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List of abbreviations and notations

A Cross-sectional area
AD Apparent density
Al Aluminum
ALO3 Aluminum oxide
AL TiOs Aluminum titanate
AP Apparent porosity
ASTM American Society for Testing and Materials
ATZ Al,Os toughened ZrO,
BaZrO; Barium zirconate
BCP Biphasic calcium phosphate
CaCOs Calcium carbonate
Ca0O Calcium oxide
CO, Carbon dioxide
c-Zr0, Cubic zirconia phase
DLP Digital light processing
Dolapix CE64 Deflocculant
E Young’s modulus
EA Energy absorption
EDS Energy dispersive spectroscopy
F Applied load
Fap Fluorapatite
FDM Fused deposition modelling
H Hardness
h Hours
HA Hydroxyapatite
HV Vickers hardness
K Fracture toughness
k Thermal conductivity
LS Linear shrinkage
Mg Magnesium
MgO Magnesium oxide
MIP Mercury intrusion porosimetry
mol.% Mole percentage
m-Zr0, Monoclinic-zirconia
O Oxygen
P Pressure
PCL Polycaprolactone
PFA Pore forming agents
PICN Polymer-infiltrated ceramic network
PMMA Polymethyl methacrylate
PP Polypropylene
PVP Polyvinylpyrrolidone
r Correlation coefficient
r Pore radius
r? Radius squared
SCC Starch consolidation casting
SEM Scanning Electron Microscope
SiC Silicon Carbide
SiO, Silicon dioxide
ST Sintering time
TiO, Titanium Dioxide
TMA Dilatometric, thermomechanical analysis
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t-Z1r0, Tetragonal zirconia phase
UTS Maximum ultimate tensile strength
Vo Volume of the samples before sintering
Vi Volume of the samples after sintering
Vol % Volume percentage
VS Volume shrinkage
WA Water absorption
Wimm. Weight after immersing in water for 24 hours
Waat. Weight after saturating with water
Wisint. Weight after sintering
wt.% Weight percentage
XRD X-Ray diffraction
Y203 Yttrium (III) oxide
YSZ Yttria stabilized zirconia
Zr Zirconium
710, zirconia
Z1Si04 Zirconium (IV) silicate
ZTA ZrO; toughened Al,O3
() Contact angle
20 Diffraction angles
50:50 P+T Potato and tapioca starch at 50:50 percent ratio
c Compressive strength
o Tensile strength
or Flexural strength
p Electrical resistivity
T Mathematical constant, approximately 3.14159
a-AlLO3 Corundum alumina phase
Y Mercury surface tension
B-CaxSi04 Dicalcium silicate
B-TCP Beta-tricalcium phosphate
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List of units

°C Degree Celsius
°C/min Degree Celsius per minute
um Micrometer
g Gram
g/cm? Gram per cubic centimeter
GPa Giga pascal
GQ-m Gigaohm-meter
J/g Joule per gram
mm? Millimeter squared
MPa Newton per square millimeter
MPaVm Newton per square millimeter- square root of meter
nm Nanometer
nN/m Nanonewtons per meter
rpm Revolutions per minute
sec Second
W/m-K Watts per meter Kelvin
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Abstract

Porous ceramics are composite materials that consist of a ceramic substrate and pores that are
dispersed throughout the ceramic matrix. The special characteristics of porous ceramics — their
low density, large surface area, and chemical inertness — have made them an increasingly popular
product in the ceramics industry recently. Zirconia-based porous ceramics have emerged as
potential materials for biomedical applications, especially in bone replacement, owing to their
biocompatibility, mechanical durability, and adjustable porosity. Their mechanical characteristics
and performance are controlled by the porosity, pore morphology and pore size distribution, which
is the key to their effectiveness. Diverse techniques, including gel casting, freeze casting, and direct
foaming, have been used to fabricate porous structures that replicate the natural architecture of the
bone. Nonetheless, these approaches often encounter difficulties in attaining a balance among
porosity, mechanical strength, and structural homogeneity, all of which are essential for effective
bone implantation. The intricacy and expense of these processes necessitated the exploration of
more accessible and cost-effective techniques for the production of porous materials. Therefore,
other techniques were developed, for example the starch consolidation casting technique, that
provide a direct control of porosity during production.

This PhD research work focuses on the manufacturing, characterisation, and optimisation of
novel zirconia-alumina-magnesia porous ceramics via the starch consolidation casting method, an
economical and eco-friendly methodology for producing porous structures. Potato and tapioca
starches were used as body and pore-forming agents, while the distilled water content was altered
to improve the rheological properties of the ceramic slurries. The morphology of the pores in the
surface of the samples is essential for medical applications, particularly in bone replacement, since
these pores enhance surface area and hence improve the bonding strength between the artificial
bone and the living tissue. This PhD study assessed the influence of varying starch percentages
and types on achieving the desired pore morphology. Mechanical properties are also essential in
bone replacement applications; hence, this PhD research evaluated the impact of varying ratios of
ceramics oxides and starches to achieve optimal mechanical strength.

To produce the porous structure, ceramic slurries were prepared with different starch type and
content, zirconia-to-alumina ratios, and powder-to-water ratios; subsequently, these slurries were
poured into impermeable plastic moulds and heated at 80°C for 2 hours to allow the starch to swell

and gelatinize. The samples are then de-moulded and gradually pre-sintered at 1100°C. The



sintering temperature is critical and influences the mechanical characteristics and pore morphology
on the surface. Consequently, it is essential to investigate the impact of varying sintering
temperatures and holding time. Therefore, the samples were sintered at 1400°C, 1500°C, and
1600°C for varying holding time to investigate their effects on microstructural development,
densification, and mechanical characteristics. A thorough assessment was performed to evaluate
the impact of these factors (starch type and content, zirconia-to-alumina ratios, powder-to-water
ratios, sintering temperatures, and sintering holding time) on the final characteristics of the
ceramics, including apparent density, apparent porosity, volume shrinkage, and compressive
strength. Microstructural characterization was conducted utilizing scanning electron microscopy
(SEM) to investigate pore morphology and interconnectivity, X-ray diffraction (XRD) to identify
phase compositions and transformations, and mercury intrusion porosimetry (MIP) to measure
pore opening size distribution.

SEM analysis illustrates that in all the pre-sintered and sintered samples, large areas with a
uniform distribution of alumina and zirconia grains were present. It confirms the effectiveness of
the mixing procedure that was followed. The findings indicated that increasing the starch content
markedly improved overall porosity, decreased density, and affected the mechanical strength of
the resultant porous ceramics. A higher alumina content was associated with an increase in
apparent porosity and a reduction in volume shrinkage and apparent densities. The main advantage
of alumina is its ability to improve compressive strength serving as a barrier against fracture
development. Pre-sintering effectively reduced the rate of shrinkage during the final sintering
stage; this resulted in more controlled and predictable shrinkage, leading to better dimensional
stability and reduced risk of defects in the final product. Porous ceramics with adequate mechanical
strength, interconnected porosity, and bio-functionality were generated by optimizing sintering
conditions and material combinations, making them ideal for biomedical applications, notably
bone replacement. The results of the study highlight the efficacy of starch consolidation casting as
a technique for producing bio-ceramics with customized characteristics. To comprehend the
intricate interactions among the different variables in the experimental data, it is crucial to analyse
their pairwise correlations. Pair plots serve as an effective exploratory method for visualizing
distributions and correlations among numerous variables, therefore clarifying the impact of

processing conditions and compositions on the prepared bone replacement ceramics performance.



1. Chapter One — Literature review, knowledge gaps and the aims
1.1 Theoretical background and literature overview
1.1.1 ZrO: ceramics in general

ZrO» is a crystalline structure of zirconium dioxide. It comes in several phases and it is a type
of polycrystalline ceramic that does not have a glassy phase [1]. The spatial configuration of atoms
in ZrO» is defined by certain crystallographic structures, which exemplify a feature referred to as
polymorphism. ZrO> crystals are organized into crystalline cells that can be classified into three

crystallographic phases (Fig. 1.1):

Monoclinic Lattice Tetragonal Lattice Cubic Lattice
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Fig. 1.1 Crystallographic phases of ZrO; ceramic [2]

The cubic (c-ZrO) phase, characterized by a straight prism with square faces. The tetragonal
(t-ZrOy) is characterized by a straight prism with rectangular sides, whereas the monoclinic (m-
Zr0»), known as mineral baddeleyite, is represented by a distorted prism with parallel sides. The
c-ZrO> phase is stable above 2370°C and exhibits moderate mechanical properties. The t-ZrO»
phase is stable between 1170°C and 2370°C, facilitating the production of ceramics with enhanced
mechanical properties. In contrast, the m-ZrO; phase stable at room temperature up to 1170°C,
demonstrates diminished mechanical performance and may lead to decreased cohesion among
ceramic particles, thereby reducing density [2]. The properties of m-ZrO; can be enhanced with
the addition of other ceramic oxides [3]. During heating, at 1170°C, the m-ZrO> changes to a t-
Z10O; and shrinks by 4-5 vol%. At 2370°C, the t-ZrO> structure deforms even further into a c-ZrO».
During cooling, at a temperature of roughly 950°C, pure ZrO; transforms from t-ZrO; to m-ZrO»,
with a 4% volume expansion. As a result of this volume expansion, shear stresses are generated,
and these stresses forbid the opening of a proceeding crack, this leads to increase the toughness of

71O, at room temperature [3]. The coordination number of ¢c-ZrO; and t-ZrO; is eight, while that
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of m-ZrO; is seven. Because of the strong Zr-O covalent bond in a coordination number of seven,
m-ZrO> is shown to be thermodynamically stable at lower temperatures [4].

Zr0O; is prepared by the calcination process of zirconium compounds and taking advantage of
their great thermostability. ZrO, is a cost-effective, non-toxic, and sustainable metal oxide with
many potential applications [5]. ZrO> ceramic is an advanced biomaterial extensively used in
medical engineering due to its exceptional biocompatibility and mechanical strength compared to
other ceramic materials. The surface strength rises as the particle area is minimized, aligning the
theoretical and actual density values [6]. ZrO> has good mechanical properties similar to those of
metals with a white colour similar to tooth colour [7]. Therefore, it is widely used in dental
applications. In contrast to most ceramics, ZrO; has high fracture toughness, making it very
resistant to mechanical stress and fracturing. It has superior wear resistance, making it suitable for
applications requiring extended service life. ZrO; has a melting point of around 2715°C, enabling
it to endure harsh temperatures. It serves as an exceptional thermal insulator, making It appropriate
for applications necessitating heat resistance [8]. It can withstand harsh conditions since it is
resistant to acid, alkali, and oxidation chemical attacks [9]. Both in vitro and in vivo investigations
have validated the superior biocompatibility of ZrO> powders [10]. They are chemically harmless,
which allows for strong cell adhesion, thus, there have been no reports of any side effects, either
local or systemic. Neither fibroblasts nor blood cells showed any signs of mutagenicity or
oncogenicity. The dust generated by milling ZrO», as opposed to that from asbestos, may not
induce health issues [11].

1.1.2 Zr0O2-A1203-MgO ceramic composites

ZrO> showed the most promise as a biomaterial when combined with AlbO3 ceramics [12].
When Al>Os3 is the primary component, the materials are named ZrO; toughened Al,O3 (ZTA), and
when ZrO:> is the predominant component, they are called Al2O3 toughened ZrO> (ATZ). The
advantages of ZrO,-Al>O3 composites are the merging of the features of Al,Os (high stiffness, high
hardness) with the properties of ZrO: (high toughness, high strength), with the added benefit of
improved slow crack growth resistance. The advantages of this combination make the ZrO»-Al>03
composites system a good choice for functional and structural applications [13]. The presence of
Al>Os increases the overall stiffness of the matrix due to its elastic modulus, which is twice that of
ZrO». The inclusion of secondary hard particles resulted in fracture deflection, which is known as

micro-crack toughening. This phenomenon ultimately increased the overall toughness of the



composites [ 14]. Many investigations on the tribological and mechanical characteristics of various
ATZ compositions were published in recent years [15]. The density of ATZ composites is
influenced by the Al>O3; amount present. Typically, increased Al,O3 content results in reduced
compound density. The size of the Al,Os grains is crucial, since smaller grains are more efficient
at pinning grain borders. This is due to smaller grains possessing a greater surface area to volume
ratio, enabling them to engage with a higher number of grain boundaries. In ATZ composites, Al,O3
particles serve as reinforcement, enhancing the hardness. ATZ composites provide superior
resistance to fracture propagation relative to pure ZrO> [16].

The addition of MgO with a concentration about 3 wt.%, for example, has been shown to
improve the mechanical characteristics and wear performance of ZrO; ceramic composites [17].
MgO is often employed as a sintering aid because it forms a liquid at high temperatures in the
grain boundary [18], leading to the reduction in the sintering temperature of the materials.
Furthermore, MgO can restrain the growth of the grains [19].

Very limited research has been conducted on ZrO»;-Al,03-MgO ternary composite materials.
Tokas et al. [20] developed ZrO»-Al,03-MgO ternary composite multilayer thin film devices for
laser and photophysical applications. These thin films exhibit remarkable spectrum stability and
optical characteristics. Raveendra et al. [21] evaluate the thermo-mechanical characteristics of the
Z1S104-A1203-MgO composite in the field of the refractory applications. Hard, dense, and
volumetrically stable ZrSi04-Al,03-MgO refractory bodies were fabricated from a suitable blend
of graded ZrSi04, A1,03 and MgO powders, and then burned at 1540°C.

1.1.3 Porous ceramics

Porous ceramics are a specific category of materials that have high porosity, imparting unique
characteristics such as enhanced permeability, reduced density, and extensive surface area. These
materials consist of a network of interconnected pores distributed across a ceramic matrix. Porous
ceramics combine the benefits of traditional ceramics, like resistance to severe temperatures,
corrosion, and oxidation, while also being lightweight, featuring a substantial surface area, and
exhibiting a low thermal conductivity coefficient [22]. Selection of pore-forming agents and
ceramic constituents significantly affects the ultimate properties of the porous ceramics [23, 24].
These ceramics possess low density attributable to their elevated porosity, rendering them
lightweight materials. This property is advantageous in sectors like aircraft, automotive,

transportation, and bone replacement application, where minimizing weight is essential without



compromising structural integrity. Porous ceramics have a large surface area due to their linked
pore architecture. This characteristic is particularly advantageous for activities such as
adsorption, catalysis, bone replacement application that need extensive surface interactions [25,
26]. Differential characteristics of porous ceramics make them useful in numerous applications.

Fig. 1.2 illustrates the main characteristics of porous ceramics.
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Fig. 1.2 The main characteristics of porous ceramics [27]

A major aspect of porous ceramics is their high porosity, which allows gases and liquids to flow
via their many interconnected pores. This increased porosity enables processes like filtration,
absorption, and adsorption to work effectively [28]. Porous ceramic materials are extensively used
in many technologies, such as thermal insulation systems, filtration membranes, bone tissue
engineering, and ceramic preform manufacturing. Notwithstanding its porosity, porous ceramics
have a comparatively low density, yielding a lightweight substance. The mechanical strength of
porous ceramics is dictated by the critical crack size, with pores acting as the principal origin of
cracks [29]. Moreover, porous ceramics exhibit resistance to many chemicals, such as acids, bases,
and organic solvents. Their chemical stability makes them suitable for use in demanding
environments, including chemical processing, water treatment, and the pharmaceutical industry.

Porous ceramics are conventionally categorized based on pore size into three primary
classifications: macro-porosity (pores exceeding 50 nm), meso-porosity (pores ranging from 2 to
50 nm), and micro-porosity (pores measuring less than 2 nm) [30]. Porous ceramics can

also be classified based on certain characteristics, including the chemical composition of the base



ceramic material, porosity percent, physical state of the product, and refractoriness concerning
service temperature, intended use, and application domain [31].
1.1.4 Techniques for producing porous-structured ceramic composites

Porous ceramic materials can potentially be produced by many methods. Porous ceramics may
be shaped into many forms, such as cylindrical fibres, tubes, flat surfaces, and different complex
shapes. Ceramic materials undergo four treatment stages: 1) material preparation, 2)
manufacturing, 3) sintering, and 4) finishing. Diverse processes can be used to fabricate porous
ceramics  exhibiting varying morphologies and pore size distributions.  Fig.
1.3 illustrates numerous processing methods for the manufacturing of porous ceramics and the
corresponding pore morphology achieved by various techniques. Examples include the firing of
polymer sponges infused with a ceramic slurry [32], solid-state sintering [33], sol-gel techniques
[34], replication of polymer foams by impregnation [35], gel casting methodologies [36], and
freeze casting method [37].
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Fig. 1.3 Figure illustrating several processing methods for the manufacturing of porous ceramics [38]
One creative approach for making porous ceramics is the gel casting technique. A three-
dimensional crosslinked polymer is formed when initiators catalyse the free radical polymerization

of organic monomers and cross-linking agents. This polymer then helps the ceramic powder to



retain its structure. The disintegration and volatilization of the polymer during sintering result in
the formation of pores. Gel casting must be conducted under secure and ideal circumstances.
However, in industrial manufacturing, using a protective environment complicates control and
increases production costs. Gel casting, a reliable process using in situ polymerization with natural
monomers, is used to produce porous ceramics with intricate shapes and durable foams.
Nonetheless, industrial gel casting presents difficulties because of the toxicity linked to organic
monomers [39]. Direct foaming generates porous ceramics by incorporating air into the solution
via a froth stabilizer, followed by drying and fire processes. Nonetheless, porous ceramics created
by direct foaming are prone to fracture due to their inferior mechanical characteristics [40]. Most
porous ceramics with complex forms and elevated porosity are produced using high-temperature
foaming techniques. A foaming agent is included into the green body prior to sintering at elevated
temperatures [41]. The gas produced by the foaming agent ascends and is either held or released
from the ceramic, leading to porosity. High-temperature foaming has gained prominence due to its
ability to produce porous ceramics with significantly closed porosity. A porous ceramic with 69%
porosity and a compressive strength of around 7 MPa was sintered at 980°C [42]. At 1140°C, a
porous ceramic is produced with a low bulk density of 0.39 g/cm? and an appropriate flexural
modulus of 2.4 MPa [43]. Pore-forming agents have an ability to attain substantial porosity, since
they inherently combust throughout the heating process to the firing temperature, resulting in pores
within the ceramic material [44]. The shape and size of these pores will be dictated by the pore-
forming agent used and may thus be modulated by altering the absorption content and the
distribution of particle sizes. Pore-forming agents, including starch [45-48], graphite [49],
lycopodium [50], sucrose [51], polymethyl methacrylate (PMMA) [52], polypropylene (PP) [53],
and carbon black [54], have been thoroughly investigated. Starch is the predominant pore-forming
agent; at present, it is seldom used for creating large apertures, possibly owing to its biological
origin and availability, challenges in preserving the configuration of pores generated by starch
combustion, and the diminutive size of the particles. Numerous types of starch are extensively
produced, with sizes ranging from 5 pm to 50 um [55]. PP and PMMA serve as the principal
porogen chemicals used. PP was selected because of its extensive production capabilities and cost-
effectiveness, making it economically advantageous for industrial applications. PMMA was often

used in ceramics as a porogen due to its excellent thermal properties suitable for the intended



application. PMMA decomposes almost entirely into monomers and combusts at a rapid and
consistent pace.

