13 Box type electric resistance furnace.

3.7 Characterization methods used

After sintering, samples were subjected to physical, phase, microstructural, and mechanical
characterization. The details of the characterization techniques and equipment used are
discussed below

3.7.1 Physical characterization

3.7.1.1 Density measurement

Sintered density of the foams was calculated from Archimedes principle as per ASTM C373
procedure using. A balance with density measuring kit (LA 120S, Sartorius AG Germany). The
initial weight of the samples was first taken in the air (Dry weight) followed by boiling in
distilled water for 1 hour and cooled to room temperature for 2 hours. The saturated weight
was measured immediately and the suspended weight was measured in water accurately. The
sintered density and foam density were calculated using equations (1) and (2), respectively.

The density measurement setup is shown in Fig.3.14.
Dry weight

Sintered Density = (3.2)

saturated weight—suspended weight

Weight of foam

Foam Density = (3.2)

volume of foam

50



Chapter 3 Materials and Experimental Methods

Fig.3.14 Density measurement setup
3.7.1.2 Particle Size Analysis by Dynamic Light Scattering
Fig 3.15 shows the Photon Correlation Spectroscopic measuring method was used to identify
the particle size of powders. The velocity of moving particles diffusing owing to Brownian
motion is the basis for Photon Correlation Spectroscopy. Brownian motion is the uneven
movement of particles in liquid media caused by inter-particle collisions. This results in a
Rayleigh scattering spectrum with a line width T (defined as the half-width at half-maximum)

proportional to the particle diffusion coefficient D:
T=DK? (3.1)

Where k = sin (0/2) (4nn/A), A the laser wavelength, n is the refractive index, and 0 the scattering
angle. Assuming the particles are spherical and non-interacting, the mean radius ‘r’ can
calculated from the Stokes-Einstein equation,

KgT

D=2 (3.2)

KB-Boltzmann constant, D — Diffusion coefficient, T-absolute temperature, r —radius, and n —
Coefficient of viscosity of the medium.
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Fig 3.15 Image of Particle Size Analysis.

3.7.2 Phase and microstructure analysis

3.7.2.1 X-ray diffraction analysis

Phase analyses of the as-received powders were performed by x-ray Diffractometer (XRD:
X’Pert PRO, PANalytical, The Netherlands) shown in Fig. 3.16. Diffraction peaks were
obtained using CuKa radiation (wavelength A = 0.15406 nm) operated at 45 kV, 30 mA, taking
a step size of 0.02°. The patterns were then analyzed using X’Pert Highscore Plus (PANalytical,
The Netherlands) software for phase identification and quantification equipped with ICDD
(International Center for Diffraction Data) and ICSD (Inorganic Crystal Structure Database).
The as recorded XRD profiles were normalized to 100% in each case. The background
correction as well as Ko strippings using Rachinger’s method was performed prior to the
phase analysis using a search-match program with ICDD-PDF4+ database. lIdentification of a
crystalline phase was based on a comparison of the observed d-spacing and relative intensities

with those of a reference material pattern compiled in the ICDD database.

Fig. 3.16 X-ray diffractometer used for phase analysis.
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3.7.2.2 Microstructural analysis

The microstructure of the samples was examined with a Scanning Electron Microscope shown
in Fig. 3.17 with a tungsten filament electron source (SEM: VEGA 3LMV, TESCAN, Czech
Republic) using Secondary Electron (SE) and Back Scattered Electron (BSE) imaging modes.
Before observing SEM, the samples were sputter-coated with an ultra-thin coating (2-8 nm) of
electrically conductive gold/palladium. Sputter coating makes the sample surface conductive
and prevents the charging effect. The cellular structure samples were placed inside the vacuum

chamber to record the stud and microstructure images at different magnifications.

Fig.3.17 Scanning Electron Microscope.
3.7.3 Thermo Gravimetric — Differential Thermal Analysis (TG-DTA) of PUF
Thermal analysis is a group of techniques that measure the physical property as a function of

temperature while the material is subjected to a controlled program Fig 3.18 shows the TG-
DTA Equipment. The thermal gravimetric analysis (TGA) and the differential thermal analysis
(DTA) investigate the thermal characteristics of materials. TG is a quantitative technique for
measuring weight change with respect to time and temperature due to decomposition or
dehydration. TG curves are characteristic curves for a given compound because of the unique
sequence of physico-chemical reactions, which happens over a fixed temperature range and at
rates expressed as a molecular structure-function. Weight changes result from forming or
rupturing various physical or chemical bonds at higher temperatures, leading to volatile or
heavier reaction products. The data obtained from such curves concern the kinetics and
thermodynamics of the various chemical, intermediate and final reaction products. The
temperature range of temperature usually is from ambient to 1500 °C with an inert atmosphere.

The sample is commonly heated under a controlled atmosphere (nitrogen or argon) with a
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constant heat input rate, while the difference in mass during this process is recorded. A mass
loss indicates that degradation and mass gain indicates oxidation. The DTA device is used to
compare sample and reference temperatures. In a furnace, a sample and a control are arranged
symmetrically. The difference in temperature between the sample and the reference is
measured by two thermocouples, one of which is in contact with the specimen holder's bottom
(also called the crucible). The other is in contact with the underside of the reference holder.
When a thermal event occurs in the sample, a temperature difference will be generated. An
endothermic event makes the sample temperature lower than the reference temperature that
follows the heating program closely. On the other hand, an exothermic event makes the sample
temperature higher than reference temperature.

Fig 3.18 TG-DTA equipment.

3.7.4 Mechanical properties evaluation

Mechanical properties such as compression test, 3-point bent test and impact properties of
sintered samples were analyzed as described in the following sections:

3.7.4.1 Compression Test and 3-point bent test

Under static condition, the compression test and 3-point bent test were performed on all foams
using Universal Testing Machine (UTM). Fig 3.19 shows the UTM. The UTM consists of
upper and lower flat steel plates. Where the upper flat steel plate is connected to the ram and
the ram moves up and down. The lower flat steel plate is fixed. The sample was placed between
two flat steel plates. The compression test was performed with a ram speed of 0.5 mm/min

corresponds to the strain rate of 1.66 x10° S* maintained during the test.
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Fig 3.19 Universal Testing Machine.
3.7.4.2 Charpy Impact Testing of Foams
All the fabricated foams were characterized to evaluate the energy absorption values at higher
strain rates (10 to 10* S1). The sample dimensions of 55x20x20 mm? were prepared. The
machine used for performing impact tests is illustrated schematically in Fig 3.20. The load is
applied as an impact blow from a weighted pendulum hammer released from a fixed height h.
The drop angle of a pendulum for Charpy is 140°. Also, the initial potential energy for Charpy

is 300 joules with a least count of 2 Joules.

Fig. 3.20 Charpy Impact Testing.
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3.7.5 X-ray tomography

The micro-CT technique generally consists of many phases, including (i) specimen preparation
and mounting, (ii) scanner setup and parameter selection, (iii) scanning operation, (iv) image
reconstruction, and (v) image visualization. On a translation and rotation stage, alumina
samples were placed between the source and the detector to be scanned. The sample must be
rotated in order to be imaged at multiple angular locations. Translation (in the axis of the beam)
allows control of the distance between the sample and the source, which in turn controls the
size of the image that is projected onto the detector for successful scanning of the sample, the
below steps were followed to construct a CAD model.i.e.scanning the specimen in Micro-CT,
reading DICOM images, thresholding, converting the images to STL file, STL to CAD model,

and performing Finite Element Analysis.
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Chapter-4

Open-cell Foams Prepared Through Sponge Replication Method

This chapter mainly deals with the fabrication of alumina and alumina stabilized zirconia
(ZTA) open-cell foams through a polymeric sponge replication process with different pore
sizes. In this method, polyurethane foam is used as a template. The foams were fabricated with
different PPI (Pore per linear inch), i.e.,10PPI, 20PPI, and 30PPI. Fabricated foams were
infiltrated and encapsulated with polymer and metal for cellular composite materials. The effect
of cellular properties (pore size, density, strut thickness) and composite effect on physical and
mechanical properties alumina and ZTA were also described. The fabricated foams were
sintered at optimized conventional sintering schedules. The details of the characterization
techniques used are described in chapter 3.