The structure, porosity, and mechanical properties of porous ceramics are significantly affected
by the choice of pore-forming agent and the method of pore creation. The configuration of pore
size and distribution within the ceramic matrix is mostly influenced by the kind and sizes of the
pore-forming agent. Larger polymer particles often provide larger pores, whereas smaller, more
uniform pores are usually generated by finer particles or gas-release agents [56]. The interrelation
of these pores is substantially affected by their formation process. The depletion of organic
molecules often results in the formation of interconnected voids, hence increasing fluid
permeability and mechanical rigidity. The quantity of pore-forming agent used into the ceramic
mixture significantly influences the overall porosity of the final product [57]. The kind of pore-
forming agent used also influences the morphology and configuration of the pores [58]. While
fibrous materials such as cellulose provide elongated holes that may influence mechanical
properties differently, spherical polymer particles typically yield round pores, resulting in a
uniform pore morphology. The mechanical properties of ceramics are directly influenced by
porosity. Ceramic materials often experience a decline in mechanical strength with increasing
porosity. Nonetheless, enhancing the distribution and morphology of pores may alleviate this
adverse impact. A balance between porosity and mechanical strength may be attained by
integrating suitable pore-forming agents with non-oxide ceramics [59]. Additionally, pores may
operate as stress concentrators, hence elevating the likelihood of fracture initiation and propagation
under load. A well-designed pore structure may resist fracture and enhance the overall durability
of ceramics [60].

The sintering temperature significantly influences the final properties of the porous ceramics.
Increased sintering temperatures often provide a denser structure with less porosity. Nonetheless,
they may also promote grain development and reduce mechanical strength. Lowered sintering
temperatures, which promote increased porosity, may undermine mechanical properties while
providing benefits in energy efficiency and reduced processing time [61]. The selection of pore-
forming agents and the optimization of sintering conditions are essential processes in tailoring the
properties of porous ceramics for specific purposes. Table 1.1 summarizes various outcomes of

using distinct manufacturing processes in the fabrication of ceramic porous structures.



Table 1.1 Various outcomes of using distinct manufacturing processes in the fabrication of ceramic porous

structures (The full version of this table can be seen in Appendix A.)
Fabrication ; ; ;
Ceran‘nc Slnt(.ar‘lng Pore size | Porosity | Other properties | Application Ref.
technique material | conditions
CO; permeance = Memb
Ice 8 mol.% o 2.5-38.1 0 g emorane [62]
templating YSZ 1390°C, 6 h um 54-75% 1.5 %10 support 2025
mol Pa”!'s™'m~?
. 3 mol% | 1450°C, 180 60, 70, _ [64]
3D printing vS7 min - and 80% | ©~ 109-1029 MPa - 2025
71O/ 1350°C, .
Gel-forming 1450°C, and 450-640 34-74% o =5.8-129 MPa - 2[(6)3]3
ALOs | 1550°C,1h | HT
Use of pore Al Os- o 10-40 21.9- _ . [70]
formers 710, 1650°C um 69% o =4.5-658 MPa Insulation 2023
Direct 8 mol. % o 0 _ . [71]
foaming vS7Z 1500°C, 2 h - 45-84% o =1.5-267 MPa Insulation 2022

1.1.5 Starch consolidation casting
Starch consolidation casting (SCC) is based on the consolidation of a concentrated water and

starch slurry. The consolidation of the slurry not only ensures the desired porosity but also offers

flexibility in shaping the final structure. Fig. 1.4 shows the principal mechanism of the starch

consolidation casting technique.
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Fig. 1.4 The principal mechanism of the starch consolidation casting technique [92]

SCC primarily entails the following stages: slurry preparation, casting, gelation, drying, and

sintering. Each stage is crucial for achieving a controlled porosity structure in the final ceramic

3- Swelling of starch particles
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product. The initial stage is to produce a ceramic slurry by mixing ceramic granules with starch
and water. While starch acts as a binder and pore-former, ceramic powder serves as the primary
structural component of the product. Slurries can be stabilised, and ceramic particles can be
prevented from aggregating by adding dispersants or surfactants during production. Following this,
the slurry is poured into a mould, which establishes the final form of the product. The viscosity of
the slurry, which is impacted by the starch content and the size of the ceramic particles, determines
the ease of casting and the quality of the finished product. After casting, the temperature of the
slurry should rise to a range of 60°C to 80°C, contingent upon the type of starch used. This heating
process initiates the gelatinisation of starch granules, causing them to absorb water, swell, and
create a gel-like matrix. This network immobilises the ceramic particles, resulting in the
consolidation of the slurry into a semi-solid state [93]. Starch, the predominant reserve
polysaccharide, is extensively used in many food and industrial sectors due to its natural,
economical, biodegradable, and non-toxic characteristics [94]. Starch granules are microparticles
including crystalline and amorphous areas, primarily consisting of amylose linked by a-1,4-
glycosidic bonds and amylopectin linked by a-1,6-glycosidic bonds [95]. The swelling and
gelatinisation of starch are separate phenomena that occur under varying circumstances and are of
considerable significance in the industry fields. Starch gelatinisation entails a complete
decomposition of starch molecules and the physical disintegration of granules [96]. Starch swelling
is the phenomenon whereby starch granules expand in water via the absorption of water. It may
render starch granules soft and brittle, thus impacting the texture. Upon heating in excess water,
starch granules absorb water and swell, resulting in a fast rise in volume. The first step of the
swelling mechanism is the hydration stage, which generally happens below the gelatinization
temperatures and entails a little rise in granule diameter. Throughout this process, water molecules
infiltrate the amorphous regions of the starch granules and establish new hydrogen bonds with the
starch molecules. As the granules enlarge, amylose molecules are released from the enlarged
granules, resulting in an increase in the viscosity of the system. The second step is the irreversible
phase, distinguished by a significant increase in the diameter of the starch granules and the
viscosity of the solution, occurring at elevated temperatures (exceeding the gelatinization
temperatures). Continued heating of starch leading to the rupture of granules. At the maximum
viscosity point, the hydrogen bonds among the starch molecules are entirely disrupted and

substituted by hydrogen bonds between water and starch molecules, resulting in the formation of
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starch pastes [97]. Table 1.2 summarizes the literature reviews of the use of different types of

starches as a pore forming agent (PFA) in the preparation of ceramic porous structure via the starch

consolidation casting technique.

Table 1.2 Some results from using various pore-forming agents in the fabrication of ceramic porous
structures. (The full version of this table can be seen in Appendix A.)

. . . Other
Ceran.nc PFA PFA Smt(.fr.mg Pore size | Porosity Ref.
Materials content conditions properties
Corn . 3 44-10.7 | 5.1-16.5 B wa | o101]
m-ZrO, starch 5 wt.% 1750°C, 3 h um o k=137Wm'!K". 2024
- LS =1.07-3.39 %,
AlLOs Comn 4-10 wt.% | 1250°C,2h - 54.05 [103]
starch 70.70 %. o7=0.5-1.9 MPa 2021
ALO 1300°C,
Goid 23 Corn 10,20and |  1400°C, WA =16-34%, | [110]
m-ZrO;- h o 1460°C and - 43-60 %
MgO starc 30 wt.% an or= 0-17 MPa 2013
1550°C, 2 h ‘
Rice and 10, 20, 25,
AlOs~ corn 30,and 50 | 1530°C,2h - 50 %. LS =10-40% [111]
V4(0)) 2012
starches vol.%
AL Os- Corn 10-50. 1100°C - o _ [112]
710, starch vol.% 1530°C, 2. | Q117 wm | 50-71% 1 E=331-383GPa | 5

1.1.6 ZrO:-based porous structures ceramic composites for biomedical applications

The investigation of ZrO;-based porous materials in biomedical applications has attracted
substantial interest in recent years, notably owing to its promising mechanical characteristics and
biocompatibility. Because of its unique combination of features, ZrO; has been the subject of much
biomedical study since the 1970s, with applications ranging from dentistry to stress-bearing roles
where its strength is comparable to that of several alloys [115]. Hadjicharalambous et al. [116]
emphasized the significant impact of porosity on cellular responses to ZrO; and Al>O; ceramics,
often used in orthopaedic implants. Their research demonstrated that an ideal hole size of roughly
150 um and a porosity of about 50 % markedly improved the adhesion and proliferation of pre-
osteoblastic cells, indicating that customized porosity may increase the integration of these
materials with bone tissue. Altmann et al. [117] revealed that alterations in surface properties may
result in substantial differences in cellular activities, highlighting the significance of both chemical
composition and structural design in the efficacy of implant materials. Chopra et al. [118]

examined the extensive consequences of ZrO; in dental implants, comparing its efficacy with that
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of titanium. ZrO; has advantageous properties, including decreased bacterial adherence and
enhanced soft-tissue integration, making it a potential substitute when constraints of titanium are
evident. Recently, Yang et al. [119] investigated the compressive fracture behaviour of ZrO»/resin
composites, emphasizing the efficacy of fused deposition modelling in conjunction with vacuum
infiltration to produce porous structures with improved mechanical characteristics. Their results
showed that pore shape design substantially affects the mechanical performance of composites,
which is essential for guaranteeing the longevity and dependability of biomedical implants. ZrO-
biomaterials have been proposed as an artificial bone filler for the healing of bone defects [120].
ZrO2 have orthopaedical uses, including hip and knee prosthesis, temporary supports for hip joint
heads, tibial plates, and dental crowns [121]. Al2O3; and ZrO: oxide are recognized bio-inert
ceramics used in traditional bone regeneration applications [122]. Table 1.3 summarizes the
literature reviews of the use of ZrO»-based ceramics in biomedical application.

Table 1.3 Some results of the use of ZrO,-based ceramics in biomedical applications (The full version of
this table can be seen in Appendix A.)

Fabrication hter Pore ;
Materials Sintering size Pm;os1ty Other. Application Ref.
techniques temperature (um) (%) properties
=25. i i [124]
8YSZ DLP 3D 1450°C, 3 h - 2041 | @271 | Biomedical
printing MPa implants 2025
1325°C, Osteogenic [125]
3YSZ Dlr'ect' ink 13500C, and 0.1-400 R0 =24 MPa differentiation
printing 1375°C, 1 h, and bone 2024
1.5h,and 2 h regeneration
Direct ink 5 61.1- 06=20.8-62.9 | Scaffolds for | [127]
Ysz writing 1450°C, 2 h - 753 MPa bone tissue | 2021
; [134]
ALOyzr0, | RePH@ 1 ysa00c 11y | 52560 | 788 | o-6.5Mpa | Lcplacement
method or bone filling | 7018
Substrate for [135]
YSZ-Al,O3 | Robocasting 1350°C, 2 h 245 50 - bone cells
ingrowth 2018

1.2 Knowledge gaps and the aims of the thesis

According to the literature review, the majority of research focuses on manufacturing and
investigating different porous ceramic structures, while another group of research discusses
techniques to modify the characteristics of ZrO>-based porous structures. Nevertheless, there is a

deficiency in research being conducted on porous ZrO;-Al,03-MgO ternary composite materials.
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This PhD research work addresses the knowledge gap through the preparation and characterisation
of porous ZrO»-Al,O3-MgO ternary composite materials. The composites prepared by using a very
simple, cost-effective, and environmentally friendly method, incorporating varying proportions of
ceramic oxides, starches, and distilled water, and sintering at diverse temperatures and holding
time. Concerns about how the composition of ceramic composites, the content of pore forming
agents, and distilled water content affects the apparent density, apparent porosity, volume
shrinkage and the response of material to compressive stresses, especially in ZrO;-Al,03-MgO
composite, have not been well investigated. To cover a knowledge gap regarding the combined
function of these components in biomedical porous structures, this work investigates the effect of
these parameters. Moreover, the study delves into the impact of changing the weight ratios of these
components on the final microstructure and mechanical characteristics, offering a thorough
comprehension of the correlation between composition, microstructure, and performance. This
study also has comprehensively examined how the structure, porosity, and mechanical properties
of porous ceramics are affected by the choice of pore-forming agent type (potato, tapioca, or potato
and tapioca starches together). The definitive characteristics of this material are dictated by the
interaction between the pore-forming agent and the ceramic component. Another significant
knowledge gap pertains to the relationship between porosity and mechanical properties of the
Z1r02-Al03-MgO composite when subjected to compressive loads. While high porosity is
desirable for bone ingrowth, it often leads to a reduction in mechanical strength. Moreover, the
biocompatibility and bioactivity of ceramic composites are influenced by their surface
characteristics, including apparent porosity, and surface morphology. SEM is utilized to analyse
the surface morphology and microstructural features. This comprehensive analysis helps in
correlating surface characteristics with the potential of the material to support the osteoblast
adhesion, proliferation, and differentiation.

Previous research has largely focused on single-starch systems, without properly exploring the
comparative performance of combining two distinct starches on the mechanical and morphological
aspects of the ceramic matrix. This PhD research work addresses the knowledge gap through
investigating the pore morphology of the porous structure when two types of starch are combined
together to work as pore and body-forming agents. The research included the combination of two

starch types to create bigger pores appropriate for bone replacement applications, since these
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enlarged pores enhance the surface area and thus improve the adhesion strength between the
synthetic bone and the living tissue.

The sintering temperature is a crucial factor that influences the microstructure, phase
composition, and general technical characteristics of the ceramic composites. Optimizing the
sintering parameters to improve both the mechanical strength and bio-functionality of porous
ceramics presents an additional difficulty in the fabrication of porous structured ceramics.
Numerous studies have investigated the influence of sintering temperatures on material density,
porosity, granular growth, and intergranular connectivity; however, insufficient research has
concentrated on the impact of sintering temperatures on the morphology of the resultant pores
within the porous matrix, as well as the formation or absence of openings connecting these pores.
Furthermore, existing studies do not adequately address the sizes of these openings, despite the
critical importance of pore and openings size in bone replacement applications. It is important to
investigate the sintering process, sintering temperature, and sintering holding time to get a defect-
free ceramic. This PhD research work addresses these knowledge gaps by investigating the impact
of sintering conditions on pore morphology, the presence or absence of the openings between the
pores, and the size of these openings. While numerous investigations have concentrated on
optimizing sintering conditions to improve the microstructural and mechanical characteristics of
ZrO»-based ceramics, there has been less consideration on the influence of pre-sintering methods
on crack development. The function of progressive pre-sintering in reducing surface fractures after
sintering is inadequately investigated. This PhD thesis demonstrates that gradual pre-sintering of
Z102-Al203-MgO porous ceramic composite samples significantly decreases the surface crack
formation during the final sintering process.

In addition, the literature does not provide an adequate explanation of how processing
conditions (sintering holding time and temperature), compositional variations (different ZrO» and
Al,03 wt.%), and pore-forming agents (potato and tapioca starches) concurrently affect various
performance measures (apparent density, apparent porosity, volume shrinkage, and compressive
strength). Addressing this knowledge gap is essential to obtaining an improved comprehension of
the processing-structure-property interactions in porous bio ceramics. Pair plots serve as an
effective exploratory method for concurrently visualizing distributions and correlations among

numerous variables, therefore clarifying the impact of processing conditions and compositions on

15



the prepared bone replacement ceramics performance. Based on the previous explanation, many

questions need answers:

Could the low-cost SCC method be used to produce the porous ZrO>-Al,03-MgO ternary
composite materials?

What kind of phases could develop after sintering at different conditions? Furthermore,
are the produced phases suitable for biomedical applications?

Would it be possible to enhance the properties of the ZrO» porous structure by using Al,O3
and MgO additive materials?

To make the porous structure more suitable for bone growth applications, would it be
possible to improve the pore morphology utilising different types and contents of starches?
Could progressive pre-sintering and sintering procedures reduce the surface
cracks development in the prepared ZrO;-Al>03-MgO ceramic composites?

How are the processing conditions, compositional variations, and pore-forming agents and

the properties of the porous bio ceramics correlated with each other?

The questions mentioned previously delineate the objectives of this PhD thesis:

The PhD thesis focused on the preparation and characterization of ZrO:-Al203-MgO
ternary ceramic composites, designed with the necessary porous structures to meet
the mechanical property requirements for biomedical applications at a reduced cost.
Studying the effect of using different amount and type of starches on the properties
(apparent density, apparent porosity, volume shrinkage, and compressive strength),
porous structure, and pore surface morphology.

Studying the effect of adding different amount of distilled water on the properties of
the prepared porous structure.

Studying the effect of using different amount of Al2O3 on the properties and phase
composition of the prepared porous structure.

Studying the effect of progressive pre-sintering and sintering conditions on the
microstructure, properties, porous structure, pore surface morphology, and the
formed phases of the prepared porous structure.

To explore an adequate explanation of how processing conditions, compositional

variations, and pore-forming agents concurrently affect various properties.

16



2. Chapter Two — Experimental part
2.1 Materials

The following materials were employed in this PhD research work: monoclinic zirconia (m-
Zr0»), magnesia (Mg0O), alumina (Al>O3), distilled water, deflocculant (Dolapix CE64), and potato
and tapioca starches. m-ZrO; was selected due to its biocompatibility, osteo-conductivity, good
mechanical properties and its chemical inertness. To enhance the properties of m-ZrO», Al,O3 and
MgO as additive oxides were used. During the process of preparing ceramic slurries, the Dolapix
CE64 and distilled water were both used as necessary components. A commercial ammonium salt
of a polycarboxylic acid (Dolapix CE 64) is an ionic dispersant, and it is considered as a stronger
surface charge modifier. Potato and tapioca starches, due to their high swelling factor as compared
with other types of starch, have been utilised as pore-forming and body-forming agents.
Experiments were carried out using the as-received starches, without any subsequent processing.
Purity, density and source of raw materials were listed in Table 2.1 below.

Table 2.1 Properties and origin of raw materials

Material Purity (%) Density (g/cm?) Source
m-ZrO, 99.99 5.71 Interkeram Kft., distributor
Al,O3 99.99 3.04 Interkeram Kft., distributor
MgO 99.5 3.58 Sigmaaldrich.com, Germany
Potato starch 98.2 0.65 Balance food Kft., distributor
Tapioca starch 97.7 0.6 Balance food Kft., distributor
Dolapix CE 64 - - Zschimmers and Schwartz, Germany

2.2 Preparation of moulds

For the aim of the casting procedure, impermeable plastic moulds were prepared and made with
the assistance of the 3D printing method (Crealty 3D printer, manufactured by Shenzen Creality
3D technology Corporation). The impermeable plastic moulds were printed by using High Impact

Polystyrene filament.

Fig. 2.1 (a) The 3D printing process, (b) Stereolithography 3D image of designed moulds
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Fig. 2.1 (a) illustrates the 3D printing process of the mould, whereas (b) depicts the
stereolithography 3D image for the designed mould. The plastic mould was designed as a
cylindrical rod with a diameter and height of 7.5 mm to measure the density, porosity, volume
shrinkage, and pore and pore opening size of the prepared porous structure, as shown in Fig. 2.2
(a), and with dimensions of 6 mm in diameter and 10 mm in height to evaluate the compressive

strength as shown in Fig. 2.2 (b).

Fig. 2.2 The 3D printed moulds

2.3 Preparation of porous structured ceramics
2.3.1 Preparation of slip slurries
In order to begin the process of preparing slurries, the ceramic raw ingredients first mixed in a

laboratory milling machine shown in Fig. 2.3.

Fig. 2.3 Laboratory milling machine Fig. 2.4 Preparation of slurry by magnetic stirrer
The mixing procedure began after various amounts of ceramic powder were weighed and placed
in plastic bottles. The bottles were then fixed within the machine container. The maximum rotating
speed of the milling machine was 60 rpm. Due to the low rotating speed of the machine, the mixing
period was prolonged to 5 hours. After five hours of mixing, the ceramic powders began to adhere
to the walls of the plastic bottles. The objective of this mixing process is to preliminarily mix the

ceramic powders without diminishing the particle size of the materials; hence, the mixing was
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conducted without the use of ball milling media. For the preparation of the casting slurries, the
ceramic and starch powders were rapidly stirred (600 rpm) in distilled water containing 1.5 wt.%
of the deflocculant. The procedure of stirring was maintained for a total of 2 hours at room
temperature while the beaker was kept covered in order to prevent any water from evaporating.
Fig. 2.4 shows the prepared slurry using magnetic stirrer equipment. The various mixed
compositions that were produced for this PhD research work are detailed in tables 2.2, 2.3, and
2.4. Suspension concentration expresses the solid-to-liquid ratio. The expression of ““starch content
P/T/50:50P+T” denoted to uses different type of starch, P for using potato starch, T for using
tapioca starch, while 50:50P+T when using potato and tapioca starch at 50:50 percent ratio. Table
2.2 detailed the mixed compositions that prepared for the first study of this PhD thesis. The first
study explored the effects of utilizing different types and content of starches with varying amounts
of distilled water. In this study, the concentrations of ceramic powder remained constant, although
the concentrations of starches and distilled water changed. Table 2.3 delineates the mixed
compositions that prepared for the second study of this PhD thesis.

Table 2.2 Mix compositions for the first study (in wt.%)

m-ZrO: MgO ALOs3 Dolapix CE 64 Potato or tapioca starch Suspension Conc.
77.5 2.5 20 1.5 10 20 30 70
77.5 2.5 20 1.5 10 20 30 68
77.5 2.5 20 1.5 10 20 30 65
77.5 2.5 20 1.5 10 20 30 60

Table 2.3 Mix compositions for the second study (in wt.%)

m-ZrQO: MgO AlLO3 Dolapix CE 64 iﬂ%cslafsoorgil; Suspension Conc.
82.5 2.5 15 1.5 20 60
80 2.5 17.5 1.5 20 60
77.5 2.5 20 1.5 20 60
75 2.5 22.5 1.5 20 60
72.5 2.5 25 1.5 20 60
70 2.5 27.5 1.5 20 60
67.5 2.5 30 1.5 20 60

The second study evaluated the impact of varying content of ceramic oxides. Consequently, the
starch and water content are established based on the optimal findings from the first study, but the
ceramic powder concentration was changed. This study used a 20 wt.% potato, tapioca, or 50:50
potato and tapioca starch together with 60 wt.% suspension concentration. Table 2.4 presents the
mix compositions of the third and fourth studies, focusing on the impact of varying sintering

temperatures and holding times. Based on the optimal outcomes of the second study, this study
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used a 50:50 mixture of potato and tapioca starch, while varying the concentration of the ceramic

powder.
Table 2.4 Mix compositions for the third and fourth studies (in wt.%)
m-Zr0O: MgO ALO3 Dolapix CE 64 50:50 P+T Suspension Conc.
82.5 2.5 15 1.5 20 60
80 2.5 17.5 1.5 20 60
77.5 2.5 20 1.5 20 60
75 2.5 22.5 1.5 20 60
72.5 2.5 25 1.5 20 60
70 2.5 27.5 1.5 20 60
67.5 2.5 30 1.5 20 60

2.3.2 Ceramic composites consolidation

The prepared slurries with different compositions were poured into the prepared impermeable
plastic moulds. Covering of moulds is very important to avoid evaporation of water and enables
the starch granules to absorb that water from the suspension and then to swell. The moulds
containing the slurries was then placed in an oven in the laboratory (Drying oven manufactured by
POL-EKO APARATURA) and heated up to 80°C for 2 hours in order to enable the starch to swell.
A consolidation temperature of 80°C and a holding time of 2 hours were chosen in this PhD thesis
based on several trials that were conducted with the goal of creating ceramics with better
consolidation and easier de-moulded properties. Nevertheless, the predicted minimum
consolidation times of less than two hours in most cases are generally too short for complete
consolidation of the ceramic suspension. When the moulds are opened at this stage, the suspension
still has the consistency of a highly viscous paste, which is unacceptable for the de-moulding of
ceramic green bodies. After cooling to room temperature and setting overnight the moulds were

opened and the ceramic bodies were de-moulded, as shown in Fig. 2.5.

Fig. 2.5 The prepared ceramic green bodies after de-moulding
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At this stage, the ceramic green body consists of a compressed powder compact connected by
a starch gel matrix, and its strength and rigidity allow safe de-moulding.
2.3.3 Pre-sintering and sintering

The prepared ceramic samples were subjected to gradual pre-sintering in the laboratory furnace
at temperatures of 500°C and 1100°C. The samples were held at 500°C for 1 hour and then at
1100°C for 2 hours. The pre-sintering process included heating the samples at a rate of 2 °C/min
until they reached temperatures of 1100°C. After the pre-sintering stage, the specimens were
gradually cooled to the ambient temperature inside the furnace. Following pre-sintering, the pre-
sintered ceramic samples underwent a gradual sintering process in the laboratory furnace
(Nabertherm GmbH, Bahnhofstr. 20, 28865 Lilienthal/Bremen, Germany). Fig. 2.6 shows the pre-

sintering and sintering profiles when the holding time was 2 hours.
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Fig. 2.6 The pre-sintering and sintering profiles

The gradual sintering was first conducted at temperatures of 300°C and 500°C for 1 hour,
followed by 1400°C, 1500°C, or 1600°C, with a heating rate of 2 °C/min. At sintering temperatures
of 1400°C and 1500°C, the sintering holding time was 2 hours; while at 1600°C, the holding time
varied between 2, 3, or 4 hours. After the sintering process, the specimens were left inside the
furnace to cool down to room temperature. The gradual implementation of the pre-sintering and

sintering process serves the objective of minimizing the production of internal defects and the
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occurrence of surface cracks on the samples. Fig. 2.7 shows the preparation procedure of porous-

structured ceramic.

Ceramic raw materials

MgO m-Zr02 A1203
|

¥

Mixing De-moulding
with of porous
milling machine samples
Stirring Pre-sintering
with at 1100 °C
adding starch for 2 hr
Pour the Sintering at
Slurries in 1400, 1500,
to the mould =~ or 1600 °C for
R 2, 3,0r 4 hours
Heating The prepared
at 80 °C i
for 2 hr ceramics

Fig. 2.7 The preparation procedure for porous-structured ceramic

2.4 Testing methods
2.4.1 Characterization of raw materials

Microstructural characterization for monoclinic-ZrO;, A1 O3 and MgO ceramic powders was
carried out with using of X-ray diffractometer (XRD) with Cu Ka radiation in the 20 range of 3-
90°, with a step width of 0.01 and 1 second of exposure time per position. The morphology of
ceramic particles, and potato and tapioca starch granules were observed via utilizing scanning
electron microscopy (SEM). Density determination of ceramic powders was carried out utilizing

a pycnometer. For increasing the accuracy of measurement, the experiment was repeated for three
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times and the average value was taken. The particle size distribution of ceramic powders was

characterized by using CILAS 715 equipment as shown in Fig. 2.8.

Granulometre 715

Fig. 2.8 CILAS 715 equipment i. 2.9 Moisture determination balance

The measurements were carried out at room temperature with the addition of two drops of
sodium-tripolyphosphate diluted solution as a dispersion agent. The dispersion process was
enhanced by the aid of ultrasonic for 60 sec. A moisture determination balance (RADWAG
MA110R) was used to measure the moisture content of the potato and tapioca starches. The
moisture determination balance, as shown in Fig. 2.9, consists of an electric heater to vaporise
moisture and a highly accurate balance to measure the weight loss. The test started with placing 6
grams of starch in the empty balance pan, followed by evenly spreading the starch powder to make
a thin, uniform layer. The weight of the starch powder decreased throughout the drying process as
moisture evaporated. Upon completion of the test, the moisture content displayed on the screen of
the device was recorded.

The hydrothermal technique used to determine the rate of starch granule swelling in distilled
water. This method involves heating starch in water at regulated temperatures to observe swelling
characteristics. The first step of this method is the preparation of samples by measuring a certain
quantity of both potato and tapioca starches (1 gram) and incorporating it into a designated volume
of distilled water, often maintaining a starch-to-water ratio of 1:100 (w/v). Then, the solution was
comprehensively mixed to guarantee uniform distribution of starch granules. The mixing was
conducted using magnetic stirrer equipment at a rotational speed of 200 rpm. The second step is
the hydrothermal treatment of starch granules. The starch-water suspension is heated using a
temperature-regulated magnetic stirrer, often maintained at 65°C, for different durations (10, 20,
30, 40, 50, and 60 min). The heat induces the swelling of starch granules as they absorbed water.

After heating, the sample was allowed to cool to ambient temperature. Then, filter paper utilized
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to separate the hydrated starch granules from the water. Then, the weight of the sediment
(swollen starch granules) is measured. The swelling factor measures how much starch granules
expand relative to their original volume. There are no units, hence it is dimensionless. The
following equation was used to measure the swelling factor (SF) of potato and tapioca starch:

SF = Weight of swollen starch/ Weight of dry starch

2.4.2 Characterization techniques of porous ceramic composites
An XRD equipped with Cu Ko radiation in the 20 range of 3 - 90° was used to carry out the
crystalline structure and phase identification of the prepared porous structured ceramics. The step
width was 0.01 and the exposure period per location was 2 seconds. Preparation for the XRD test
involves either finely grinding the samples to a powder to guarantee crystals are oriented randomly
or polishing them to a flat surface. After that, the sample is carefully placed in the sample holder
inside the equipment. SEM was used to examine the porosity, pore size, pore surface morphology,
and the surfaces of the pre-sintered and sintered porous-structured samples. It is important to
thoroughly clean the surface of the samples before imaging them to remove any contamination.
Image quality might be diminished due to dust obstructing the electron path. Since ceramic is not
a conductive material, a conductive gold coating should be applied to the surfaces to eliminate the
charging effects. Then the sample secured in the SEM chamber using a suitable stub and
conductive adhesive (carbon paste or tape). Mercury intrusion porosimetry (MIP) was used to
analyse the size distribution of the channels (openings) that connect the pores together. MIP
depends on the entrance of mercury into the pore space; hence, it can only detect open pores. The
pore openings size distribution was determined with a maximum intrusion pressure of 400 MPa,
enabling the detection of opening sizes as fine as 4 nm. Before analysis, the sample was evacuated
to remove any adsorbed material that may cover its porosity. The experiment used a mercury
surface tension of 480 nN/m and a contact angle of 141.3° (at 25°C). The principle behind MIP is
that under pressure, only nonwetting liquids (those with a contact angle larger than 90°) may
penetrate capillaries. The equivalent diameters calculated by MIP are size measurements based on
the Washburn equation (1).
P r=-2.y.cos© (1)
Where P is the absolute applied pressure, 7 is the pore radius, v is the mercury surface tension,
and O is the contact angle. This indicates that the mercury porosity results in a pore throat diameter

distribution in the case of large pore cavities (cells) linked by tiny pore channels or throats (window
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cells). Dilatometric (TMA, thermomechanical analysis) test was conducted on a SETARAM
SETSYS 2400 system to assess the shrinkage of the sample under heat treatment in an air
environment. As shown in Fig. 2.10, the green specimen (6.5 mm in length) was positioned in the

dilatometer and contacted by an Al,O3 hemispherical probe, ensuring uniform force distribution

and precise displacement measurement.

iy

Fig. 2.10 Dilatometry (TMA) test

The test was performed in ambient air to replicate normal sintering conditions that followed in
the preparation of the samples. The heating process included a regulated temperature increase from
ambient temperature to around 1500°C. The heating rate was designed to facilitate progressive
thermal contraction, followed by a high-temperature plateau during which the sample was
maintained in equilibrium to enhance densification. After the holding period, the furnace was
gradually cooled to ambient temperature. The system consistently recorded the linear dimensional
changes of the sample during the whole operation. The raw displacement measurements were
subsequently corrected for the thermal change of the measuring instrument, using the Al2O3 probe
as a reference.

The apparent densities of the ceramic samples were determined by measuring both their weight
and size after sintering. The water absorption method was used to calculate the apparent porosity
of the samples. In order to determine the apparent porosity (AP), the samples were weighed after
sintering (Wsint. ), then again after being immersed in water for 24 hours at room temperature (Wimm.),
and after being saturated with water (wsat.). Fig. 2.11 shows the sample being weighted when it

was completely saturated with water.
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The apparent porosity (AP) was determined by solving the equation (2):
Ap = Gmm_Tsint. -100%; (%) )
The volume shrinkage (VS) was determined by measuring the volume of the samples before
sintering (Vo) and the volume of the samples after sintering (V1) using equation (3). The volume
of the samples is calculated by using the average of three measurements taken with a digital Vernier
calliper.
VS=%'100%; (%) 3)
Universal testing machine (Zwick) was used to measure compressive stress of the sintered
cylindrical samples with approximately 5 mm diameter and 8 mm height at 2 mm-min! loading
rate. Compressive strength was measured by using the equation (4), taking the average of six
samples for each composition to ensure that they were as accurate as possible.
oc=F/A 4)
Where o is the compressive strength, F is the applied load, and A is the cross-sectional area of
the samples (A = n-r> mm?). The following flow chart summarizes the progress on the PhD thesis,

detailing the research work carried out in each study.