Fig 4.1 shows the process flow chart to fabricate alumina and ZTA foams through dip coating,
dip+spray coating.

[ Raw materials ]
Charactzrization

Alumina and ZTA powder
slurry preparation

-

[ Sizing of Polyurethane ]

foam

.

[ Dip Coating of slurry on PUF | .‘ Spray coating ]

[ Removal of Excess slurry

'
[ Dr_ling ]

( Estimation of Alumina Loading ]

!

[ Binder Removal ]

[ Sintering ]
v
[ Infiltrated &encapsulated }

.

with polymer and metal

Fig 4.1 Process flow chart for fabrication of ceramic foam.

57



Chapter 4 Open-cell foams prepared through sponge replication method

4.1 Raw materials characterization

4.1.1 Powder characterization

Fig 4.2 shows the SEM images of alumina and yttria-stabilized zirconia (YSZ) powder. Particle
size distribution curves of as received and alumina and YSZ were shown in Fig 4.3. The

average particle size of alumina and YSZ powders are 296 nm and 300nm, respectively.

wiazsna 200k DR S ELETIA 0.5pm

Fig. 4.2 SEM images of a) alumina b) yttria-stabilized zirconia (YSZ)
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Fig 4.3 Images of Particle Size Analysis curves a) alumina b) YSZ.
4.1.2 Phase analysis
The X-ray diffraction patterns of as-sintered Al.Oz and ZTA forms are presented in Fig. 4. The
analysis of XRD patterns revealed that Al.Os powders contains only a -Al.O3 phase (ICSD:
98-003-2923) and ZTA contains tetragonal zirconia phase (ICSD: 98-003-0698), monoclinic
zirconia phase (ICSD 98-007-1839), and a -Al203 phase (ICSD: 98-003-2923) as indexed in
Fig. 4.4.
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Fig. 4.4 XRD analysis of a) alumina b) yttria-stabilized zirconia (YSZ).
4.1.3 Characterization of Polyurethane Foam (PUF)
The cellular structure of PUF was studied by scanning electron microscope (SEM). PUF strut
and cell size were recoded at different magnifications. The images are shown in Fig 4.5. It is
evident from the SEM micrograph that the structure of the cell can be considered a random
distribution of 3dimensional polyhedral cells.

Fig 4.5 Images of PUF a) PUF b) Scanning Electron Microscope Image of PUF.
4.1.3.1 Cellular Properties
The cellular properties such as cell diameter, strut thickness, and distance between two adjacent
cells can be measured using image analysis software. All cellular properties are determined and
tabulated in Table 4.1.

Table 4.1 represent the cellular properties of polyurethane foam

Foam Cell diameter Strut thickness Distance between two Density
condition (mm) (mm) adjacent cells (mm) (gm/cc)
10 PPI 3.49 0.50 2.73 1.20
20PPI 2.3 0.4 2 1.20
30PPI 1.9 0.36 11 1.20

4.1.3.2 Thermo Gravimetric — Differential Thermal Analysis (TG-DTA) of PUF
Thermal analysis is a group of techniques that measure the physical property as a function of

temperature while the material is subjected to a controlled program. The thermal gravimetric
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analysis (TGA) and the differential thermal analysis (DTA) investigate the thermal
characteristics of materials. Fig 4.6 shows the TG —DTA Curves of PUF.
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Fig 4.6 TG —DTA Curves.

TG/DTA plot of the PUF is shown in Fig. 4.6. It is evident from the TG plot that weight loss
is started at around 260 °C and proceeds through major thermal exo events indicated by two
broad DTA peaks leading to the complete loss in the range of 550-600 °C. This corresponds to
the thermal degradation of the urethane structure which is the inherent chemistry of polymeric
foams [25]. As decomposition of the polymer occurs through the formation of mainly gaseous
products, a lower heating rate is preferred to avoid the sudden release of gaseous products,
creating stresses in the alumina coatings leading to minor cracks. However, a longer soaking
time will ensure reaching equilibrium to ensure close to complete loss of organic formulations.

An optimum heating schedule followed in the current study is depicted in Fig. 4.7.

A

1650

1000}

Temperature °C

45 5 75 8 9 1
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Fig 4.7 Sintering schedule for alumina and ZTA.
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4.2 Slurry preparation
The slurry preparation involves choosing the right chemical composition of slurry with the

required solid loading (wt%). Solid loading of the slurry is the amount of solid present in the
slurry. The formulation of slurry for 55% solid is given in Table 4.2.
Table 4.2 Formulation of alumina slurry

Powder (grams) De lonized(DI) Daravan (2% of | Methyl Cellulose Ether (2%
water (gm) Alumina) (gm) of Alumina) (gm)
100 81.82 2 2

4.2.1 Viscosity measurement

Viscosity measurement of alumina and ZTA powder suspension with a solid loading of 55%
is depicted in Fig.4.8. The viscosity vs shear rate plot shown in Fig. 4.6 shows that it isn't easy
to achieve percentage loading on the foam and a uniform coating. The slip has exhibited a
pseudoptotic behaviour in the lower shear rate. Shear-thinning behaviour is preferred for
retaining the slip on the polymer studs after coating and thixotropic over a period to adhere
uniformly while the excess slip is removed. This can be attributed to the optimized binder (2
wt% methylcelluloses) and dispersant (Darvan 821A, 2wt%) concentration which added to the

slip formulation and ball milling process.
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Fig.4.8 Image viscosity vs. shear rate.
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4.3 Microstructure and mechanical properties

4.3.1 Microstructure characterization of bare foams

The sintered alumina ceramic foam derived from polyurethane foam is depicted in Fig 4.9 (a)-
(c). Dip+sparay coated foam having a higher strut thickness with uniform coating than dip-
coated foam. The dip + spray coating process was adopted to fabricate all the foams to achieve
superior properties. Fig. 4.9 (d) —(f) shows the SEM images of dip+sparay coated 10PPI, 20PPI
and 30PPI alumina foams taken at different magnifications and analyzed. In dip-coated alumina
foam, strut shows non-uniformity with strut thickness, and dip+sparay coated alumina foam

offering a uniform coating than dip-coated foam.

Fig 4.9 Images of a) PUF b) Sintered dip-coated alumina foam c) Dip + Spray coated foam
d) SEM image of 10PPI foam e) SEM image of 20PPI1 foam f) SEM image of 30PPI foam.

4.3.2 Mechanical characterization

All the fabricated foams were characterized under static and dynamic conditions to evaluate
their mechanical properties. Fabrication of bare and composite foams ( infiltrated &
encapsulated with polymer and metal with different PPI levels ) is discussed in chapter 3.
4.3.2.1 Compression Test

Figs. 4.10 and Fig 4.11 (a)-(c) shows the stress-strain compression behaviour of bare,
encapsulated, and infiltrated Al.Oz and ZTA foam samples, respectively. All the samples were
tested at a strain rate of 0.003 s at room temperature. Al,Os and ZTA foam showed the same
failure behaviour; all the mechanical values are listed in Table. 4.3. The fracture proceeds by

breaking weaker struts by stress concentration without focusing on any distinct region, leading
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to failure as in a typical porous ceramic sample. However, due to the foam's cellular nature,
several kinks extend the energy absorption region. 10PPI foam shows higher compressive
values than 20PP1 and 30PPI due to increased strut thickness in 10PPI foams. Fig 4.11 shows
the stress-strain curves of encapsulated and infiltrated foams with polymer/metal. Al.Os and
ZTA. On encapsulation, there was a substantial increase in compressive strength when
compared to bare foams. This can be attributed to the uniform distribution of stresses due to
the epoxy flexible polymer encapsulation over irregular ceramic foams leading to effective
load transfer to all struts. This is also evident from the absence of several kinks in a stress-
strain curve observed in bare foam. Al20s and ZTA foam on infiltration with polymer and
aluminium metal have remarkably enhanced compressive strength compared to bare foam and
encapsulated foams. The stress-strain curve also exhibited a transformation of fracture
behaviour from brittle fracture to ductile due to infiltration. The stress-strain curve shows
distinct regions such as increasing stress with strain and a plateau showing the constant load-
bearing region and a region of decreased compressive stress with strain. This behaviour can
also be attributed to the epoxy polymer/metal fraction, which partially bears the load in
combination with ceramic strut reinforcements. Fig. 12 shows the comparison of compressive

strength values of Al.Ozand ZTA foams.
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Fig. 4.10 shows the compressive Stress-strain curves of Al,Oz;foam (a)10 PPI (b)20PPI1(c)30PPI.
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Fig. 4.11 shows the compressive Stress-strain curves of infiltrated and encapsulated with
polymer and metal (a) 10 PPI (b) 20 PPI (c) 30PPI.
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Fig. 4.12 shows the comparison of all the compressive values (a) Alumina foam (b) ZTA.
4.3.2.2 Impact Test

All the fabricated foams (bare and composite) with different pore levels are characterized under
the dynamic condition to evaluate specific impact energy (SIE). The results of SIE values are
shown in Fig. 4.13. Metal infiltrated 10PPI foams showed higher SIE values when compared

to polymer composite and bare foams. All the values are represented in Table. 4.3. In the case
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of foams with metal infiltration, molten metal fraction in the foam contributes to enhancing the

energy absorption through the mechanism of composite failure.
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Fig. 4.13 shows the comparison of all the specific impact values of (a) Alumina foam
(b) ZTA foam

Table 4.3 represent the mechanical properties of Al.Ozand ZTA foams

Alumina ZTA

Foam condition (PPI) 10 20 30 10 20 | 30
Strut Thickness(mm) 0.85+0.2 | 0.69+£0.2 | 0.41+0.2 | 0.84+0.2 [ 0.63 | 0.4

Cell Diameter (mm) 1.35£0.2 | 1.21£0.2 | 1.11£0.2 | 1.30+0.2 [ 1.20 | 1.0
Porosity (%) 80 82 85 82 843 | 86

Bare foams 0.8 0.5 0.4 0.72 042 04

Encapsulation with 6.32 6 5.2 5 55 | 6.1

Compression polymer

(MPa) Polymer | 28 26 24 25 23 | 22
Infiltration | Metal 35 34 28 31 29 | 26

Plateau stress ( O, (MPa)) 1.2 0.95 0.6 1.2 0.8 | 0.5
Energy absorption efficiency 60.2 40 34 58 38 | 33

(EAE (%))

Energy absorption density (¢ ;) 4 2.1 0.7 1.8 2 1.6
Porosity (%) 94.5 93.9 93.5 92 90 |89.5

4.4 Summary

Alumina and ZTA foams (10PPI, 20PPI, 30PP1) were successfully prepared using a polymeric

sponge replication process. The samples are subjected to infiltration with molten aluminium

and encapsulate & infiltrated with polymer in order to make a metal and polymer composite.

10PPI metal infiltrated foam with 36MPa shows better mechanical properties with respect to

all other foams
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Study the Effect of Nickel Coating on the Mechanical Behaviour
of Al203 Foams

The effect of Nickel coating on the mechanical behavior of Al,O3z foams under quasi-static and
dynamic conditions was studied. Initially, Al.O3 foams with 10, 20 and 30 Pores Per Linear
Inch (PPI) were prepared by polymeric sponge replication technique and subsequently, foams
were coated with nickel (Ni) by an electrolytic process. The effect of nickel coating on cellular
properties (pore size, density, strut thickness) and composite effect on physical and mechanical
properties of alumina were also described. The fabricated foams were sintered at an optimized
conventional sintering schedule. The details of the characterization techniques used are
described in chapter 3.

5.1 Raw material characterization

XRD pattern for alumina powder is shown in Fig. 5.1. The XRD data confirmed Phase pure
alpha-alumina. Thermogravimetric curve and DTA indicating thermal events are shown in Fig.
5.2. It is evident from TG curves that degradation of polyurethane foam starts at 270 °C and
reaches a plateau at 400 °C, the complemented DTA peaks indicating exothermic reactions due

to polymer burnout during heating.
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Fig.5.1 XRD pattern of the as-received alumina powder.
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Fig.5.2 TG-DTA curves of polyurethane foam.

5.2 Mechanism of Electroplating of Nickel
Under the direct current's influence, a process occurs at anode and cathode (Al>O3 foam with
conducting coating), respectively.

Anode: Ni—>Ni*2 +2¢ (5.1)

Cathode: Ni*? +2e'—> Ni (5.2)
Positively charged nickel ions (Ni*2) produced at the anode will be attracted to alumina foams
coated with a conductive coating that acts as the negative electrode [230]. The positively
charged nickel ions (cations) get deposited as Ni, and the coating process continued until the
desired thickness is achieved on alumina foams. The deposition rate was found to be
2.85um/min at an equilibrium point.
5.3 Effect of number of coating on cellular properties
A plot of porosity, pore size and strut thickness vs number of coatings is shown in Figs. 5.3
(a)-(c), respectively. A significant reduction in porosity from 84 % to 18 % is observed on
increasing the coating 4 times. Accordingly, a marginal decrease in pore size and a
complementary increase in strut thickness are also observed in general in foams. However, it
is evident from Fig. 3(b) that the final pore size and strut thickness are a function of the initial
pore size of the templates. Fig. 3(c) shows the pore per linear inch increases from 10 to 30 PPI.
At the same time, strut thickness decreased from 0.7 mm to 0.2 mm, which can be attributed to

the flow constraints associated with the slurry of high solid loading under identical conditions.
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5.4 Sintering

All the foams were subjected to a slow heating rate of 1 °C/min up to 400 °C to ensure the free
escape of residual burnout gases without creating any micro-crack on the struts resulting from
excess gas pressure within the escape channels. The heating schedule also provided soaking to
ensure removing all organic materials without any ashes before heading to the peak temperature
of 1650 °C. A typical SEM picture of AF sample sintered at 1650 °C is shown in Fig. 5.4 (a)
and the XRD diffraction pattern recorded on the sample AF and ANF are shown in Fig. 4(b).
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Fig.5.4 a)SEM micrography of as-sintered and b) XRD patterns of AF and ANF samples.
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5.5 Microstructural and Mechanical characterization

5.5.1 Microstructural characterization.

A plot of coating thickness of Ni vs coating time is shown in Fig. 5.5. There is a strong
correlation between thickness and coating duration. A typical micrograph showing the
coating thickness of 13.3 um after coating for 3 min, which increased to 51.4 um after 18
min, is shown in Figs. 5.5 (a) and (f). Beyond 18 minutes, the coatings were delaminated,
resulting in peeling off, and the coatings were also found to be brittle. SEM pictures of the
interfacial features showing adhesion due to heat treatment without any delamination. Though
there is a difference in the thermal expansion of alumina substrate and nickel, the stress did
not result in delamination or micro-cracking along with the interface due to the inherent

porosity that existed in the substrate as the deposit.