The pair plot analysis was performed using Seaborn library in Python to explore the correlations
among processing conditions, compositional variations, pore-forming agents, and
different characteristics (apparent density, apparent porosity, volume shrinkage, and compressive
strength) of the sintered ZrO>-Al203-MgO porous bio ceramics. This visualisation presents the

univariate distributions of each parameter and the bivariate relationships among all variable pairs.
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3. Chapter Three - Results and discussion
3.1 Raw materials characterization results
3.1.1 XRD test results of raw materials

The XRD technique was used to characterize the phase composition of the raw ceramic
powders. The as-received commercial monoclinic-ZrO> powder diffraction pattern is shown in Fig.
3.1 (The full size of XRD pattern can be seen in Appendix B.). As expected, the ZrO, powder
sample only presents the monoclinic phase peaks. The results clearly show that the highest two
peaks, which are the (111) and (-111) at 20 are about 28° and 31°, they are both for monoclinic
crystal structure (baddeleyite).
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Fig. 3.3 XRD pattern for MgO powder

XRD pattern of the Al2O3 powder, as shown in Fig. 3.2 (The full size of XRD pattern can be seen
in Appendix B.), shows that only pure corundum Al,O; phase detected with several high intensity
peaks at 20 =26°, 35°, 38°, 43°, 52°, 57°, 66°, and 68° for planes (012), (104), (110), (113), (024),
(116), (216) and (300), respectively. The XRD pattern for MgO powder, that is shown in Fig 3.3
(The full size of XRD pattern can be seen in Appendix B.), shows that the sharper and more intense
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peaks at diffraction angles of 26 = 37°, 43°, 62° are mainly ascribed to diffraction by basal planes
(111),(200), (22 0) of periclase MgO phase, respectively. The result also shows the presence
of low intensity peaks for tridymite SiO2 phase as impurity. The XRD finding indicates that there
is no presence of hazardous or poisonous compounds that may threaten human health, making the
material particularly appropriate for bio-medical devices, implants, or tissue engineering.
3.1.2 SEM test results for raw materials

The microstructure and properties of ceramics are greatly impacted by variations in the
morphology of the raw ceramic oxide particles. Smaller particles possess a larger surface area,

enhancing their capacity for denser packing. Spherical or equiaxed particles have enhanced

packing efficiency, resulting in a more homogeneous microstructure in the finished ceramic [141-

143]. The SEM micrographs of m-ZrO> powder are shown in Fig. 3.4 (a) and (b).
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Fig. 3.4 SEM images for m-ZrO; powder (a and b are two different scanning areas)

The SEM micrographs reveal that the m-ZrO, powder has a hierarchical structure in which
nanoscale particles aggregate to create bigger micron-sized grains. As shown in Fig. 3.4, the main
particle size was slightly more than 100 nm. Materials in nanoparticles scale possess a substantial
surface area in relation to their volume, resulting in an increased number of exposed surface atoms.
These atoms enhance surface energy, rendering nanoparticles intrinsically less stable and more
prone to interactions with adjacent particles. Materials often want to decrease their energy to attain
a more stable state; hence, for nanoparticles, aggregation is a spontaneous process that facilitates
the particles in achieving a lower-energy, more stable form. In m-ZrO; fine powder, van der Waals
forces attract the nanoparticles, resulting in their aggregation into clusters [144, 145]. Fig. 3.5 (a),

and (b) illustrate the SEM micrographs of AbO3 powder. Al,O3 powder comprises fine particles
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with very little agglomerations. The majority of the Al,Os particles exhibit elliptical, or
longitudinal forms. The SEM micrographs indicate that the Al.O3 particle size exceeded 100 nm.
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Fig. 3.5 SEM images for A,O; powder (a and b are two different scanning areas)

MgO powder SEM micrographs are shown in fig. 3.6 (a) and (b). Micrographs show that the
MgO powder is mostly fine particles that have not clumped together. The particle shape of MgO
particles is irregular, but most of them can be considered to have a faceted shape. The size of the

MgO particles was larger than 100 nm.
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Fig. 3.6 SEM images for MgO powder (a and b are two different scanning areas)

The morphology of the pore-forming agentused in the fabrication of porous structures
significantly affect their characteristics, especially if the porous structure is used in biomedical
applications like in bone replacement applications. In biomedical application, the shape and size
of generated pores must be suitable to facilitate the cell migration, bone ingrowth, proliferation
and vascularization. Larger pore forming agent particles generate larger pores, hence increasing
the surface area of the porous material. The increasing surface area of porous materials leads to

improved bonding with the living tissues. The increased surface area of the pore offers a greater
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number of interconnected pores by increasing the number or the size of the channels or openings
between the pores. Interconnection pores facilitate cell migration, nutrient transport, and
vascularization and also enhance the connection between the living tissue and the artificial part.
The quantity of pore-forming agent significantly influences the properties of porous
structures. Employing a small content results in a denser structure with reduced porosity. Although
this may enhance compressive strength, it diminishes porosity, so restricts cell infiltration and
vascularization. In contrast, increasing the quantity of pore-forming agent leads to a structure
characterized by enhanced porosity but decreased compressive strength. Therefore, when
designing the porous structure for bone replacement applications, it is crucial to consider the
balance between porosity and compressive strength [146-149]. The SEM was used to evaluate the
potato and tapioca starch particle morphology. Fig. 3.7 (a) and (b) illustrates the SEM images of

tapioca starch at different magnifications.
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Fig. 3.7 SEM image for tapioca starch particles (a and b are two different scanning areas)
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Tapioca starch particles present approximately round (spherical) shapes with different particle
size distribution. As shown in Fig. 3.7, tapioca starches have an average particle diameter greater
than 10um. The SEM micrographs in Fig. 3.8 (a) and (b) for potato starch powder. The granules
seem generally oval to spherical in form, with smooth, well-defined surfaces. The size of the
granules varies, which is common for potato starch, and this heterogeneity impact the
gelatinization behaviour and functional qualities of the starch. No essential surface damage,
fractures, or abnormalities are noticed on the granules, suggesting that the granules remain
essentially intact and unchanged. The smoothness of the surface and the absence of apparent pores

suggest a natural, non-gelatinized starch structure. The micrographs show that the granules do not
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display any evidence of aggregation or collapse. As compared with tapioca starch, potato starch

particles have a bigger size (the mean particle size approximately more than 25 um).
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Fig. 3.8 SEM image for potato starch particles (a and b are two different scanning areas)
3.1.3 Particle size distribution test results of raw materials
CILAS Granulometry 715 equipment was used to determine the particle size distribution of
ceramic raw materials. Fig. 3.9 illustrates the cumulative particle size distributions of the three

ceramic raw materials: m-ZrO», Al,O3, and MgO.
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Fig. 3.9 The particle size distribution of the ceramic raw materials

The x-axis represents the particle diameters on the logarithmic scale (ranging from 0.1 to 100
um), whereas y-axis represents the cumulative percentage of the particles that have a size smaller
than a given size. The particle size distribution curve of m-ZrO> rises steeply between
approximately 0.8 and 2 pm, reaching nearly 100% passing with a size of 2 um, indicating a fine
and narrow particle size distribution. The particle size distribution curve of Al2O3; shows a wider
distribution, starting at about 40% passing with about 1 pm and reaching 100% passing at around
8 wm. The particle size distribution curve of MgO displays the coarsest and broadest distribution,

with a particle size gradually increased from about 1 um to 100% passing more than 10 pm. The
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differences in the particle size distributions affect the processing and properties of the materials.
The smallest particle size powder such as ZrO, offers larger surface area and enhanced sintering
behaviour, while coarser particle size powder such as magnesia can offer lower shrinkage and
improved thermal shock resistance. Table 3.1 summarizes the D10, D50, and D90 that extracted

from the curves in Fig. 3.9.

Table 3.1 The D10, D50, and D90 of the ceramic raw materials

Ceramic powder D10 (upm) D50 (um) D90 (um)
m-ZrQO: no data no data 1.8
ALO3 1.5 4.0 8.0
MgO 2.0 6.0 15.0

Where D10 represent the particle size where 10% are finer, D50 represents the median particle
size (50% of particles are finer and 50% are coarser), and D90 represents the particle size where
90% of the particles are finer.

3.1.4. Moisture content and swelling factor of the starches test results

The moisture content of potato and tapioca starches has been determined using a moisture
determination balance. Upon completion of the test, the moisture content, expressed as a
percentage, is displayed on the screen of the device. The measured moisture content of potato
starch powder was 15.17 %, whereas that of tapioca starch powder was 11.63 %. Fig. 3.10 analyses

the swelling characteristics of potato and tapioca starch.
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Fig. 3.10 Swelling factor via mixing time for potato and tapioca starches
Tapioca starch has a more rapid swelling rate and attains its peak swelling capacity quicker than
potato starch. The accelerated swelling results from the higher amylopectin content in tapioca
starch, facilitating water penetration and the disruption of the granule structure more effectively
[150, 151]. Potato starch, has bigger granules, expands considerably, exhibiting enlargement with

rising temperatures. The swelling characteristics of starch directly affect the pore morphology of
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the resultant ceramic product. Potato starch, characterised by its bigger granules and enhanced
swelling ability, often yields ceramics with larger pores. The swelling factor (ratio of final to initial
size after swelling) of potato starch (about 4.1) is greater than that of tapioca starch (about 3.2).
3.2 Porous ceramics characterization results
3.2.1 Test results of studying the effect on different content and type of starches with different
distilled water content

Density and porosity are the most important characteristics that influence the properties of the
prepared porous structure. Fig. 3.11 (a) and (b) illustrate the relation between the apparent densities
of porous ceramic samples and the amount of starch present in the suspension at varying

concentrations.
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Fig. 3.11 Apparent density via potato starch content (a) and tapioca starch content (b)
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Fig. 3.11 (a) depicts samples made with potato starch, while (b) depicts other samples made
with tapioca starch. According to the findings, the apparent densities of the samples decrease as
the amounts of potato and tapioca starch increase. As the amounts of starch increased, less ceramic
particles were packed between the starch granules; thus, the decrease in the ceramic
powders content was accompanied by a decrease in the density. There is no consistent influence
that the concentration of the suspension has on the apparent densities of the samples. Fig 3.12 (a)
and (b) shows the relation between the apparent porosity and starch content at different suspension
concentration. The results illustrate that the apparent porosity is largely controlled by the starch
content in the suspension. As potato starch has a larger swelling factor than tapioca starch, it
undergoes more significant shape changes during swelling and gelatinization, resulting in higher
apparent porosity for most samples. The high starch content in the slurry will be able to draw in a

significant quantity of moisture from the surrounding environment, then swell and gelatinize. This

35



starch then burns off during the sintering process, creating pores in the structure that reduce the

density of the structure and increase its porosity.

Suspension Concentralion m 60 wi.% 65wt =68 wt% =70 W% Suspension Conceniralion m g0 wi % ®65 wt.o% =68 wi =70 wh.%

80 80
B
B |
| |
| |
| T | |
20

20
10
a Potato thth content (wt. %) b Tapioca starch content (wt.%
Fig. 3.12 Apparent porosity via potato starch content (a) and tapioca starch content (b)
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Fig. 3.13 (a) and (b) provide a comparison of the values of volume shrinkage as a function of

the starch content and the suspension concentration.
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Fig. 3.13 Volume shrinkage via potato starch content (a) and tapioca starch content (b)
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As the proportion of ceramic powder in the suspension increases, the volume shrinkage reduces.
In addition, the volume shrinkage is increased by an increase in the amount of starch present. The
samples with 30 wt.% potato starch shrank the most; by about 35.5%. The size of pores is increased
in samples that include potato starch; therefore, these samples have higher volume shrinkage. SEM
was used in order to explore the pore and surface morphology of the prepared samples. Fig. 3.14
(a) shows the SEM image of a sample with 10 wt.% potato starch and 70 wt.% suspension
concentration. This sample has apparent porosity of about 33%. The sample shown in (b) has 30
wt.% potato starch and 60 wt.% suspension concentration. This sample has an apparent porosity
that is roughly 73% higher than any other. In this sample the pores do not have a regular form,

despite the fact that there are many pores as indicated in the image. From the results, it is possible
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to conclude that the pore size decreased and the shape irregularity increased along with the potato

starch content. This agrees with the results of the research by Garrido et al [152].
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Fig. 3.14 SEM micrographs of samples with:
- Potato starch at 10 wt.% (a), 30 wt.% (b), - Tapioca starch at 10 wt.% (c), 30 wt.% (d)

The same behaviour is seen when tapioca starch is used, as shown in (c) and (d), where (c) is
for samples containing 10 wt.% tapioca starch and 70 wt.% suspension concentration and (d) is
for samples containing 30 wt.% starch and 60 wt.% suspension concentrations. In general, it is
clear that the ceramic composites produced from suspensions containing a low starch content (10
wt.%) have substantially bigger pores than those produced from suspensions containing a higher
starch content (30 wt.%). This finding is in full accordance with the principle of starch
consolidation casting, and it verifies a large number of findings in previous study [153,154]. As
can be observed in Fig. 3.15 (a) and (b), the ceramic shells are visible inside the pores. It is clearly
evident that the interaction between the ceramic particles and the starch granules had a significant

role in the formation of these shells. During the process of heating, a layer of ceramic particles that
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adhered to the surface of the starch granule is separated from the rest of the ceramic matrix and

moves in the same direction as the starch granule as they shrink.
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Fig. 3.15 SEM micrographs of samples with:
(a) 30 wt.% tapioca starch and 60 wt.% suspension concentration
(b) 10 wt.% potato starch and 70 wt.% suspension concentration
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Fig. 3.16 Compressive strength via potato starch content (a) and tapioca starch content (b)

Fig. 3.16 (a) and (b) illustrate the variation in compressive strength with potato and tapioca
starch contents at varied suspension concentrations. The compressive strength decreased (from
13.97 to 2.7 MPa with using potato starch and from 15.87 to 8.14 MPa with using tapioca starch)
with the increase in starch content from 10 wt.% to 30 wt.% and with the decrease in suspension
concentration from 70 wt.% to 60 wt.% (increase in water content). The strength was significantly
lower than the identical value [155] of dense ZrO» ceramics, owing to the considerable porosity
that caused an exponential reduction in strength. Compressive strength testing shows that the
produced samples have values between 2.7 MPa and 15.87 MPa, which is comparable to trabecular
bone (0.1 MPa - 30 MPa) [156]. The Pearson correlation coefficient values for the experimental
data were calculated by using a data analysis tool pack in Microsoft Excel to represent the strength

of correlation between the experimental data. The experimental data are denoted by Sus. (wt.%)
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for suspension concentration, AD for apparent density, AP for apparent porosity, VS volume
shrinkage, and o for the compressive strength. Tables 3.2 and 3.3 show the correlation matrix of
the experimental data.

Table 3.2 The correlation matrix with using of potato starch

Starch (wt.%) Sus. (Wt.%) AD AP VS c
Starch (wt.%) 1
Sus. (Wt.%) 0 1
AD -0.738 -0.268 1
AP 0.819 -0.499 -0.549 1
VS 0.545 -0.737 -0.031 0.769 1
c -0.761 0.517 0.292 -0.848 -0.842 1

Table 3.3 The correlation matrix with using of tapioca starch

Starch (wt.%) Sus. (Wt.%) AD AP VS c
Starch (wt.%) 1
Sus. (Wt.%) 0 1
AD -0.873 -0.095 1
AP 0.726 -0.472 -0.774 1
VS 0.187 -0.909 -0.084 0.574 1
c -0.798 0.516 0.639 -0.265 -0.371 1

The correlation coefficient values range from +1 (which means that there is a perfectly positive
linear correlation) to -1 (which means that there is a perfectly negative linear correlation), while
the zero value means that there is no linear correlation between the two variables. The results
indicate that there is a strong negative correlation between the starch content and the apparent
density and compressive strength. The results also show that there is a strong positive correlation
between the starch content and the apparent porosity. The suspension concentration has a strong
negative correlation with the volume shrinkage, which means that with decreasing water content
the volume shrinkage decreases. To provide a comprehensive analysis of the inter-variable
correlations and understand the fundamental data structure, the pair plot was generated with the
Seaborn library in Python. Figs. 3.17 (with different potato starch wt.%), 3.18 (with different
tapioca starch wt.%), and 3.19 (with different suspension wt.%) illustrate a pair plot of four study
features: apparent density, apparent porosity, volume shrinkage, and compressive strength. The
diagonal subplot illustrates the distribution of an individual variable, while the off-diagonal plots

provide scatter plots that demonstrate the interactions between pairs of variables.
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Fig. 3.17 Pair plot of four study features of samples prepared with different potato starch wt.%
Figs. 3.17 and 3.18 demonstrate that the apparent density and compressive strength are highest

in the absence of starch and decrease with the incorporation of starches. The apparent porosity and
volume shrinkage increased as the potato and tapioca starches wt.% increased. In summary, the
starches weaken the strength of the prepared porous ceramics while increasing its porosity. Table

3.4 summarize the type of correlation between the variables in Figs. 3.17 and 3.18.