Fig. 5.5 SEM Image of Cross section of ANF with different time intervals (a) 3min (b) 6min
(c) 9min (d) 12min (e) 15min (f) 18min.
5.5.2 Mechanical characterization
Stress-strain curves recorded on AF and ANF foams are shown in Fig.5.6. It is evident from
the stress-strain curves that AF specimens showed 0.8, 0.52 and 0.4 MPa for 10, 20 and 30 PPI,
respectively and this was complemented by solid supporting the load. All the foam samples,
irrespective of their cell density, exhibited similar failure behaviour, showing a steep increase
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initially to a peak stress value followed by a sudden drop exhibiting typical brittle failure. In

case of ANF specimen, Ni coating resulted in a substantial increase in compression strength,

as is evident in Figs 5. 6(a)-(c). The compressive strength of ANF specimens was 16.2, 8.3 and
6 MPa for 10,20 and 30PPI, respectively.
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Fig. 5.6 Compression stress-strain curves of (a) AF and ANF with 10PPI (b) AF and
ANF with 20PPI (c) AF and ANF with 30PPI

Further, there was a significant change in the mechanism of fracture in all foams, going from

brittle to ductile behaviour. Additionally, higher peak compressive stress values were enhanced

by inhibiting crack initiation on surface flaws on AF due to Ni coating. A plot of compressive

strength as a function of coating thickness with respect to time is shown in Fig. 5.7, which

exhibits a strong correlation with the compressive strength and coating thickness.
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Fig. 5.7 Relationship between the compression stress of foam with coating thickness
Further, Plateau stress (opi), energy absorption per unit volume (Uy or energy absorption density
(EAD)), densification strain (gcq), and energy absorption efficiency (EAE) were estimated

using the equation [231] below:

€cd
fe; ode

Op1 = m (5.3)
Where op is plateau stress, &cq is onset densification strain and gy strain value at initial yield
corresponding to the plateau regime [231]. These points represent the interaction between cell
walls with respect to different points on stress-strain curves [32]. Table-1 represents the values
of energy absorption efficiency (EAE), energy absorption density (€cq) and plateau stress (opi).
Further, the plateau region is analyzed using densification strain (ecd), representing the
interaction between the cell walls at different points on the stress-strain curve and deformation
modes in the plateau region. Densification strain (ecq) IS calculated from the plot of energy
absorption efficiency (EAE) vs compressive strain. Energy absorption efficiency (EAE) is
regarded as the ratio of energy absorption at a particular strain divided by stress (o), and is

expressed as equation (2) below [232,233],
1 e
e = Efo ode (5.4)

Energy absorption of the cellular structures per unit volume (Uy) was calculated from the area
under the stress-strain curve up to the densification strain &cq, and it is shown by equation [234]

given below:

U, = fog ode (5.5)
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Fig.5.8 shows the comparison of stress vs strain and energy absorption efficiency vs strain for
ANF samples for different pore sizes. Energy absorption efficiency increases monotonically
with respect to strain value, reaches a maximum value at densification strain, and decreases
with respect to increased strain value, as depicted in Table-5.1.

Table-5.1 Plateau stress (op ), energy absorption efficiency (EAE) and energy absorption
density (ecq) values of AF and ANF foams

PPl | Gpeak (MPa) £cd op (MPa) EAE (%) | EAD (MIm®)
AF [ANF| AF | ANF | AF | ANF | AF | ANF | AF | ANF
10 | 08 | 16.2 | 0.0436 | 0.55 | 0.306 | 0.625 | 2.24 | 40.29 | 0.00045 | 2.03
20 | 052 | 83 | 0032 | 031 | 0302 | 0.8 | 1.21 | 26.31 | 0.00031 | 0.89
30 | 04 | 6 | 0031 | 025 | 0.28 | 0.74 | 1.01 | 21.78 | 0.00023 | 1.24
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Fig.5.8 Comparison of stress vs strain and energy absorption efficiency with strain.
Fig. 5.9 shows specific impact energy (SIE) of AF and ANF foams. SIE values for bare Al>O3
were found to be 0.5, 0.4 and 0.35 Joules for different pore densities of 10, 20 and 30 PPI,
respectively. In case of ANF specimens, there is a moderate enhancement of SIE, which was
8- 9 times the marginal difference based on PPI. The bonding at the heterogeneous interface of
alumina and Ni results in the delamination of layers at higher stress values leading to its failure,
which is also contributed by feeble bonding at the porous regions of the interface. This is
probably why SIE values observed during impact tests as a result of Ni coating were relatively
lower than enhancement in compressive strength values observed under lower shear rates.

Fractographic analysis of SEM images depicted in Fig.5.10 indicated a mixed-mode of inter
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and intragranular brittle fracture; however, the ANF fractographic analysis of Ni coatings

showed ductile fracture features deformation marks and micro dimples.
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Fig. 5.10 SEM micrographs of fracture surfaces.

5.6 summary:

Reticulated foams with 10, 20 and 30PPI were prepared by the polymeric sponge replication
process. In an attempt to improve the mechanical properties of alumina foams with their
inherent brittle nature, the foams were electroplated with nickel. The effect of coating thickness
on adherence and improvement in mechanical properties was evaluated. During static
compression tests, Ni coating substantially enhanced compressive strength in case of all foams,
irrespective of their pore density. An increase of 19 times in case of foams with 10 PPI and 14-
15 times increase in case of foams with 20 and 30 PPI, respectively, was observed compared
to bare foams due to Ni coating. Bare Al,Oz3 a brittle material, is a bulk structure and surface
flaws play a major role in initiating crack under stress concentration. Ni coating acts as a barrier

that prevents crack initiation under stress leading to higher peak compressive stress values.

73



Chapter 5 Study the Effect of Nickel Coating on the Mechanical Behaviour of Al,0; Foams

Additionally, the ductile deformation of nickel also resulted in a mixed fracture behaviour.
Plateau stress (opi), energy absorption per unit volume (Uy or energy absorption density
(EAD)), densification strain (ecq), and energy absorption efficiency (EAE) were estimated and
evaluated based on comparison with foams, revealing the effect of Ni coating on the
mechanical behaviour of alumina foams. Under the dynamic impact, energy absorption

properties were limited to a maximum of 9 times compared to bare foams.
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Chapter-6

Open-cell Foams Prepared Through Thermo-Foaming Method

This chapter describes the fabrication of Al,Oz and ZTA foams through thermo-foaming
method. Study the effect of different sucrose to powder weight ratios on microstructural and
mechanical properties. Foaming temperature and foaming time on the porosity changes have
also been discussed. The details of the characterization techniques used are described in chapter
3.

6.1 Raw materials characterization

XRD pattern for alumina powder and yttria-stabilized zirconia (YSZ) is shown in Fig. 6.1(a)-

(b). The XRD data confirmed phase pure alpha-alumina and YSZ.
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Fig. 6.1 XRD analysis of (a) Alumina (b) yttria-stabilized zirconia (YSZ).
Fig. 6.2 shows the TG/DTA plot of neat sucrose. It is evident from the TG plot that weight loss
started around 230 °C due to dehydration of sucrose. Dehydrate sucrose, involving significant
thermal exothermic reactions, is indicated in DTA peaks, leading to a complete loss at a range
of 550-600 °C [235]

120

' Té -2.4

100 ——DTA I Exo [ 22
2.0
80 - =)
18 £
£
60 16 &
(] 14 g
> 40 )
§ F12 O
04 Lo '<£
0.6 O
-20 4 0.4
404 Lo.2
T T T T T T T OO
0 100 200 300 400 500 600

Temperature (°C)

Fig. 6.2 TG-DTA curves of pure sucrose.
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6.2 Foam fabrication

The process flow chart for the fabrication of Al.Oz and ZTA foams is depicted in Fig. 6.3. The
Al2O3/ZTA powder to sucrose weight ratios (Wpss) was mixed in planetary ball milling in
acetone medium for 5h using zirconium balls as grinding media. Al.O3 powder to sucrose
weight ratios, powder mixture to acetone, and sucrose to zirconia balls weight ratios are

represented in Table .6.1.

AlLO:powdert+ ZTA powder+
Sucroset Acetone ( with different
weight ratios )

'

Formulation ball milled for 5h

J.

Suspension melting at 185 °C in
air oven

¥

Foaming and setting at different

temperature ranges 120 °C to 180
°C

'

Eemoval of organic at 650 °C and
sintering at 1650 °C

'

Al and ZTA foams

Fig. 6.3 Preparation of Al.Ozand ZTA foams by the thermo-foaming method.

Table .6.1 represents the weight ratio values of powder to sucrose weight ratio, powder
mixture to acetone and powder mixture to zirconia balls

Details Weight ratio
Powder to sucrose weight ratio (Weys) 0.6-1.4
Powder mixture to acetone 1:3
Powder mixture to zirconia balls 1:6

6.2.1 Foaming mechanism
The sucrose used in the present work melts at nearly 185 °C; further increase in temperature
results in the formation of a dark brown, high viscous liquid known as caramel, which contains

a complex mixture of compounds. During foaming at different temperatures, the -OH to -OH

76



Chapter 6 Open Cell Foams Prepared Through Thermo-Foaming Method

condensations are catalyzed by H* generated from blowing agents, reducing the foaming time
[236,237]. Al.O3/ZTA powder dispersed molten sucrose was heated in an oven at different
temperatures ranging from 120 °C to 180 °C involving slow foaming and setting the mixture
into solid foams without any additional blowing agent [238]. Al.O3/ZTA powder dispersions
in molten sucrose undergo foaming when heated at different temperatures in the range of 120
°C -180 °C. The caramelization of sucrose involves the formation of glucose and fructose
anhydride, while further condensation reactions via -OH groups to form polymeric products in
different stages lead to the formation of caramelan (C24H3s018), caramelen (CssHs0025), and
humin or caramelin (Ci2sH1880sg0 ) [236,239-241]. The bubbles are generated in molten
sucrose due to water vapor produced by condensation reactions and are stabilized by viscosity.
Bubble stabilization and setting in foam dispersions are attributed to improved viscosity due to
continued condensation [242]. Al.O3/ZTA powder dispersion facilitates foaming by promoting
-OH condensation. In addition, the AIl>O3/ZTA powder particles adsorbed on the
suspension/liquid-air interface provide extra bubble stability via a particle stabilization
mechanism. Gas bubbles were stabilized by reducing gas-liquid/suspension interface tension
using suitable surfactant or higher viscosity [243]. Fig. 6.4 (a) shows Al,O3/ ZTA powder
dispersed in molten sucrose at 185 °C, and Fig. 6.4 (b) shows after foaming and setting, while
Fig. 6.4 (c) depicts crack free sample obtained after sintering at 1650 °C. The foam rise value
was calculated by the final foam height ratio to the initial Al.O3/ ZTA powder dispersion
height, and Fig. 4 shows the foam rise value vs. foaming temperature. Fig. 6.5 shows the foam
rise value vs foaming temperature. The foam rise value depends on the powder to sucrose
weight ratio (Wpss) and foaming temperature. The foam rise value increased with foaming
temperature up to a critical foaming temperature (foam rising reaches a maximum at a
particular temperature); after that, foam rise value decreased. Further increase of foaming
temperature beyond the critical foaming temperature resulted in decreased foam rise value due
to foam collapse. It is observed that Wes influences the critical foaming temperature, and

critical foaming temperature decreases when Wepys increases.
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Fig. 6.4 Al,O3 /ZTA powders dispersion in sucrose melted at 185 °C, (b) the foam obtained after
foaming and setting, (c) after sintering at 1650 °C.
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Fig. 6.5 Foam rise value vs foaming temperature.
Fig. 6.6 (a)-(b) represents foaming and foam setting time vs. foaming temperature ranging from
120 °C to 180 °C for different Wps values. The foaming and foam setting time decreased with
increasing Wpss and temperatures. The foams produced from this method had a hard layer on
the top surface that had to be removed, and a sample crack-free uniform surface foam was
obtained.
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Fig. 6.6 Relationship between (a) foaming time vs foaming temperature,
(b) foam setting time vs foaming temperature.
Fig. 6.7 shows the effect of foaming temperature on volume shrinkage with different weight

ratios. Al.O3/ ZTA dispersed molten sucrose heated in an air oven for foaming and setting at
different temperatures ranging from 120 °C -180 °C followed by sintering up to 1650 °C. The
volume shrinkage mainly depends on Al.O3/ZTA powder loading in We;s composition. Foam

shrinkage value decreased with an increase in Whpys.
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Fig. 6.7 Effect of foaming temperature on volume shrinkage at different weight ratios.
6.3 Phase analysis
The X-ray diffraction patterns of as-sintered Al.Oz and ZTA forms are presented in Fig. 6.8.
The analysis of XRD patterns revealed that Al2O3 powders contain only a -Al.O3z phase (ICSD:
98-003-2923) and ZTA contains tetragonal zirconia phase (ICSD: 98-003-0698), monoclinic

zirconia phase (ICSD 98-007-1839), and o -Al203 phase (ICSD: 98-003-2923) as indexed in
Fig. 6.8.
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Fig. 6.8 XRD patterns of Al,O3 and ZTA.
6.4 Microstructural characterization
Al>O3/ZTA foams have interconnected cellular structures with solid struts represented in Fig.
6.9 (f), irrespective of Wpis and foaming temperature. Foams showed near-spherical-shaped
cells up to We;s=1.2 and were interconnected through the cell window. Figs. 6.9 (a)-(f) show
the SEM micrographs of various Al,O3 foams. When Wheys increased to 1.4, there was a
significant distortion in the morphology. The foam cells extended in the direction of foam rise,

resulting in a nearly oval form, as observed in Fig. 6.9 (e).

R R =4

Fig. 6.9 SEM images of the Al,O3; foams with different weight ratios
(@) Wess =0.6, (b) Weis =0.8, (¢) Weis =1, (d) Weis =1.2, () Wess =1.4 and (f) solid foam strut.
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6.5 Mechanical characterization

6.5.1 Compressive Strength

Stress-strain curves recorded on Al,O3/ZTA foams with 1.2 weight ratios are shown in Fig.
6.10. The stress-strain curves of Al,Os/ZTA foams under static loading involve a linear elastic
region followed by a yield point or peak stress and a plateau region. Initially, foams were
deformed elastically up to the peak stress value; after reaching the maximum stress value, a
sudden drop of stress due to fracture occurred on top of the cell strut and gradually transferred
to the next cells. It continued with increasing load up to complete failure of the foam. All the
foams showed similar failure mechanisms irrespective of cell density and size. Mechanical
properties depend on the density of the foam. Table. 2 shows the foams' porosity with respect
to different Al,Os/ZTA powder to sucrose weight ratios. The Compressive strength of Al2O3
and ZTA foams was 0.7, 1.2, 1.7, 1.9, 0.72 MPa respectively and 0.9, 1.3, 1.5, 1.8, 0.6 MPa
respectively at different Wpis of 0.6, 0.8, 1, 1.2 and 1.4. Al>O3 and ZTA foams exhibited
increased compressive strength values from 0.96 to 1.9 MPa and 0.9 to 1.8 MPa, when Weg/s
increased from 0.6 to 1.2. On further increasing Al.Osand ZTA powder to sucrose weight ratio
up to 1.4, a significant decrease in the compressive strength value to 0.72 and 0.7MPa occurred

due to the partial collapse of cell walls during the foaming and setting in both foams.
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Fig. 6.10 Stress-strain curves of the Al.O3 and ZTA foams at various Al2O3
and ZTA powder to sucrose weight ratios.
6.5.2 3- Point Bending Test
Un-notched and notched Al.Oz and ZTA specimens were adopted for a 3-point bending test
with different porosities ranging from 94.5% to 92% and 92% to 89.5%, respectively. Figs.
6.11 (a)-(b) show the typical load vs displacement curves of Al,Ozand ZTA specimens (Wp/s
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=1.2), where the specimens showed a linear part followed by an abrupt drop of the applying
load corresponding to a brittle failure. Un-notched specimens were used for analyzing the
fracture strength using the following equation:

3P, L
% = 2BH?

6.1)

Pmax represents the peak load at fracture starts [244]. Notched samples were used for calculation
of fracture toughness using the relation below:

Pmax

Kic = Wf(a/W) (6.2)

5 1.99—(a/W)(1-(a/W)[2.15-3.93(a/W)+2.7((a/W)’
[1+2(a/W)][1-(a/W)]"®

fla/w))==(a/w)"

Table .6.2 represent the Values of Porosity, Compression (MPa), Bending stress (MPa), and
Fracture toughness (MPa m*?)