Table 3.4 Correlation relationships between the variables for samples prepared with potato and tapioca
starches

Variables AD AP VS c
AD - Negative Weak Positive
AP Negative - Positive Negative
VS Weak Positive - Negative

c Positive Negative Negative -
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Fig. 3.18 Pair plot of four study features of samples prepared with different tapioca starch wt.%

The findings demonstrate a negative correlation between apparent density and apparent
porosity, as anticipated, as a reduction in porosity after sintering leads to an increase in material
density. The weak correlation between apparent density and volume shrinkage indicates that
densification may be non-uniform, since pore coalescence and enlargement (the pore coalescence
and enlargement occurrence will be demonstrated using SEM in the third study of the thesis)
occurring at elevated temperatures might result in incomplete shrinking. The positive correlation
between apparent density and compressive strength suggests that increased density often enhances
mechanical strength, a characteristic commonly observed in ceramics. The apparent porosity has
a positive correlation with volume shrinkage and a negative correlation with compressive strength,
indicating that increased porosity not only facilitates dimensional change during sintering but also
diminishes the strength of the materials. The negative correlation between volume shrinkage and

compressive strength further indicates that excessive shrinkage or atypical microstructural
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evolution, such as pore coarsening, can offset the strengthening impact of densification. The
correlations illustrate the complex relationship between densification, pore evolution, and
mechanical performance during the sintering of the multiphase ceramic system. The diagonal in

Fig. 3.19 illustrates the distribution of a single variable over varying suspension concentrations.
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Fig. 3.19 Pair plot of four study features of samples prepared with different suspension wt.%

The suspension concentration has no discernible impact on the apparent density. With a rise in
suspension wt.%, both apparent porosity and volume shrinkage often decrease, attributable to
changes in packing behaviour and microstructural evolution of the material during drying and
sintering. At higher suspension wt.%, the slurry has a larger fraction of solid particles compared
to the liquid phase, resulting in denser particle packing and reduced interparticle spacing leading
to reduced volume shrinkage. At higher suspension wt.%, the water amount is not sufficient for

the starch absorption and swelling, resulting to lower porosity. Fig. 3.19 also illustrate that there is
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a positive correlation between the suspension wt.% and compressive strength. Table 3.5 summarize

the type of correlation between the variables.

Table 3.5 Correlation relationships between the variables for samples prepared with different suspension
wt.%

Variables AD AP VS c
AD - Negative Weak Positive
AP Negative - Positive Negative
VS Weak Positive - Negative

c Positive Negative Negative -

Fig. 3.20 illustrates four bar charts, each indicating the coefficient of variation (CV%) for a

particular feature measured over 24 group (each group is the average of 3 samples).
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Fig. 3.20 Bar plot of the coefficient of variation (CV%) for the samples with different starches and water wt.%

The plots indicate that the majority of samples display CV (%) values under 10%, implying

strong measurement consistency and minimal data dispersion. A limited number of samples

43



exceeding the 10% threshold, suggesting marginally increased variability potentially resulting
from experimental or material heterogeneity. The findings indicate that the experimental measures
are mostly reliable, with the majority of data sets remaining within acceptable variability
thresholds (under 20%).

In order to meet the requirements of using prepared porous ceramics in biomedical applications
such as bone replacement, it is essential to achieve a balance among apparent porosity, density,
and mechanical properties. Upon concluding the first study of the thesis, it was determined that
using a 20 wt.% starch content combined with a 60 wt.% suspension concentration yields good
apparent porosity (54% with potato and 53% with tapioca), apparent density (2.12 g/cm?® with
potato and 2.55 g/cm? with tapioca), and compressive strength (4.9 MPa with potato and 10.6MPa
with tapioca) that are appropriate for bone replacement applications.

3.2.2 Test results of studying the effect on different content of Al2O3 with different types of
starches

Depending on the optimum results of the first study, the used starch content in this study is 20
wt.% (based on solid ceramics) and the suspension concentration is 60 wt.% (based on solids).
To reduce the occurrence of cracks and defects on the surface of the samples, gradual pre-sintering
and sintering procedure was followed during this study. The effect of adding different content of
ADOs3 and different types of starches on the apparent density after pre-sintering and sintering are

presented in Fig. 3.21 (a) and (b), respectively.
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Fig. 3.21 Apparent density via Al,O3 content: (a) after pre-sintering, (b) after sintering

Three distinct categories of starch were employed: potato, tapioca, and a combination of potato
and tapioca starches in equal proportions (50:50 wt.%). According to the findings, Al2O3 content
negatively correlates with the apparent densities. The reduction in density was seen with an

increase in Al,O3 content since the density of Al,Os, about 3.04 g/cm?, is lower than that of ZrO»,
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which is approximately 5.71 g/cm?®. The heating with slow rate of 2 °C/min during pre-sintering
and sintering, which enabled the good diffusion and binding of ceramic particles leads to pore
minimization. The density of the ceramic composite samples is directly proportional to its porosity.

The apparent porosities of the porous structured ceramics after pre-sintering and after sintering are
compared in Fig. 3.22 (a) and (b).
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Fig. 3.22 Apparent porosity via Al,O3 content: (a) after pre-sintering, (b) after sintering

Fig. 3.22 indicates that the porosity of ceramics is mostly influenced by the Al,O; content, since
Al Os has a significant impact on the density of the samples. The apparent porosity for all samples
was increased with the addition of Al,Os;. The calculated apparent porosity after pre-sintering
varies from roughly 56 % for a sample consisting of 15 wt.% Al;O3; and made with tapioca starch
to around 69% for a sample consisting of 30 wt.% Al,O; and made with potato starch. While the
apparent porosity of sintered samples ranges from approximately 50 % for a sample prepared with
tapioca starch and 15 wt.% Al,Os to about 60 % for a sample prepared with potato starch and 30
wt.% ALOs. Fig. 3.23 (a) and (b) provide a comparison of the values of volume shrinkage after
pre-sintering and sintering as a function of the Al,O; content with different type of starch. Al>O3
functions as a grain-boundary stabilizer; its presence hinders grain-boundary movement during
sintering, essentially pinning grains and reducing the densification that induces shrinkage [157].
Furthermore, Al2O3 often has a lower melting point than ZrO,, which also influences sintering
kinetics and densification processes. The combined effects explain why increased alumina content
results in reduced shrinkage: increased porosity restricts densification, while the microstructural
functions of alumina mitigate mass transfer that induces shrinkage. Higher shrinkage occurs when
using potato starch because the swelling factor of potato starch is higher producing higher volume
of porosity. A matrix with a high volume of porosity has more tendency to shrink during sintering

due to the empty space existing between the matrix particles. However, large pores in the matrix
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were not removed during sintering; their size decreases only in proportional relation to the overall
shrinkage of the ceramic matrix. The reason is that due to the large diameter (low curvature) of
these pores. The driving force of sintering (the so-called sintering pressure) is too low for large

pore shrinkage to occur.
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Fig. 3.23 Volume shrinkage via Al,O; content: (a) after pre-sintering, (b) after sintering
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The pore and surface morphology of the porous-structured ceramics after pre-sintering and

sintering are shown in Fig. 3.24 and 3.25, respectively.

A B S Y > 2P v o B 5
% b - E e
e Al : :

i

%, : > o v ’ w9 i i R ]
Signai A =NTS B3DDefe: 8 Nov 2023 : Mag= 250X  SignalA= NS BSDDste: 9 fiov 2023 109] Mag= 100X  SignalA=NTS BSDDaie: 8 Nov 2023
] ERT=2000k¢  Time: 112506 — Wo=1135mm  EMT=2000%V  Tie: 112708 | B WD=801mm  EHT=20004F  Time: 100022

Fig. 3.24 SEM micrographs of porous ceramics after pre-sintering,
using potato starch, (b) using tapioca starch, and (c¢) using 50:50 wt.% tapioca + potato

All of the samples that were utilized in the SEM test have a composition that is composed of
67.5 wt.% ZrO2, 2.5 wt.% MgO, and 30 wt.% Al>O3, and they have the highest apparent porosity.
The results illustrate that there were two kinds of pores dispersed throughout the ceramic matrix:
larger, starch granule created pores, and smaller, channel-like pores between the ceramic particles.
Additionally, Fig. 3.24 present a comparison of the pore size and shape produced by three distinct
types of starch after pre-sintering. Compared to the microstructures produced using tapioca starch,
porous ceramics manufactured with potato starch have larger pores and a longitudinal pore
morphology. Following pre-sintering, the pores derived from the potato starch exhibited sizes

greater than 150 pm. While the pores created by the tapioca starch have a diameter of less than
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100 um. Fig. (c) depicts the existence of largest pore diameter (555.9 um) as a result of the presence
of two distinct starch types. The interaction between the two types of starch leads to the formation
of extremely large pores. A comparison of the pore size and shape after sintering is shown in Fig.

3.25 (a), (b) and (¢).
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Fig. 3.25 SEM micrographs of porous ceramics after sintering,
(a) using potato starch, (b) using tapioca starch, and (¢) using 50:50 wt.% tapioca + potato

As a consequence of the process of sintering, the ceramic particles that are situated in the
vicinity of the pore surface experience volumetric shrinkage, which ultimately leads to a decrease
in the size of the pores. When potato starch was used, the pores in the produced ceramics were
larger than 100 um, while the pores produced by tapioca starch were around 84 um in diameter.
Fig. (c) shows the pore shape and size obtained by sintering the ceramics with using a mixture of
potato and tapioca starch in a 50:50 wt.% ratio. The presence of two different types of starch causes
the pores to have different shape and diameter. The pore is quite large and irregularly shaped,
measuring more than 200 pm in dimensions. In all cases, the pore morphology of the produced
porous structure depends on the type and amount of pore-forming agent. SEM micrographs
verified that the ceramic matrix did not achieve complete densification after the graded pre-
sintering or sintering procedure. The higher porosity attributed to an insufficient compaction of
the ceramic matrix during the sintering process. The ceramic composites were examined using
XRD to determine the crystallographic phases after the pre-sintering and sintering procedures.
Figs. 3.26 and 3.27 show the diffraction patterns of the composite materials after the pre-sintering
procedure. Figs. 3.28 and 3.29 show the diffraction patterns of the composite materials after the
sintering process. The composition of the samples shown in Fig. 3.26 and 3.28 is 82.5 wt.% ZrO»,
15 wt.% AL O3, and 2.5 wt.% MgO. While the samples shown in Fig. 3.27 and 3.29 consist of 67.5
wt.% ZrO2, 30 wt.% AlOs, and 2.5 wt.% MgO. The results clearly show that the highest two
peaks, which are the (111) and (-111) at 20 are about 28° and 31°, they are both for monoclinic
crystal structure (baddeleyite). Several peaks of corundum (a-Al,O3) were detected at 20 = 26°,
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35°, 38°, 43°, 52°, 57°, 66°, and 68° for planes (012), (104), (110), (113), (024), (116), (216) and
(300), respectively. The findings indicate that the peak seen at a diffraction angle of 206 = 37° is
mostly caused by diffraction from the basal plane (111) of the periclase MgO phase.
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Fig. 3.26 XRD pattern for pre-sintered ceramic with 15 wt.% Al,O3
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The XRD patterns indicate that the intensity of the peaks related to ZrO» increased after the
sintering process. Sintering improves the crystallinity of materials by facilitating the
reorganization and bonding of atoms inside the crystal lattice. In addition, sintering generally
results in the compaction of materials, hence decreasing the level of porosity. Reducing the number

of defects and voids in the material allows for a greater concentration of atoms that can participate
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in X-ray scattering, leading to higher peak intensities. Additionally, the findings show a reduction
in the peak intensity of the ZrO; phase as the Al,O; content increases from 15 wt.% to 30 wt.%.
As the AlbOs content rises, the fraction of ZrO; in the composite drops. Reducing ZrO> content

results in a decrease in the strength of the XRD peaks associated with the ZrO, phase.
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Fig. 3.28 XRD pattern for sintered ceramic with 15 wt.% Al,O3
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Fig. 3.29 XRD pattern for sintered ceramic with 30 wt.% Al,O3
Fig. 3.30 shows the results of pore opening size distribution measurement performed on
different ceramic samples. The composition of the samples shown in Fig. 3.30 is 67.5 wt.%
7102, 30 wt.% Al203, and 2.5 wt.% MgO. MIP result clearly demonstrates that the four samples

have different total pore volumes. However, the four samples vary in the distribution of this
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pore volume among pores of specific sizes. The predominant portion of the overall pore

volume in all samples exists in pores with a diameter exceeding 1 um.
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Fig. 3.30 Pore size distribution of 67.5 wt.% ZrO», 30 wt.% Al>O3, and 2.5 wt.% MgO samples

The quantification can be determined by the median pore size obtained from MIP
measurements. The median pore diameter, also referred to as the most probable pore opening size,
represents the point at which the concentration of pores corresponding to a specific size is highest.
Table 3.6 presents the most significant findings from the MIP testing.

Table 3.6 MIP results of 67.5 wt.% ZrO,, 30 wt.% AlOs, and 2.5 wt.% MgO samples

Sample Total intruded volume (cm?®/g) | Total pore surface area (m%/g) | Median pore size (um)
Without starch 30.97 0.151 1.1947
With tapioca 77.21 5.685 3.2937
With potato 136.48 12.702 5.321
(50:50) P+T 212.21 24.454 24.0811

The surface area is calculated by adding up the equivalent surface areas of all the pores in the
test sample per unit mass. Total intruded volume shows how much mercury has penetrated into
the sample at each pressure point. It begins at zero and grows in relation to the applied pressure.
The total pore volume, also known as the total mercury volume, refers to the overall volume of
pores determined by MIP per unit mass, expressed in cm?/g. To be precise, MIP does not reveal
the actual diameters of the macropores; rather, it reveals information on the characteristics that
regulate the entry of mercury, namely, the openings connecting the neighbouring macropores. MIP
plot demonstrates that as the pore diameter diminishes, cumulative pore volume rises. This

phenomenon occurs when smaller pores need more high pressure to be filled with mercury. The
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sample that contains (50:50) P+T starch (brown curve in Fig. 26) exhibits three distinct incursion
steps throughout the range of pore sizes from 0.01 to 100 um. Clearly, this sample shows a pore
opening with a size polydispersity that is rather large. In contrast to other samples, the pores in
sample without starch vanish in two specific ranges: the lower range ranges from 0.01 to 0.3 pum,
while the higher range spans from 1.5 to 100 um. This might be attributed to the combination of
the diminished presence of smaller connecting openings and the shrinkage in the size of the larger
ones. The pore size distribution curve clearly demonstrates a change towards smaller pore sizes
when no starch is used, suggesting a denser microstructure of the samples. Fig. 3.31 displays the
distribution of pore sizes as a function of relative pore volume. The sample that is prepared without
starch exhibits around 42% of the pore opening volume within a 1-2 pm range. About 39% of the
pore opening volume in the sample with tapioca starch is between the 3-7 pm range and about 10%
less than 0.01 pm. On the other hand, the potato starch sample has a larger opening, which makes
up around 45% of the volume of the pores in the 6-9 pm range and about 12% less than 0.01 pum.
The sample produced with a (50:50) mixture of potato and tapioca starches has a distinct pattern:
the curve representing the distribution of pore opening size shows four distinct peaks, each
corresponding to a different diameter of pore opening. In this sample, almost 17% of the volume
of pore openings has a diameter less than 0.01 um, 4% has a diameter between 0.03 and 0.05 um,
6% has a diameter between 2 and 6 um, and approximately 17% has larger openings with diameters

ranging from 10 to 100 um.
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Fig. 3.31 The pore size distribution via Relative pore volume of 67.5 wt.% ZrO,, 30 wt.% Al,O3, and 2.5 wt.% MgO
samples
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Fig. 3.32 illustrates the variation in compressive strength of sintered porous-structured ceramics

with the Al,O3 content at varied starch types.
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Fig. 3.32 Compressive strength vs. Al,O3 content

The highest calculated compressive strength was 76.89 MPa for a sample with a porous
structure, which was manufactured using 20 wt.% tapioca starch and 30 wt.% Al>O3 content. The
measured apparent density of this sample is 2.78 g/cm®, whereas the observed apparent porosity is
about 52%. While the lowest calculated compressive strength was 25.82 MPa for a sample with a
porous structure, which was prepared using 20 wt.% potato starch and 17.5 wt.% Al>O3 content.
The measured apparent density of this sample is 2.76 g/cm’, whereas the observed apparent
porosity is 56%. Fig. 3.32 also demonstrates a positive correlation between the compressive
strength and the amount of Al>O3 present. The main advantage of Al>Os is its ability to improve
compressive strength by serving as a barrier against fracture development. Al,Ojs is essential in the
crack-deflection mechanism. When a crack comes into contact with a rigid AlbOs particle, it is
either redirected or compelled to alter its direction. The presence of a zigzag fracture route
increases the energy demand for crack propagation, hence significantly enhancing the strength of
the material. Fracture deflection is a mechanism that absorbs energy that would otherwise promote
fracture propagation. The fracture resistance under compressive stresses is enhanced by the
absorption of energy [158]. The mechanism of fracture occurred when the load application was
parallel to the origin, as seen in Fig. 3.33. Compression failure occurs in brittle ceramics by
progressive microfracture, when microcracks grow to create failure planes [159]. Under
compression, microscopic cracks propagate steadily, widening in response to rising stress levels,
and eventually coalesce to produce ultimate collapse [160,161]. Fig. 3.33 shows the “kneading”

phenomena, which is an intriguing finding since it shows the sample hardening at the start of the
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load application. The microstructural components in porous materials might fail due to the

existence of many pores, which causes microcracking.

Fig. 3.33 Fracture mode on both sides of the fractured surface of sample containing 15 wt.% Al,O3
Tables 3.7, 3.8, and 3.9 show the Pearson correlation matrix for the experimental data after
sintering with different type of starches

Table 3.7 Pearson correlation matrix for the experimental data with using tapioca starch

ALO; (Wt.%) AD AP VS G
ALO; (Wt.%)
AD
AP
vs

o

-0.3591

Table 3.8 Pearson correlation matrix for the experimental data with using potato starch

ALO; wt.% AD AP VS c
ALO;3 (Wt.%)
AD
AP
vs
:

Table 3.9 Pearson correlation matrix for the experimental data with using tapioca + tapioca starch

ALO; (wt.%) AD AP VS o
ALO3 (Wt.%)
AD
AP
vs
:
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The results indicate that there is a very strong negative correlation between the Al,O3 content
and the apparent density and volume shrinkage. The results also show that there is a strong positive
correlation between the Al2O3 content and the apparent porosity and compressive strength. A pair
plot was created using the Seaborn library in Python to conduct a comprehensive analysis of inter-
variable correlations and to better understand the fundamental data structure. Figures 3.34 depict
a pair plot of four study parameters: apparent density, apparent porosity, volume shrinkage, and

compressive strength, determined for samples prepared with varying Al,O3 wt.%.
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Fig. 3.34 Pair plot of four study features of samples prepared with different Al,O3 wt.%

The diagonal subplot illustrates the distribution of an individual variable, while the off-diagonal
plots provide scatter plots that demonstrate the interactions between pairs of variables. Figure 3.34
demonstrates that when Al2O3; wt.% rises, apparent density and volume shrinkage decrease, while
apparent porosity and compressive strength increase. Table 3.10 summarises the correlation types

among the four variables shown in Fig. 3.34.
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Table 3.10 Correlation relationships between the variables for the samples with different Al,O3; wt.%

Variables AD AP VS c
AD - Negative Weak Positive
AP Negative - Weak Negative
AN Weak Weak - Negative

c Positive Negative Negative -

The correlation between apparent density and apparent porosity is strongly negative. As
apparent density rises, volume shrinkage slightly increases, as denser compacts undergo increased
particle rearrangement and pore elimination during sintering, resulting in more dimensional
shrinkage. Conversely, apparent porosity diminishes as volume shrinkage increases, since
shrinking leads to pore closure and structural densification, thus establishing a weak negative
correlation. The compressive strength diminishes slightly with increased volume shrinkage,

indicating that excessive shrinkage can induce internal stresses or microcracks, hence diminishing

the strength of the material.

Apparent density
N o e e S e e e A A B T e s e RS A A e S
A8
8
10%
e L i LR
_ 15
I3
T 10 frmmmmmmm e e 2
U5l e e e S 1 4 e e 5 S A S e e S e S e . OB
o 0.6 - = i 23 Lo L L L 0.7 e ) R 10 11 13 13 18 18 21
o
Volume shrinkage
ZO i e e o e e e e i € S S .
15
g
- 10%
3 10 %
5%
Y o R (e % T =0
2 2.4 26
1.9 1.6 11 19 13 1.6 16 19 13 19 17 1.7
04
Compressive strength
s S .. S
15
3
- 10%
e L R AL EEE RS,
5 L e g e S e S s i T oo o S O T S A S S A SR A I A aes i
2.9 2.6 27 2.7 26
LS 11 o 09 13 10 =1 i i 11 0.6 L2 10 0.6 e
o
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Row index within group (1..n)

Fig. 3.35 Bar plot of the coefficient of variation (CV%)
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Fig. 3.35 illustrates four bar charts, each indicating the coefticient of variation (CV%) for a
particular feature measured over 21 group (each group is the average of 3 samples). The plots
indicate that the majority of samples display CV (%) values under 5%, implying strong
measurement consistency and minimal data dispersion. The findings indicate that the experimental
measures are mostly reliable, with the majority of data sets remaining within acceptable variability
thresholds (under 20%). Upon completing the second study of the thesis, it was concluded that a
50:50 wt.% combination of tapioca and potato starches results in a larger pore size (larger than 100
um) with desirable pore openings (median pore openings size about 25 um), apparent porosity (51-
57%), apparent density (2.5-3.1 g/cm3), and mechanical compressive strength (~43-48 MPa)
suitable for bone replacement applications. The progressive pre-sintering and sintering process
may diminish the occurrence of fractures on the sample surfaces. Consequently, the subsequent
investigation of the thesis utilises a starch combination of 50:50 wt.% tapioca and potato starch.
In addition, all the samples were progressively pre-sintered and then sintered.

3.2.3 Test results of studying the effect of using progressive pre-sintering and sintering at
different temperatures

Pre-sintering offers several benefits in ceramic technology. The current study employs pre-
sintering to decrease the rate of shrinkage during the final sintering process and mitigate thermal
stresses. Pre-sintering decreases the rate of volume shrinkage by allowing a substantial fraction of
densification and particle rearrangement to take place during the pre-sintering stage. This
minimises the amount of further shrinkage required during the final higher sintering temperature.
By enabling partial densification of the ceramic material in the pre-sintering stage, thermal stress
is minimised during the final sintering process. Thermal stress and cracking occur due to the rapid
and uneven heating that takes place during the final sintering process. Pre-sintering mitigates these
concerns by dividing the densification process into two parts. The SEM micrographs in Fig. 3.36
(a), (b), (c), and (d) show a comparison between the samples that were sintered with pre-sintering
and samples that sintered without pre-sintering. Based on the findings, it seems that the pre-
sintering method is effective in reducing the development of cracks on the surface of the samples.
Furthermore, a comparison of the compressive strength between the progressively pre-sintered and
sintered samples (illustrated previously in Fig. 3.32) and the samples sintered without pre-sintering
and progressive sintering (depicted previously in Fig. 3.16) indicates that the compressive strength

is significantly higher in the progressively pre-sintered and sintered samples. Fig. 3.37, extracted
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from Figs. 3.32 and 3.16, shows the correlation between the compressive strength of the samples

that sintered with pre-sintered and other samples sintered without pre-sintering.
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Fig. 3.36 SEM micrographs of sintered porous ceramics (67.5 wt.% m-ZrO,, 2.5 wt.% MgO, and 30 wt.% Al,O3):
(a) and (b) without pre-sintering, (c) and (d) with pre-sintering
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Fig. 3.37 Compressive strength of the samples
The maximum compressive strength of the sample prepared with 20 wt.% potato starch, without
pre-sintering, was 10.25 MPa, whereas the sample made with 20 wt.% tapioca starch, also without

pre-sintering, exhibited a maximum compressive strength of 13.28 MPa. The pre-sintered and
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subsequently sintered samples shown in Fig. 3.32 exhibit a higher compressive strength, with a
maximum value of 76.89 MPa when produced with 20 wt.% tapioca starch and 30 wt.% Al,O3
content, and with a maximum value of 37.53 MPa when produced with 20 wt.% potato starch and
30 wt.% ALOs content. Fig. 3.38 illustrates the correlation between apparent density and Al,O3
content for the prepared porous ceramics after progressively pre-sintered and then sintered to three

distinct temperatures, 1400°C, 1500°C, and 1600°C.
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Fig. 3.38 Apparent density at different sintering Fig. 3.39 Apparent porosity at different sintering
temperatures temperatures

As the Al,Os; content increases, the apparent density decreases over all three-sintering
temperatures. The apparent density values are maximal for samples heated at 1600°C, moderate
for 1500°C, and minimal for 1400°C. This suggests that higher sintering temperatures lead to
increase the density of the materials. The impact of temperature on densification is apparent, since
higher temperatures tend to enhance particle bonding and decrease porosity. The highest measured
apparent density was 3.1 g/cm? for samples prepared with 15 wt.% Al>O3 and sintered at 1600°C.
While the lowest measured apparent density was 1.8 g/cm? for samples prepared with 30 wt.%
ALO3 and sintered at 1400°C. Fig. 3.39 illustrate the correlation between the apparent porosity
and AlbO3 content for the samples after sintering at three distinct temperatures. The apparent
porosity increases in relation to the Al,O3 content throughout all three-sintering temperatures. With
a constant Al2O3 concentration, the apparent porosity diminishes as the sintering temperature rises.
Samples sintered at 1400°C with a 30 wt.% Al>O3 had the highest apparent porosity, at 64%. While
samples sintered at 1600°C and produced with 15 wt.% Al,O3 had the lowest value approximately
51%. Fig. 3.40 illustrates the relation between the volume shrinkage of the prepared porous
ceramics and the AlOs; contents at different sintering temperatures. The volume shrinkage

increases as the sintering temperature increase. The process of densification is controlled by the
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sintering temperature. As the temperature rises during sintering, the diffusion of particles
intensifies, resulting in enhanced particle rearrangement and pore elimination. This induces
shrinking as pores diminish, leading to tighter particle packing and increased densification. Al20O3
and ZrO; exhibit divergent sintering behaviours attributable to their unique thermal and
mechanical characteristics. Generally, increasing the Al2O; in the samples increases porosity by
inhibiting fast densification, hence keeping a greater number of open pores. At high temperatures
(1600°C), both Al,03 and ZrO> undergo faster densification, resulting in a less relative difference
in shrinkage attributable to variations in AIbO3 content. At reduced sintering temperatures, grain
growth generally occurs at a slower rate, resulting in prolonged retention of a porous structure,

which significantly affects shrinkage due to porosity.
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Fig. 3.40 volume shrinkage at different sintering Fig. 3.41 Compressive strength at different sintering
temperatures temperatures

Fig. 3.41 shows the relation between the compressive strength of the prepared porous ceramics
and the Al,Os content at different sintering temperatures. The result indicates that the compressive
strength is markedly enhanced with increasing sintering temperature. Increased sintering
temperatures result in improved densification of the porous structure. Densification increases the
mechanical strength and decreases void space. The material can withstand greater compressive
loads due to its improved interparticle bonding and reduced pore number. Porosity directly
weakens the material, as it acts as a stress concentrator and a site for fracture initiation under
compressive stress. The highest calculated compressive strength was 48.66 MPa for a sample with
a porous structure, which was manufactured using 30 wt.% Al>O3 content and sintered at 1600°C.
While the lowest calculated compressive strength was 5.99 MPa for a sample with a porous

structure, which was prepared using 15 wt.% AlO3 content and sintered at 1400°C. Fig. 3.42
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illustrates the results of the dilatometric analysis test, which examines the thermal shrinkage

behaviour of the sample during the sintering process in an air atmosphere.
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Fig. 3.42 Thermal shrinkage behaviour of the sample during sintering process

The composition of the sample shown in Fig. 3.42 is 67.5 wt.% ZrO», 30 wt.% Al>O3, and 2.5
wt.% MgO. The test included elevating the temperature from room temperature to 1500°C,
maintaining it at that elevated temperature, and then returning it to ambient conditions. The
displacement curves, uncorrected (green) and adjusted for baseline effects (blue), demonstrate that
the sample experienced a little dimensional alteration during the first heating period. As the
temperature reached the sintering range, considerable shrinkage occurred. This shrinkage is
ascribed to the densification process often found in ceramics during sintering. While subjected to
solid-state sintering, oxide ceramic materials often experience a maximum shrinkage of around
25% of their original length. By comparing the green and blue curves, it can observe that the
thermal expansion of Al,Os; probe was properly accounted in the measurement, which ensures
accurate results. The uniform contraction behaviour without sudden alterations indicates the lack
of phase transitions or flaws during thermal cycling. The dilatometric data indicate satisfactory
densification of the material, with the thermal profile accurately reflecting the sintering kinetics
and shrinkage characteristics of the sample. The prepared ceramic composites were analysed by
XRD to identify the crystallographic phases after sintering at various temperatures. Fig. 3.43

illustrates the diffraction patterns of the samples that progressively pre-sintered and then sintered
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at 1400°C or 1500°C, while Fig. 3.44 depicts the sample progressively pre-sintered and then
sintered at 1600°C.
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Fig. 3.43 XRD pattern after sintering at 1400°C or 1500°C (with pre-sintering)
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The composition of the samples shown in the XRD patterns is 82.5 wt.% ZrO, 15 wt.% Al>O3,
and 2.5 wt.% MgO. The results clearly show that the highest two peaks, which are the (111) and
(-111) at 20 are about 28° and 31°, they are both for m-ZrO; (baddeleyite). Several peaks of
corundum (a-AlO3) were detected at 20 = 26°, 35°, 38°, 43°, 52°, 57°, 66°, and 68° for planes
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(012), (104), (110), (113), (024), (116), (216) and (300), respectively. The XRD pattern in Fig.
3.43 also demonstrate the existence of low intensity peaks for spinel (Mg-Al>O4) at 26 =19°, 31°,
37°, 45°, 59°, and 65° for planes (111), (220), (311), (400), (511) and (440), respectively. The
findings in Fig. 3.44 indicate that the peak seen at a diffraction angle of 20 = 37° is mostly caused
by diffraction from the basal plane (111) of the periclase MgO phase. The XRD results demonstrate
that at reduced sintering temperatures of 1400°C or 1500°C, MgO interacts with Al>O3 to form the
cubic structure typical of the spinel phase (Mg-Al>O4). The reaction did not occur at 1600°C, and
the MgO remains in the MgO phase inside the structure. At 1600°C, accelerated growth of grains
and densification may diminish diffusion pathways and reactive surface area, thereby hindering
more spinel production. The sintering process may result in pore closure, therefore restricting mass
transfer and reaction kinetics at 1600°C. At elevated temperatures, ZrO> may influence the MgO-
AlOs reaction by stabilizing distinct phases or altering diffusion paths, thus inhibiting the
continual creation of the spinel phase [162, 163]. The biomedical and mechanical characteristics
of the Mg-Al;O4 spinel structure are very desired, as it combines high strength with excellent
corrosion resistance and the ability to enhance the porous-structured features. The surface and pore
morphology of the sintered porous-structured ceramic were investigated using SEM. The samples
utilized for the SEM analysis contain 67.5 wt.% m-ZrO,, 2.5 wt.% MgO, and 30 wt.% Al,Os. Fig.
3.45 illustrates the SEM micrographs of porous structured ceramics sintered at the three distinct
temperatures: 1400°C, 1500°C, or 1600°C. The SEM micrographs illustrate a comparison of the
pore sizes that developed on the ceramic surface during sintering at various temperatures.
Compared to the microstructures that sintered at 1400°C or 1500°C, porous ceramics that sintered
at 1600°C have larger pores and a more uniform pore morphology. When the samples sintered at
1600 °C, the pores in the fabricated porous ceramics exceeded 100 um in size, while the pores that
were created in the samples that sintered at a temperature of 1400°C or 1500°C were smaller than
100 um in diameter. In general, the increase in porosity in the porous structure as a result of lower
sintering temperature 1400°C or 1500°C, can reduce the pore size and pore shape regularity. The
increase of pore size with higher sintering temperatures may also be attributed to many
interconnected phenomena during ceramic sintering, including surface shrinkage, pore coarsening
(Ostwald ripening) [164], pore coalescence, and grain growth. The surface shrinkage that occurs
during sintering may actually enlarge the surface pores of a porous ceramic. Sintering causes the

ceramic to shrink as the grains enclose one another, and the overall volume of the voids reduces.
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Smaller voids or neck areas between grains on the surface exhibit more curvature, hence elevating

their local surface energy.
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Fig. 3.45 SEM micrographs for porous ceramics sintered at:1400°C (a, b), 1500°C (c, d), and 1600°C (e, f).
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To minimize free energy, the system is driven to minimize the surface tension of the ceramic.
Surface tension at the ceramic interface compels the system to reduce free energy. This may lead
to the merging of tiny surface voids into bigger ones. Ostwald ripening in porous ceramics entails
a transfer of material from smaller grains to larger ones, motivated by disparities in surface energy.
It happens spontaneously during high-temperature sintering. Pores may enlarge when smaller
grains that surround them disintegrate and relocate to larger grains. This may lead to diminished
porosity (if pores occlude because of densification) and increased pore size (if smaller pores
amalgamate into bigger ones). At higher sintering temperatures, pore coalescence can occur. When
the temperature rises, smaller voids in the vicinity are more likely to combine into larger pores.
The improved material dispersion and pore mobility are responsible for this. Merging the tiny
voids causes a little reduction in total void volume but an increase in pore size. The results of the
SEM investigation indicated that there was a distinct difference between brighter and darker areas,
which corresponded to the ZrO> and Al>O3 phases, respectively. To verify more thoroughly the
phase distribution, energy dispersive x-ray spectroscopy (EDS) was performed at two distinct sites

on the samples as shown in Figs. 3.46 and 3.47.
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Fig. 3.46 EDS point analysis of two different points in the sample sintered at 1600°C
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Fig. 3.47 EDS point analysis of two different points in the sample sintered at 1400°C
The samples shown in Figs. 3.46 and 3.47 consisted of 67.5 wt.% m-ZrO», 2.5 wt.% MgO, and