Alumina ZTA
Weight ratios 06 |08 |1 1.2 |14 |06 |08 |1 12 |14
(Whpis)
Compression 0.7 |12 1.7 19 10.72 | 0.9 1.3 1.5 18 |06
(MPa)
Bending stress | 0.49 | 054 | 069 |[0.75 |051 (0.7 |085 |11 |12 |O0.75
(MPa)
Fracture 053 | 0.67 |0.76 |0.77 |054 |1.23 |1.27 |131 |136 |11
toughness
(MPa m'?)
Porosity (%) 945 (939 |935 |90.2 |92 92 90 89.5 | 89.4 | 89.5

The bending strength and fracture toughness of Al,Oz and ZTA foams are listed in Table. 2.
Al;Osfoams had lower bending strength and fracture toughness compared to ZTA foams. ZTA
foams showed increased bending strength when compared to Al,O3 foams values and these
were 42.8%, 57.4%, 59.42%, 60%, 47% respectively while fracture toughness was 131.1%,
89.5%, 72.3%, 76%,103.7% at different weight ratios ranging from 0.6-1.4 respectively. ZTA
foams possess good toughness due to their unique property known as the transformation
toughening mechanism. In ZTA foams, the applied load reaches a peak point; the foam starts
cracking, and the crack tries to propagate through tetragonal zirconia polycrystals (TZP) grains
[8]. Fig. 6.12 shows TZP grains (white colour) in the Al,Oz matrix. The tetragonal grains in
the vicinity of crack propagation transform into the monoclinic phase through a stress-induced
transformation; the volumetric expansion of transformed grains generates a compressive force

on the crack which resists propagation [245,246].
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Fig. 6.11 load-displacement curves (a) un-notched specimen and (b) notched specimen.
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Fig. 6.12 SEM image of strut surface of ZTA foam.

6.6 Conclusions

Al;0O3 and ZTA foams were successfully fabricated using the thermo-foaming method with
different powder to sucrose weight ratios (Wpis =0.6 to 1.4). The compressive strength (o),
bending strength and fracture toughness of the foams were evaluated. Maximum compressive
strength of 1.9 MPa was observed for Al,Oz and 1.8 MPa for ZTA at Wps value 1.2. Further
increase in Wpss value led to decreased compressive strength due to partial collapse of foams
cells during foaming and setting. ZTA samples showed better bending strength and fracture
toughness than Al,O3 foams irrespective of their Wepys, and the corresponding values are 1.2
MPa and 136 MPa m*2. The improved bending strength and fracture toughness of ZTA is
attributed to the transformation toughening mechanism.
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Chapter-7

Closed-cell Foams Prepared through Sacrificial Phase Template
Technique

This chapter describes the fabrication of Al2O3 and ZTA closed-cell foams through the space
holder method. It studies the effect of pore size on the mechanical properties of Al.Oz and ZTA
closed-cell foams. Different sizes and volume percentages of space holders (polystyrene beads)
were added to the powders to obtain varying porosities. Pore size and porosity effect the
mechanical properties we have discussed. The details of the characterization techniques used
are described in chapter 3.

7.1 Raw materials characterization

7.1.1 Phase and microstructural analysis

XRD pattern for alumina powder and yttria-stabilized zirconia (YSZ) is shown in Fig. 7.1(a)-

(b). The XRD data confirmed phase pure alpha-alumina and YSZ.

14000

@ + Hexagonal Alumina
120001 .

20 30 40 Sb 60 70 80
20

Fig. 7.1 XRD analysis of (a) Alumina (b) yttria-stabilized zirconia (YSZ).
Different size spherical shape polystyrene beads were used as a space holder in this study.

Fig.7.2 shows the SEM images of polystyrene beads with uniform sizes.

T, Warangal 5 0 T, Warangat

Fig. 7.2 Polystyrene beads with different sizes a) 10pum b) 20 um c) 40 pm.
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7.1.2 TG-DTA Analysis

Fig. 7.3 shows the TG-DTA plot of neat sucrose. It is evident from the TG plot that weight loss
started around 230 °C due to dehydration of sucrose. Dehydrate sucrose, involving significant
thermal exothermic reactions, is indicated in DTA peaks, leading to a complete loss at a range
of 550-600 °C.
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Fig.7.3 TG-DTA curves of polystyrene beads.

7.2 Foam fabrication

Al>0O3 and ZTA closed-cell foam with varying porosities were fabricated. Fig. 7.4. shows the
flow chart for fabrication of Al,Oz and ZTA closed-cell foam with varying porosities. Varying
porosities were obtained by adding different volume % of beads to the powders. Different wt
% (i.e 5 to 20 wt%) of YSZ were added to the zirconia powder to make ZTA, and these ZTA
compositions were labeled as ZTA-5, ZTA-10, ZTA-15, and ZTA-20. Different sizes of beads
were added to the AlOs and ZTA powders to obtained varying porosities described in the
below Fig.7.4
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Fig.7.4 Preparation of Al.Ozand ZTA foams by the space holder method.

7.3 Optimization of sintering temperature

Based on TG/DTA study, the sintering schedule was designed and is shown in Fig 7.5.

Pyrolysis of the polystyrene beads starting at 230 °C and ends at 550 °C. In this process, we

used two different heating rates i.e 0.5 °C/min and 0.1 °C/min. A higher heating rate (0.5

°C/min) will result in cracks on the sample due to a higher pyrolysis rate. To reduce these

cracks, we used a lower heating rate, i.e. 0.1 °C/min, and obtained a crack-free sample. Fig 7.5

shows the sintered samples at 1650 °C with a heating rate of 0.5 °C/min and 0.1 °C/min.
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Fig. 7.6 SEM images of sintered sample at 1650 °C a) 0.5 °C/min b) 0.1 °C/min.

7.4 Microstructural analysis

A scanning electron microscope (SEM) was used to find the pore size and pore distribution in
the sample after sintering. Fig 7.1 shows the microstructure of ZTA-20 foam with 10 um size
pore size with different volume % of beads added to the powder. The number of pores and
porosity is dependent on the volume % of beads added to the powder. Fig 7.1 (a) shows the 20
vol% beads added to ZTA-20 and its low porosity and less number of pores being formed than
80 vol%. Fig. 7.2 and Fig.7.3 show the images of 20 um and 40 um size pores with different
volume % beads added to the powder. Table 7.1 represents all the porosity values.
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Fig 7.7 SEM images of 10 micron size beads at different volume percentage in ZTA powder
(@) 20Vol% (b) 30Vol% (c) 40Vol% (d) 50Vol% (e) 60Vol% (f) 70Vol% (g) 80Vol%.
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Fig 7.8 SEM images of 20 micron size beads at different volume percentage in ZTA powder
(@) 20Vol% (b) 30Vol% (c) 40Vol% (d) 50Vol% (e) 60Vol% (f) 70Vol% (g) 80Vol% .
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Fig 7.9 SEM images of 40 micron size beads at different volume percentage in ZTA powder
(@) 20Vol% (b) 30Vol% (c) 40Vol% (d) 50Vol% (e) 60Vol% (f) 70Vol% (g) 80Vol%.

7.5 Mechanical properties analysis

All the fabricated Al>O3 and ZTA samples show similar kind of failure beahviour. Because of
certain constraints, we reported limited samples of stress-strain curves. The low porosity
samples stress-strain curves show an elastic behaviour up to a sudden rupture. On the other
hand, the highly porous samples showed typical behavior of ceramic foams. After an initial
linear phase, a plateau characterized the stress-strain curve due to a progressive collapse of the
solid phase by fracturing the solid walls between pores. The load drops noted in the plateau
phase can be associated with the propagation of small cracks in the ceramic, either by wall
bending or buckling. The maximum load reached during the test was used to calculate the
compressive strength of the porous material. The compressive values are strongly dependent
on the porosity of the sample. When porosity increases, the compressive strength decreases.
Fig 7.10 shows the stress-strain curves, 20 Vol% samples showed higher compressive values
with complete ceramic failure. By increasing beads volume %, the compressive strength values
decreased and the failure phenomena changed from ceramic to open pore cellular structure.
The comparison between the compression strength values vs porosity vs % beads added to the
powder is shown in Fig 7.11. When volume % of beads increased from 20 Vol% to 80 Vol%,
the porosity and compressive values were 21.9, 23.5, 24.3, 31.5, 37.9, 40, 65% and 658, 480,
217, 170, 43.5, 17.5, 12.6 MPa respectively. The porosity of the samples increased based on
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the pore size i.e., 40 um pore sample had higher porosity than 20 um and 10 pum pore size

samples at similar volume %. Table. 7.1 represents the compressive values with respect to

different porosities
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Table. 7.1 represents the compressive values with respect to different porosities.