30 wt.% Al>Os. The sample in Fig. 3.46 underwent sintering at 1600°C, while the sample in Fig.
3.47 was sintered at 1400°C.The EDS spectrum obtained from point 1 (Fig. 3.46) reveals that
zirconium (Zr) is the predominant element, which corresponds to the m-ZrO: phase. Additionally,
there are measurable quantities of aluminium (Al) derived from Al>O3, and magnesium (Mg)
derived from MgO. On the other hand, the EDS spectrum obtained from point 2 (Fig. 3.46) has a
larger Al peak intensity, which indicates that A1>O3 is more concentrated in this region, despite the
fact that Zr and Mg are still present. The findings in Figs. 3.46 and 3.47 validated the existence of
Zr, Al, and Mg at both analysed locations, however local discrepancies in peak intensity were
noted owing to phase variations in every location. These variations are anticipated in multi-phase
porous ceramics and correspond with the inherent microstructural variability that occurs during
sintering. Fig. 3.48 illustrates the SEM micrographs with higher magnification for porous
structured ceramics sintered at three distinct temperatures: 1400°C, 1500°C, and 1600°C. The
samples shown in Fig. 3.48 consisted of 67.5 wt.% m-ZrO, 2.5 wt.% MgO, and 30 wt.% Al>0s.
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The results illustrate the features of micro-void morphology that developed between ceramic

grains and the connectivity of grains in sintered ceramics.
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Fig. 3.48 SEM micrographs for sintered porous ceramics at: 1400°C (a), 1500°C (b), 1600°C (¢) (67.5 wt.% m-
7103, 2.5 wt.% MgO, and 30 wt.% Al,O3)

The findings indicated that when the sintering temperature increased from 1400°C to 1600°C,
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the ceramic grains connectivity increased, and the micro-voids between the grains were decreased.
The strong network formed by the connectivity of grains enabled the sintered ceramics to achieve
high mechanical strength. Grain boundary migration or viscous movement of the material may
happen at high sintering temperatures, further lowering porosity when smaller voids collapse or
shrink. Reduced overall porosity may be attributed, in part, to grain growth, which often occurs
during high-temperature sintering, which can push or absorb tiny voids that are locked at grain
borders. At 1400°C, sintering is less advanced, leaving smaller grains and a network of

interconnected pores. These interconnected pores contribute to high apparent porosity but may not
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always be visible or prominent on the surface of the sample. At 1600°C, densification and grain
growth during sintering likely reduce the connectivity of internal pores, creating more dense
structure while potentially enlarging or exposing pores on the surface. This can lead to lower
apparent porosity (less inter-connected pores in the bulk) and higher surface porosity (visible pores
appear larger or more prominent in SEM). Figs. 3.49, 3.50, and 3.51 show the cumulative pore

volume as a function of pore diameter resulted from the MIP investigation.
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Fig. 3.49 Pore size distribution of porous structured sample sintered at 1400°C (67.5 wt.% m-ZrO,, 2.5 wt.% MgO,
and 30 wt.% Al>O3)
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Fig. 3.50 Pore size distribution of porous structured sample sintered at 1500°C (67.5 wt.% m-ZrO,, 2.5 wt.% MgO,
and 30 wt.% Al,O3)
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Fig. 3.51 Pore size distribution of porous structured sample sintered at 1600°C (67.5 wt.% m-ZrO,, 2.5 wt.% MgO,
and 30 wt.% Al>O3)

The findings quantify the extent to which mercury penetrates the porous material under rising
pressure, enabling accurate characterization of channel opening diameters. All the samples that
were used in this test consist of 76.5 wt.% ZrO», 2.5 wt.% MgO, and 30 wt.% Al>O3. As can be
observed from the pore size distribution Figs., the cumulative pore-volume curves (blue curves)
of all the samples sintered at various temperatures show similar tendencies. All have an S-shape,
flattened at both ends and steep in the central region, signifying that substantial quantities of
mercury permeate the mesopores and tiny pores in the centre area. Furthermore, mesopores and
tiny pore channels, with a diameter range of 0.1-10 um, constitute a significant fraction of the total
pore volume in the samples. At increased pore opening sizes (reduced pressures), a plateau in the
curves indicates a restricted occurrence of macropore openings or larger pore openings inside the
ceramic matrix. Steep changes in the cumulative pore volume curve indicate prevailing pore size
ranges. This signifies that most pores are concentrated within certain size ranges, illustrating the
pore size distribution of the material. At reduced pore sizes (elevated pressures), a plateau in the
curves indicates that all available pores were filled with mercury. Differential pore volume
(dV/dlogD) denotes the incremental pore volume corresponding to each pore size range. It
indicates the proportion of the total pore volume attributed to pores of a certain size, often
expressed in mL/g or cm?/g. Each peak represents a predominant pore size inside the material.
Sharp peaks indicate distinct pore sizes, but broader slopes signify a more extensive variation of

pore diameters. The occurrence of several peaks indicates bimodal or multimodal porosity,
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indicating that the material has pore openings of various different sizes. The height of the peak
indicates the volume of pores at that particular size. A higher peak indicates an increased volume
of pores within that diameter range. The existence of two peaks in the Figs. Indicates that the
samples exhibit a bimodal pore size distribution, signifying the presence of two discrete groups of
pore sizes. The first peak in Fig. 3.49 signifies a predominant pore size of around 0.53 um, whilst
a subsequent peak denotes a predominant pore size of roughly 3.81 um. In Fig. 3.50, the first peak
indicates a significant pore size of around 0.42 pm, whereas the next peak represents a prominent
pore size of about 1.14 pm. The first peak in Fig. 3.51 shows a significant pore size of around 0.38
um, whereas the subsequent peak signifies a noticeable pore size of approximately 1.12 um. The
volume ratio of the pores that have a specific size of 3.81, 1.14, and 1.12 is larger than that of the
other pores. The findings of the MIP tests show that when the sintering temperature increases, the
size of the pore openings (the pore throat) decrease. The densification tendency is the reason for
this; as the sintering temperature rises, the particles connect more tightly to one another, resulting
in less spaces between them. The increase in pore openings size at lower sintering temperature
(1400°C) results in the largest apparent porosity of the samples, as seen in Fig. 3.39. The
assessment of apparent porosity relies on measuring the amount of water that infiltrates the open
pores and openings on the surface; as the dimensions of these pores and openings enlarge, the

apparent porosity of the sample increases. Table 3.11 presents the most significant findings from

the MIP testing.
Table 3.11 MIP results
Sintering Total intruded volume Total pore surface area Median pore size
temperature (°C) (mm?/g) (m?/g) (um)
1400 187.08 13.297 1.122
1500 124.64 5.942 0.795
1600 125.52 5.486 0.778

In order to measure the degree of correlation between the experimental data, the Pearson
correlation coefficient values were computed. Table 3.12 displays the experimental results after
sintering at various temperatures together with the Pearson correlation matrix. The findings show
that the apparent density and volume shrinkage values drop as the Al.O3 content increases,
suggesting a weak negative correlation between the two variables. Furthermore, the findings
demonstrate a positive correlation between the apparent porosity and the AloO3 wt.%. Despite the
fact that there is a very weak positive correlation between Al>O3; and compression strength. The

findings indicate a strong positive correlation between the temperature and the apparent density,
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volume shrinkage, and the compressive strength. In addition, there is a strong negative correlation
between the temperature and the apparent porosity. The compressive strength of the produced
porous structured ceramics was enhanced when the AlO; content, sintering temperature, and
apparent porosity, were raised. However, when apparent density and volume shrinkage increases,
it decreases.

Table 3.12 The Pearson correlation matrix of the experimental data.

ALO3 (Wt.%) Temp. (°C) AD AP VS I
ALO3 (Wt.%) 1
Temp. (°C) 0 1
AD -0.3542 0.9036 1
AP 0.6051 -0.7551 -0.8621 1
VS -0.4098 0.8547 0.9372 -0.9012 1
c 0.2472 0.9511 -0.7719 0.5644 -0.6823 1

Figs. 3.52 (after sintering at 1400°C or 1500°C) and 3.53 (after sintering at 1600°C) illustrate
a pair plot of four research parameters: apparent density, apparent porosity, volume shrinkage, and
compressive strength. The diagonal subplot illustrates the distribution of an individual variable,
while the off-diagonal plots provide scatter plots that demonstrate the interactions between pairs
of variables. It can be concluded from the results that the apparent density, volume shrinkage, and
compressive strength increase, while apparent porosity decreases with rising sintering temperature.

Table 3.13 summarize the type of correlation between the variables in Figs. 3.52 and 3.53.

Table 3.13 Correlation relationships between the variables after sintering at different temperature

Variables AD AP VS c
AD - Negative Positive Negative
AP Negative - Negative Positive
VS Positive Negative - Negative

c Negative Positive Negative -

Apparent density has a negative correlation with apparent porosity and compressive strength,
while demonstrating a positive correlation with volume shrinkage. At high temperatures, the
accelerated diffusion promotes pore coarsening and pore migration towards grain boundaries,
resulting in the disappearance of numerous small pores while the remaining pores enlarge and
occasionally merge into fewer, larger pores. This phenomenon can enhance the apparent density
(due to the closure of small, numerous pores) while concurrently generating larger pores that

diminish compressive strength, leading to a reduction in strength despite an increase in density.
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The apparent porosity diminishes as volume shrinkage increases, as shrinking leads to the
closure of small pores (channels between the large pores) and the densification of the structure.
With increasing volume shrinkage of ceramics, the pore openings size (the size of channels
between the pores) reduced, leading to a reduction in apparent porosity (depending on the open
surface pores). The results also indicate that the apparent porosity correlates more positively with

compressive strength when the sintering temperature increases from 1400°C to 1600°C.
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Fig. 3.54 Bar plot of the coefficient of variation (CV%)

In Figs. 3.52 and 3.53, the correlation between the variables in the pair plot exhibits a very
distinct pattern compared to the previous pair plots in the Figs. 3.17, 3.18, 3.19, and 3.34. Figs.
3.52 and 3.53 illustrate the correlations among the variables as the sintering temperature rises,
indicating that the sintering conditions influence the structure of the created ceramics,
subsequently affecting their properties and the interrelations among those properties. As a brief

explanation of the changes that occur as the sintering temperature rises: as the sintering
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temperature rises, the apparent density increases, resulting in decreased interarticular spacing,
which subsequently causes increased volume shrinkage. As apparent density and volume
shrinkage increases, the size of the pore openings (channels between the pores) diminishes (as
previously shown using MIP analysis), resulting in a decrease in apparent porosity while
simultaneously increasing the surface pore size. The decrease in pore opening size resulted in
decreased compressive strength. Fig. 3.54 illustrates four bar charts, each indicating the coefficient
of variation (CV%) for a particular feature measured over 14 group (each group is the average of
3 samples). The plots indicate that the majority of samples display CV (%) values under 10%,
implying strong measurement consistency and minimal data dispersion. The findings indicate that
the experimental measures are mostly reliable, with the majority of data sets remaining within
acceptable variability thresholds (under 20%). From the previous results of this study, it can be
concluded that the porous-structured ceramics sintered at 1600°C are appropriate for use in porous
bone replacement applications due to their higher porosity (51 - 57%), pore size (more than 100
um) and better mechanical compressive strength (43 - 49MPa).
3.2.4 Test results of studying the effect of using different sintering holding time

Sintering holding time is crucial in determining the final characteristics of a porous ceramic
structure. The holding time must be optimized to preserve the appropriate density and porosity
without compromising mechanical integrity. Fig. 3.55 shows the effect of using different sintering

holding times on the apparent density of the prepared samples.
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Fig. 3.55 Apparent density at different sintering Fig. 3.56 Apparent porosity at different sintering

holding time holding time
The present investigation used a sintering temperature of 1600°C, based on the results of the
third study. The findings indicate that extending the sintering holding time from 2 to 4 hours

consistently improves the apparent density of the samples, irrespective of Al>O3 contents. This
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enhancement is ascribed to more comprehensive densification after extended heat exposure,
facilitating augmented particle bonding and a decrease in open porosity. Despite prolonged
sintering holding time, densification is less effective in materials with higher Al,O3; content. At
lower Al,O3 contents, the apparent density is highest, reaching 3.6 g/cm? after 4 hours sintering
holding time. Fig. 3.56 illustrates the effect of sintering holding time on the apparent porosity of
the prepared samples. The findings demonstrate that increasing the holding time from 2 to 4 hours
resulted in a significant decrease in porosity, attributable to improved diffusion and grain boundary
migration that facilitate pore reduction and densification. Even at the maximum holding time of 4
hours, the porosity of samples with increased Al,O3 content remained higher, reached about 45%.

Fig. 3.57 shows the effect of sintering holding time on the volume shrinkage of the prepared

samples.
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At each Al,O3 content, shrinkage is minimal at 2 hours, increases at 3 hours, and reaches its
highest values at 4 hours sintering time. Moreover, for a certain holding time, volume shrinkage
is often reduced as the Al,O3 content increases from 15 wt.% to 30 wt.%. Fig. 3.58 illustrates the
compressive strength of the porous ceramics subsequent to sintering at 1600°C for 2 hours, 3 hours,
or 4 hours holding time. Compressive strength generally rises with more Al>O3 content throughout
all sintering holding times, suggesting that Al2O3 enhances the mechanical integrity of the porous
structure. Among the three holding durations, samples sintered for 3 hours consistently
demonstrated the highest compressive strength across all AIbO3 contents, indicating that this
duration facilitates appropriate densification without excessive grain growth or pore coarsening.
Notably, prolonging the sintering holding time to 4 hours resulted in reduced compressive strength

relative to 3 hours, due to the initiation of microstructural deterioration. SEM micrograph, as
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shown in Fig. 3.59, demonstrates that the sample exhibits surface cracks after 4 hours sintering
holding time. The formation of cracks is imperceptible during sintering for a holding time of 2 or

3 hours.
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Fig. 3.60 SEM micrographs for porous ceramics (67.5 wt.% m-ZrO», 2.5 wt.% MgO, and 30 wt.% Al,O3) sintered at
1600°C for: 2 hours (a, b), 3 hours (c, d), and 4 hours (e, f)

Fig. 3.60 presents a comparison of the SEM micrographs of the produced porous ceramics
sintered at 1600°C for 2 hours, 3 hours, or 4 hours holding time. All the samples that were used in
the SEM test consist of 76.5 wt.% ZrO., 2.5 wt.% MgO, and 30 wt.% Al>Os. Sintering porous
ceramics for varying holding time could generally exhibit distinct and progressive changes in
surface morphology. Shorter sintering times (2 hours) result in minimal grain densification. Pores
tend to have increased irregularity, and interconnectedness. The structure appears to have
increased openness and porosity. Prolonged sintering time (3 hours) enhances the activity of
sintering processes resulting in partial pore closure. More rounded pores and a decrease in porosity
are seen compared to the samples sintered for 2 hours. Following an extended sintering holding
time of 4 hours, the microstructure exhibits a considerable increase in density. After 4 hours of
sintering time, total porosity is much less and the structure is more condensed. With an increase in
sintering holding time, pore morphology often transitions from irregular to more rounded
configurations, reflecting the natural tendency of the system to reduce surface energy. The
irregular pores with sharper edges possess higher surface energy. During sintering, atomic
diffusion promotes the redistribution of material to diminish this energy. This results in the
reduction of sharp characteristics and the development of more equiaxed, rounder pores. The
transition to rounded pores is influenced by thermodynamic and kinetic processes that aim to
reduce the free energy of the system over time. As shown in Fig. 3.60, after 2 hours of sintering,
the surfaces of the samples exhibit a rough texture and a loosely packed structure, characterized
by conspicuous pore networks. As the sintering time increases from 2 to 4 hours, the surfaces of

the samples tend to be smoother and denser. Fig. 3.61 shows the XRD pattern of the sample
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composed of 67.5 m-ZrO2, 2.5 wt.% MgO, and 30 wt.% Al>Os, after sintering at 1600°C for 3

hours.
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Fig. 3.61 XRD pattern for sintered porous ceramic (67.5 wt.% m-ZrO,, 2.5 wt.% MgO, and 30 wt.% Al,Os) at
1600°C for 3 hours