Alumina ZTA-5 ZTA-10 ZTA-15 ZTA-20
Beads | Vol | Porosity | Compression | Porosity | Compressi | Porosity | Compressio | Porosity | Compression | Porosity | Compression
Size | (%) | (%) strenhth (%) | onstrenhth | (%) n strength (%) strength (%) strength
(um) (MPa) (MPa) (MPa) (MPa) (MPa)
20 16.2 720 20 670 21.9 658 20 660 21 700

30 18.1 500 22.1 490 23.5 480 22.3 470 26 450

40 21.9 320 234 300 24.3 217 25.3 300 32 290

10 50 23.5 250 31 200 31.5 170 30.3 180.5 39 112
60 24.3 80 36 52 37.9 43.5 40.8 40 43 64

70 31.5 50.2 41 20 40 17.5 43 21.2 49 26

80 37.9 20 64.2 15.2 65 12.6 63 10.6 59 8

20 22.2 590 22 580 23.5 562 20.3 550 22 555

30 26 479 25.9 460 26 309 25.2 320 27 392

40 36.5 397 34 270 30 240 334 260 35 280

20 50 | 375 302 35.2 180 36 160 37 150 41 100
60 433 269 41.2 70 40 40 43.8 35 44 53

70 44.2 222 43 35 45 30 49 26.5 51 24

80 46.8 180 64 7.3 65 5.6 68 8.2 61 7.5

20 23 480 26 450 25 470 29 465 26 462

30 31.8 405 32 290 29 275 25 280 31 360

40 37.9 352 35.2 250 33 230 35 220 38 240

40 50 39.9 205 40.2 170 39 150 40 140.5 44 162
60 44 243 45.8 49 41 50 51 48 49 40

70 45 201 46 35 50 40 55 35 55 20

80 48.5 185 47.2 8 69 5 70 5.2 68 6

92



Chapter 7 Closed-cell Foams Prepared through Sacrificial Phase Template Technique

7.6 Summary:

The compressive strength values of Al203 and ZTA samples with varying porosity from 20%
to 70% were investigated by control of porosity and micropore size. The micropore size 10um
to 40um can be easily fabricated by the control of the size of polystyrene beads. A sample with
small micropores shows higher compressive strength than those with large micropores.
Alumina foams showing higher compressive values compare to ZTA foams. Al2Os, ZTA-5,
ZTA-10, ZTA-15, and ZTA-20 foam with 10um micropores sample showed higher
compressive strength values when compared to 20pum and 40um micropores samples. The
compressive strength values at 20Vol% to 80Vol% are 720MPa, 670MPa, 658MPa, 660MPa,
680MPa & 590MPa, 580MPa, 562MPa, 550MPa, 555MPa and 480 MPa,450 MPa,470
MPa,465 MPa, 462MPa for 10um, 20um and 40um, respectively.
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Chapter- 8

Deformation study through simulation

This chapter describes the deformation study of the open-cell ceramic foam through simulation.
In this process, we discussed the design of a CAD model of open-cell foam for simulation using
mimics software. These simulation results were compared with experimental results. The
details of the CAD model design steps are discussed in chapter 3.

8.1 Experimental and Numerical validation of ceramic foam

X-ray and 2D computed tomography are conventional methods for observing ceramic bone
geometry. Therefore, these conventional methods are not much informative. Advances in
imaging technology such as computed tomography (CT) and Magnetic resonance imaging
(MRI) play a vital role in visualizing and analyzing the scanned data. The CT data is useful for
constructing CAD models with advanced imaging software such as MIMICS, Invesalius, and
3D slicer.

Mimics is adequate software for processing medical images to 3D CAD models. Mimics works
on image processing algorithms that convert the computed tomography (CT) and magnetic
resonance imaging (MRI) to CAD data. The CAD data is further processed for producing
functional prototypes with 3D printing technologies, and this data can be used in advanced
engineering analysis such as Ansys and Abaqus.

In academic and research fields, Mimics plays a vital role to process image data into 3D models
and link the models to rapid prototyping (RP), computer-aided engineering (CAE), computer-
aided design (CAD), and surgery planning.

In mimics, a stack of images like x-ray data is imported, and the image consists of three planes
XY, YZ, and ZX. These planes are named Axial, Coronal, and Sagittal planes. The process of
conversion of image data into 3d models is called segmentation. The region of interest can be
sliced from the image data during segmentation. This data is further processed to develop a 3D
model that can be represented in STL file format. The STL file format is the most common in
rapid prototyping. The STL format allows describing the most complex geometries accurately
in triangular data. The STL is a tessellation of triangles, and each triangle contains three nodes
and one normal direction.

In the process of CAD modeling, STL data is exported to computer-aided design and computer-
aided manufacturing (CAD/CAM) systems for preoperative processes such as wrapping, fitting
errors, and shape. The integration of computer-aided design (CAD) and medical images allows

to development of CAD models.
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8.2 Materials and methods

The total work is discussed in six steps: scanning the specimen in Micro-CT, reading DICOM

images, thresholding, converting to STL file, STL to CAD model, and finite element analysis.

The total workflow is represented in Fig. 8.1.

Micro-CT
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Fig.8.1 Procedure to manufacture medical models.

8.2.1 Scanning the foam in Micro-CT
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Fig. 8.2 shows the 10 PPI alumina ceramic foam scanned under a micro CT-scan with several

slices was 605, and the thickness of each slice was 0.05 mm. The scanned data was imported

to MIMICS software to convert the image data into an STL file.
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8.2.2 CT image processing through MIMICS software

Advances in computer graphics such as image processing are revolutionizing medical imaging
technology. The image processing is to convert the CT data to 3D Models. They are visualized
at different views/orientations with varying colours, lighting, and surface properties, as shown
in Fig. 8.3. In this research, the medical imaging software MIMICS was used for processing
CT scan data. The MIMICS software can handle DICOM and other image formats, including
TIFF, JPEG, PNG, GIF, and BMP. The software is extensively capable of working with CT,
MRI. 3D image processing, image resizing, and image reslicing are the essential features of
this software. Other essential features such as thresholding/segmentation, region growing,
rotation, scaling, reslicing, measurements, editing, examining three-dimensional volumetric
data, assigning different object names for various tissues, and the capability of visualizing the
objects either individually or together. The software can export 3D digital object in a
compatible format, i.e. STL format. 3D reconstruction of foam-MIMICS. Converting scanned
data from 2D CT images to 3D models is called segmentation. This segmentation consists of:

» Creation of an image data set

» Thresholding and 3D reconstruction

Fig. 8.3 CT image processing and various views.
8.2.3 Creation of image datasets
A list is created with the relevant image slices pertaining to the pathology from the files'
DICOM directory. Fig.8.4 shows images in three orientations: axial, sagittal, and coronal with

a space to display the reconstructed 3D image. The images have a 512 X 512-pixel resolution.
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Fig. 8.4 3D Reconstruction of foam.
8.2.4 Thresholding and 3D reconstruction

To analyze objects in an image, it is essential to distinguish between the objects of interest from
"the rest". The techniques used to find the objects of interest are segmenting the foreground
from the background. Segmentation of CT 2D slice images is done by selecting specific image
intensities (Hounsfield units) within the range. The use of Hounsfield units indicates the nature

of the ceramic foams being imaged.

Thresholding &
1 - 65535
Min: Predefined thresholds sets: Max:
15771 & | Custom v 30574 |2
[C]Fill holes
[CJkeep largest Apply Cancel

Fig. 8.5 a) Thresholding toolbar for different biological materials b) 3D reconstruction.

Thresholding is done by selecting the upper and lower threshold values of image intensities.
The scanned objects are identified by Hounsfield units (HU), a system to measure the
attenuation coefficient of scanned objects in CT images. The strut of foam has a higher
Hounsfield value because it absorbs most of the radiation. The thresholding toolbar has a
predefined scale for observing scanned images such as ceramics, bone, soft tissue, etc. In this

work, the threshold value of ceramic foam is 15771 min to 30574 max is selected, as shown in
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Fig. 8.5a. Calculate 3D tool convert 2D CT image data to 3D model as shown in Fig.8.5b. The
sharp edges and foam pieces are erased at different CT images layers through successive steps.
8.2.5 STL to CAD model conversion

The alumina specimen was scanned through the micro-CT (X-ray computed tomography) to
get the x-ray data in a layer-by-layer fashion. The Computed tomography (CT) gives pixel data
in an image format like jpeg and png etc. The CT data were processed through the MIMICS
software, converting CT data to voxel data. This voxel data helps to develop the 3D CAD
model. MIMICS can convert CT data to STL file. The STL stands for standard tessellation
language, and it contains triangular data. STL file (Standard Tessellation Language) is edited
in Ansys Space Claim software for correcting errors such as removing intersection triangles
and smoothening the sharp edges. For numerical analysis, STL file is cropped to 20*20*20
mm. The final STL file was converted to CAD model, i.e. a solid model for structural analysis,

as shown in Fig. 8.6.

STL File CAD Model
Fig. 8.6 a) STL file b) CAD model.

8.2.6 Meshing AND Mechanical Properties

The foam model is placed between rigid plates, the top one is movable with a velocity of 0.1
mm/s, while the bottom is fixed. The model is considered isotropic, homogeneous, and elastic.
The foam was fine-meshed with 10-node tetrahedral elements until appropriate mesh size;
however, the mesh consists of 393687 elements. The adequate mesh size and 10-node
tetrahedral elements can effectively mesh the sharp and curved edges, as shown in Fig. 8.7.
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Fig. 8.7 Meshing and boundary conditions of foam in Ansys.
The foam's mechanical properties were considered to conduct numerical analysis with density
p = 3650 kg/m3, Young’s modulus E = 350 GPa, Poisson’s ratio v = 0.21, and compressive
ultimate strength 2100 MPa.

8.3 Deformation of the Foam

The foam is compressed between two plates, which results in foam failed as brittle, and strut
failures are shown in the figure. Due to the top plate's incremental velocity, the stress
propagates from the top surface to the plate's bottom. The red colour indicates a high amount
of stress is concentrated, which leads to the strut's failure. Initially, the failure started from the
foam's top surface, which is the contact portion between the foam's top plate and surface.

-_— —

Syrut Bending Brittle l‘r(q;ure
) ’ \ “in ril .
< .( \"n‘

2

/ Stress
Propagation

.

Fig.8. 8 a) Sample failure b) microscopical view of stress propagation,
strut bending and fracture.
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The foam is gradually deformed under the loading conditions shown in Fig. 8.8a. The ceramic
foams are brittle; the capturing of failure is done microscopically. The microscopical view
shows the strut bending, stress propagation, and fracturing, as shown in Fig. 8.8b. From the
figure, most of the struts are failed as brittle materials, and few are taking max bending stress
like bending dominated structures. The strut is bending then failure has occurred as a brittle
material from the figure. The line shows that the stress propagation along the strut.

8.4 Experimental vs Numerical results

The foam model's deformation behaviour was analyzed through computational simulation and
the experimental and numerical results of the specimen were compared as shown in Fig. 8.9.
The numerical analysis model is considered isotropic, homogeneous, and elastic. Due to that,
the numerical data shows linearity. The experimental line shows the non-linearity. The
simulation and experimental results are not consistent because the specimen is not isotropic.
The experimental stress-strain curve is divided into region A (< 0.4 strain) and region B (> 0.4
strain). Region A represents strut bending and region B represents slight densification of the
foam. Initially, the numerical simulation slope is higher than the experimental and the resulting
values of numerical simulation are slightly higher than that of the experiment. However, the
failure point of experimental and numerical values are met at 0.0611 strain and 0.656679 MPa,
as shown in Fig.8.9 and Table 1. Finally, the experimental and numerical results indicate that
cracks more easily form in the struts’ weak region during the compression process.

Table 8.1 Experimental and numerical simulation results

Experimental Numerical
Strain Stress Strain Stress
0 0 0.00000 0
0.00888 0.02509 0.00233 0.025579
0.01295 0.051143 0.00472 0.051118
0.02043 0.102587 0.00944 0.102312
0.02799 0.15349 0.01415 0.153646
0.03528 0.205355 0.01885 0.205056
0.04217 0.256438 0.02354 0.256368
0.04484 0.305776 0.02823 0.307776
0.04744 0.361492 0.03293 0.36184

0.04983 0.414681 0.03779 0.4144

0.05193 0.465704 0.04253 0.46608
0.05432 0.518532 0.04726 0.519008
0.05581 0.555054 0.05201 0.555792
0.0589 0.606558 0.05675 0.607792
0.0611 0.656679 0.06148 0.657232
0.06249 0.676173 0.06626 0.723984
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Fig.8.9 Experimental and numerical simulation graph.
8.5 Summary

The mechanical properties such as compressive strength and young’s modulus depend on the
alumina foams' pore size and porosity. However, the strut thickness plays a role in the foams'
strength. The alumina foam is collapsed layer-by-layer fashion and the stress is highly
concentrated at weak struts. The experimental results are divided into strut bending and slight
densification. Finally, the numerical simulation results are slightly higher than the experimental

results; however, the failure point is matched at 0.0611 strain.
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Chapter 9

Conclusions and future scope

This chapter summarizes the significant findings, concludes the outcomes of the research work

carried out, and presents the scope for future work.

The sponge replication technique was used to fabricate an open-cell Al,03 and ZTA
foams (10PPI, 20PPI, 30PPI). The fabricated samples were subjected to infiltration with
molten aluminium, encapsulated, and then infiltrated with polymer to make a metal and
polymer composite. 10PPI metal infiltrated foam showed better mechanical properties
compared to all other foams.

Al>;03 and ZTA foams were successfully fabricated using the thermo-foaming method
with different powder to sucrose weight ratios (Wpis =0.6 to 1.4). The compressive
strength (c), bending strength, and fracture toughness of the foams were then evaluated.
Maximum compressive strength of 1.9 MPa was observed for Al,O3 foam while it was
1.8 MPa in case of ZTA at Wpss value of 1.2.

ZTA samples showed better bending strength and fracture toughness than Al>Os foams
irrespective of Wheys, and the corresponding values are 1.2 MPa and 136 MPa m*2. The
improved bending strength and fracture toughness of ZTA is attributed to the
transformation toughening mechanism.

Closed-cell foams were fabricated successfully by space holder technique. The
compressive strength values of AlOs and ZTA samples of varying porosity from 20%
to 70% were investigated by controlling porosity and micropore size. The samples with
smaller micropores showed higher compressive strength than those with larger
micropores.

The simulation study was used to understand the failure behaviour of alumina foam at
quasistatic conditions. The alumina foam was collapsed layer-by-layer, and the stress
was highly concentrated at weak struts. The experimental results were divided into strut
bending and slight densification categories. Finally, the numerical simulation results
were found to be slightly higher than the experimental results; however, the failure

point matched well at 0.0611 strain.
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9.1 Future scope

As discussed in the previous chapters, Al.Oz and ZTA porous ceramics are developed, physical

and mechanical properties are evaluated. However, to use these materials for commercial

applications, further analysis/development is required as discussed below.

1) Fabrication and property evaluation of different pore sizes i.e. 50PPI to 80PPI foams.

2) A thermal conductivity study is required to analyze the heat loss effect with respect to the
pore size and porosity.

3) Water or gas permeability measurements for these macroporous ceramics need to be studied
in order to ascertain their interconnectivity.

4) To develop ZTA porous structures to understand biocompatibility more precisely.

5) In vitro and In vivo studies of developed porous structures used as scaffolds for tissue

engineering can be done.
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