In contrast to the samples sintered at 1600°C for 2 hours (Fig. 3.29), the XRD pattern of the
sample sintered at 1600°C for 3 hours (Fig. 3.61) shows the formation of more crystalline phases.
The principal diffraction peaks (in Fig. 3.29 and 3.61) belong to m-ZrOx, as seen by the pronounced
and distinct reflections. The peaks are significant within the 20 range of 27° to 35°, affirming the
stability and persistence of the m-ZrO; at elevated temperatures, potentially attributable to
inadequate stabilisation or insufficient MgO content to achieve complete conversion to the
tetragonal phase. Additional peaks corresponding to corundum (a-Al2O3) can be observed
particularly in the mid-20 region, indicating that the Al>O; retained its crystalline structure and
thermal stability after sintering. The formation of MgAl>O4 spinel is seen after 3 hours of sintering,
as shown in Fig. 3.61, with typical peaks at about 26 = 36° and 45°, signifying an interaction
between MgO and Al>Os3 that results in partial spinel production. Nonetheless, the MgAl>O4 phase
exhibits lower intensity relative to the predominant Al,O3 and m-ZrO; peaks, indicating its status
as a secondary phase. Fig. 3.61 also reveals peaks related to aluminium zirconium oxide
(Alo.sZr0.4801.74), suggesting possible interdiffusion or solid-state reactions involving Al>O3 and
71O at 1600 °C after 3 hours sintering time. In comparison to Fig. 3.29, the pronounced sharpness

and intensity of the peaks in Fig. 3.61 indicate that the sample is highly crystalline; nonetheless,
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the presence of various phases implies inadequate solid-state reaction or phase segregation during
sintering. The production of the MgAIl>O4 phase inside the ZrO»-Al,O3-MgO system happens only
under certain temperature and sintering holding time conditions: at 1400°C or 1500°C for 2 hours
(Fig. 3.43), and at 1600°C only after an extended holding time of 3 hours (Fig. 3.61). This
behaviour illustrates the kinetics of solid-state reactions and the diffusion-controlled mechanisms
necessary for MgAl,O4 production. The synthesis of spinel between MgO and Al>Os is a diffusion-
limited process, necessitating the migration of Mg?* ions into the Al>O; lattice [165]. At reduced
temperatures, the reaction may occur owing to advantageous thermodynamics; nevertheless, it is
significantly influenced by diffusion distances and particle contact, which are comparatively
limited during the first stages of sintering. At 1600°C, despite enough thermal energy, the kinetics
of MgAl,O4 production may be initially impeded by increased grain growth or the development of
dense MgO and Al>Os3 areas that diminish interfacial contact between the reactants. Consequently,
MgAl204 does not easily develop during brief sintering holding time at this temperature. Only with
an extension of the holding duration to 4 hours does enough diffusion and atomic mobility
transpire, enabling the interaction of Mg?* and AI** ions to yield the thermodynamically stable
MgAl>O4 spinel phase. The measurements of pore size distribution, shown in Figs. 3.62 and 3.63,

were conducted on three distinct samples.
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Fig. 3.62 The pore size distribution of the sample (67.5 wt.% m-ZrO, 2.5 wt.% MgO, and 30 wt.% Al,O3) sintered
at 1600°C for 2 hours
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Fig. 3.63 The pore size distribution of the sample (67.5 wt.% m-ZrO,, 2.5 wt.% MgO, and 30 wt.% Al,O3)
sintered at 1600°C for 3 or 4 hours

The sample in Fig. 3.62 was sintered at 1600°C for 2 hours, while the two samples in Fig. 3.63
include one sintered at 1600°C for 3 hours and another sintered at 1600°C for 4 hours. The three
samples that were used in this test consist of 76.5 wt.% ZrOz, 2.5 wt.% MgO, and 30 wt.% ALOs.
The cumulative pore volume curves of the three samples exhibit comparable trends. All exhibit an
S-shape, with flattened ends and a steep core section, suggesting that large amounts of mercury
are absorbed by the mesopores and small pores in the middle region. Additionally, a considerable
portion of the total pore volume in the samples of mesopores and small pore channels have a
diameter ranging from 0.1 to 3 um for the sample sintered for 2 hours, ranging from 1 to 7 pm for
the sample sintered for 3 hours, and ranging from 0.8 to 1.2 um for the sample sintered for 4 hours.
The findings reveal that the three samples exhibit distinct total pore volumes, as seen by the
divergence of the curves towards varying cumulative pore volumes in the Figs. The findings
unequivocally demonstrate that cumulative pore volumes decrease as sintering holding time

increases from 2 to 4 hours. Table 3.14 presents the most significant findings from the MIP testing.

Table 3.14 MIP results of the samples (67.5 wt.% m-ZrO,, 2.5 wt.% MgO, and 30 wt.% Al,O3)

Sintering time Total intruded volume Total pore surface area Median pore size
(hours) (mm*/g) (m*/g) (pm)
2 125.52 5.486 0.8778
3 96.89 0.088 5.2339
4 19.27 0.088 0.8449
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Table 3.15 shows the Pearson correlation matrix of the experimental data. The experimental
data are denoted by ST (hours) for sintering time in hours. The different measured experimental
data entered into separate columns to create the correlation matrix which contain the Pearson
correlation coefficient values. The results indicate that there is a very strong negative correlation
between the sintering time and the apparent porosity, which means that with increasing sintering
time, the apparent porosity decreases. The results also show that there is a strong positive
correlation between the sintering time and the apparent density and volume shrinkage.

Tables 3.15 The Pearson correlation matrix of the experimental data.

ALO3 (Wt.%) ST (hours) AD AP VS o
AL O3 (Wt.%) 1
ST (hours) 0 1
AD -0.5374 0.7887 1
AP 0.3301 -0.9177 -0.8477 1
VS -0.4343 0.8688 0.9122 -0.9411 1
o 0.4141 -0.2947 -0.6424 0.2429 -0.4221 1

Figs. 3.64 (for sintered samples after 2 hours sintering holding time) and 3.65 (for sintered
samples after 3 hours or 4 hours sintering holding time) illustrate a pair plot of four research
parameters: apparent density, apparent porosity, volume shrinkage, and compressive strength. It
can be concluded from the Figs. That the apparent density and volume shrinkage increase, while
the apparent porosity decreases with rising sintering holding time. The compressive strength of the
samples increased first when the sintering holding time increased from 2 to 3 hours, then reduced
to the lowest values when the sintering holding time increased to 4 hours. The reduction in
compressive strength after 4 hours of sintering holding time is attributable to the formation of
surface cracks. Table 3.16 summarize the type of correlation between the variables in Figs. 3.64

and 3.65.

Table 3.16 Correlation relationships between the variables after sintering for different holding time

Variables AD AP VS c
AD - Negative Positive Negative
AP Negative - Negative Positive
VS Positive Negative - Negative

c Negative Positive Negative -

The findings demonstrate that the correlation between the variables becomes very strong (either

positively or negatively) when the sintering holding time extends from 2 hours to 4 hours.
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Figs. 3.64 and 3.65 illustrate the correlations among the variables as the sintering holding time
rises, indicating that the sintering conditions influence the structure of the prepared ceramics,
subsequently affecting their properties and the interrelations among those properties. As a brief
explanation of the changes that occur as the sintering holding time rises: as the sintering holding
time rises, the apparent density increases and the surface becomes smoother and denser (as
previously shown using SEM), resulting in decreased interarticular spacing, which subsequently
causes increased volume shrinkage. With the longer sintering holding time, the pore shape
transforms to a more rounded pore shape (as previously shown using SEM) to reduce the surface
free energy, leading to an increase in apparent porosity. The existence of these less stress-
concentrated, rounded-shape pores, along with the enhanced smoothness and densification of the
surface, can improve the compressive strength of the prepared porous ceramics. Prolonged
sintering holding times (4 hours) can result in surface cracking of the samples, thereby diminishing
compressive strength. Fig. 3.66 illustrates four bar charts, each indicating the coefficient of
variation (CV%) for a particular feature measured over 14 group (each group is the average of 3
samples). In the measurement of apparent density, the majority of coefficient of variance values
are around 5%, with the exception of samples in group one, which attain about 6 - 7%. This
indicates that the apparent density measurements are very precise. All coefficients of variation
values for apparent porosity, volume shrinkage, and compressive strength measurements are below
5%, indicating stability and consistency of the measurements across all samples. The findings
indicate that the experimental measures are mostly reliable, with the majority of data sets
remaining within acceptable variability thresholds (under 20%). In conclusion to this study, the
porous-structured ceramics sintered at 1600°C for 3 hours are more suitable for porous bone
replacement applications, owing to their higher porosity (51% - 57%), large pore size (exceeding
100 um), larger pore openings (median pore size ~ 5.2 um), and enhanced mechanical compressive

strength (47.7 - 73 MPa).
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4. Chapter Four - Conclusions

4.1 Conclusion of studying the effect of different content and type of starches with different

distilled water content

This study used different types (potato and tapioca) and contents (10, 20, and 30 wt.%) of

starches with diverse suspension concentrations (60, 65, 68, and 70 wt.% based on the solid) to

produce the ceramic porous structure. After drying, the samples were progressively sintered at

1600°C for a holding time of 2 hours. Based on the experimental test results and Pearson

correlation matrix of the experimental data, it can be concluded that:

The apparent densities of the samples decrease with increasing quantities of starches.

The concentration of the suspension has no consistent effect on the apparent densities.
The samples that prepared with using potato starch have apparent densities less than the
samples prepared with tapioca starch due to the swelling factor and particle size of potato
starch is larger than tapioca starch.

The apparent porosity of the samples increases with the increasing of starch content.

The increasing of the suspension concentration resulted in a reduction in apparent porosity.
The apparent porosity is higher for the samples that prepared using potato starch due to the
swelling factor and particle size of potato starch is higher than that of tapioca starch.

The volume shrinkage is increased by an increase in the amount of starch.

As the proportion of ceramic powder in the suspension increases and the water content
decreases, the volume shrinkage reduces.

From the SEM results, it is possible to conclude that the pore size decreased, and the shape
irregularity increased with increasing of the starch content.

SEM analysis indicated that the ceramic shells are discernible inside the pores, forming
due to the interaction between ceramic powder particles and starch.

The compressive strength decreased with an increase in starch content.

The compressive strength increased with an increase in suspension concentration.

The compressive strength of the samples that produced with tapioca starch higher than that
of potato starch duo to the reduced apparent porosity and higher apparent density.

Compressive strength testing shows that the produced samples have values between 2.7

and 15.87 MPa, which is comparable to trabecular bone (0.1 - 30 MPa).
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— Upon concluding the first study of the thesis, it was determined that using a 20 wt.% starch
content combined with a 60 wt.% suspension concentration yields favourable porosity,
density, and mechanical properties that are appropriate for bone replacement applications.

4.2 Conclusion of studying the effect of different content of Al2O3 with different types of
starches

This study included the manufacture of porous ceramics using varying AlOs
contents combined with various starch types (potato, tapioca, or a 50:50 combination of potato and
tapioca). The samples were progressively pre-sintered and then sintered at 1600°C for 2 hours.
From the experimental test results and the Pearson correlation matrix of the data, it can be
identified that:

— As the AOs content in the pre-sintered and sintered samples increases, the apparent
densities and volume shrinkage decrease while the apparent porosity increases.

— The maximum apparent density was determined for a sample made with tapioca starch,
while the highest apparent porosity and volume shrinkage were observed in samples
created using potato starch.

— Compared to microstructures produced using tapioca starch, porous ceramics
manufactured with potato starch have larger pores and a longitudinal pore morphology.

— The microstructures produced using 50:50 wt.% potato and tapioca starches have varying
pore shape and diameters. The interaction between these two forms of starch leads to the
formation of extremely large pores.

— The largest pore has a significant size of more than 200 pum, which results from the
interaction between the two distinct types of starch granules.

— Mixing between the two types of starch produces pores that do not have regularity because
it depends on the surface contact that occurs between the starch granules.

— During the sintering process, the ceramic particles at the surface of the pores undergo
volume shrinkage, resulting in a decrease in pore size.

— In general, the pore morphology of the produced porous structure depends on the type and
amount of pore-forming agent and on the sintering conditions.

— The XRD results clearly show that the highest two peaks, which are (111) and (-111), are

both for monoclinic crystal structure (baddeleyite).
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Sintering improves the crystallinity of materials by facilitating the reorganization and
bonding of atoms inside the crystal lattice.

The XRD findings show a reduction in the peak intensity of the ZrO, phase as the Al,O3
content increases from 15 wt.% to 30 wt.%. As the content of Al,Os rises, the fraction of
Z1O; in the composite drops.

From the MIP results, it can be concluded that the prepared porous-structured ceramics
have a multi-modal pore structure.

The predominant portion of the overall pore volume in all samples exists in pores with a
diameter exceeding 1 um.

The median pore channel sizes for samples without starch, tapioca starch, potato starch,
and (50:50) P+T were found to be 1.19, 3.29, 5.32, and 24.08 um, respectively.

The pore size distribution curve clearly demonstrates a change towards smaller pore
openings sizes when no starch is used, suggesting a denser microstructure of the samples.
The sample that is prepared without starch exhibits around 42% of the pore-opening
volume within a 1 - 2 pm range. About 39% of the pore opening volume in the sample with
tapioca starch is between the 3 - 7 pum range and about 10% less than 0.01 um. On the other
hand, the potato starch sample has a larger opening, which makes up around 45% of the
volume of the pores in the 6 - 9 um range and about 12% less than 0.01 pm.

In the sample produced with a (50:50) mixture of potato and tapioca starches, almost 17%
of the volume of pore openings had a diameter less than 0.01 pm, 4% had a diameter
between 0.03 and 0.05 um, 6% had a diameter between 2 and 6 pm, and approximately
17% had larger openings with diameters ranging from 10 to 100 um.

There is a positive correlation between the compressive strength of the produced porous-
structured ceramics and the amount of Al,O3 present.

The highest calculated compressive strength was 76.89 MPa for a sample with a porous
structure, which was manufactured using 20 wt.% tapioca starch and 30 wt.% Al;O;
content. While the lowest calculated compressive strength was 25.82 MPa for a sample that
prepared using 20 wt.% potato starch and 17.5 wt.% Al,O3 content.

The main advantage of Al,Os is its ability to improve compressive strength serving as a

barrier against fracture development.
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MIP and SEM analysis reveals that the ceramic grain matrix has two distinct varieties of
pores: the larger, that were produced by starch granules, and the smaller void-like channels
that are interspersed among the ceramic particles after sintering.

Upon completing the second study of the thesis, it was concluded that a 50:50 wt.%
combination of tapioca and potato starches results in a larger pore size (larger than 100 um)
with desirable pore openings (median pore openings size about 25 pm), apparent porosity
(51 - 57%), apparent density (2.5 - 3.1 g/cm?®), and compressive strength (~43 - 48 MPa)
suitable for bone replacement applications. The progressive pre-sintering and sintering

process may diminish the occurrence of cracks on the sample surfaces.

4.3 Conclusion of studying the effect of progressive pre-sintering and sintering at different

temperatures

The study included the production of porous ceramics using different Al2O3 content with a

starch blend of 50:50 wt.% tapioca and potato starch. The samples underwent a gradual pre-

sintering process followed by sintering at 1400°C, 1500°C, and 1600°C for a holding time of 2

hours.

The experimental test findings and the Pearson correlation matrix indicate that:

SEM analysis indicates that progressive pre-sintering and sintering effectively decreases
the occurrence of cracks in the surfaces of ceramic matrices.

The pre-sintering decreases the rate of shrinkage during the final sintering process and
mitigates thermal stresses.

The compressive strength is significantly higher in the progressively pre-sintered and
sintered samples.

With a rise in Al2O3 content, apparent density and volume shrinkage decrease, while
apparent porosity and compressive strength increase.

With a rise in sintering temperature, apparent porosity decreases, but apparent density,
volume shrinkage, and compressive strength increase.

The dilatometric analysis test result illustrates that the sample (with composition of 67.5
wt.% Zr0O2, 30 wt.% Al>O3, and 2.5 wt.% MgO) experience a maximum shrinkage of 25%
of their original length after sintering to 1500°C.

The XRD pattern reveals that the predominant phase produced after sintering is m-ZrO,.

A significant decrease in XRD peak intensity can be observed when comparing the sample

sintered at 1600°C to that sintered at 1400°C.
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The spinel (Mg-Al,O4) phase is formed when the Al,O3; and MgO react after progressive
sintering at 1400°C or 1500°C, however this reaction does not occur while sintering at
1600°C.

In comparison to the microstructures sintered at 1400°C or 1500°C, the porous ceramics
sintered at 1600°C exhibit larger pores and a more homogeneous pore morphology.

When the temperature of the sintering process increased from 1400°C to 1600°C, the
ceramic grains connectivity increased, and the micro-voids between the grains decreased.
EDS and SEM analysis of the microstructure illustrates that in all the pre-sintered and
sintered samples, large areas with a uniform distribution of Al>O3 and ZrO, grains were
present. It confirms the effectiveness of the mixing procedure that was followed to produce
a good dispersion of AlOj3 particles in the ZrO> matrix.

The findings of the MIP tests show that when the sintering temperature increases, the size
of the pore openings (the pore throat) decreases.

To summarize, porous-structured ceramics sintered at 1600°C are appropriate for use in
porous bone replacement applications due to their high porosity (51 — 57%), pore size

(more than 100 um) and better compressive strength (43 — 49 MPa).

4.4 Conclusion of studying the effect of different sintering holding time

The study involved the production of porous ceramics using varying Al,O3; content combined

with a starch mixture of 50:50 wt.% tapioca and potato starch. The samples had a progressive pre-

sintering procedure, followed by sintering at 1600°C for periods of 2, 3, and 4 hours. The results

of the experimental tests and the Pearson correlation matrix demonstrate that:

Extended the sintering holding time consistently enhances the apparent density of the
samples, attributed to increased densification during prolonged heat exposure, which
promotes enhanced particle bonding and a reduction in open porosity.

Increasing the holding time resulted in a significant decrease in porosity, attributable to
improved diffusion and grain boundary migration that facilitate pore reduction and
densification.

Volume shrinkage increases with the increasing of sintering holding time.

The samples sintered for 3 hours consistently demonstrated the highest compressive
strength across all Al,O; contents, indicating that this duration facilitates appropriate

densification without excessive grain growth or pore coarsening.
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— Prolonging the sintering holding time to 4 hours resulted in reduced compressive strength
relative to 3 hours, due to the initiation of microstructural deterioration.

— Shorter sintering times (2 hours) result in minimal densification. Pores tend to have
increased size, irregularity, and interconnectedness. The structure appears to have increased
openness and porosity.

— Prolonged sintering time (3 hours) enhances the activity of sintering processes resulting in
partial pore closure. Smaller, more rounded pores and a decrease in porosity are seen
compared to the samples sintered for 2 hours.

— After 4 hours of sintering time, total porosity is much less, and the structure is more
condensed.

— With an increase in sintering holding time, pore morphology often transitions from
irregular to more rounded configurations, reflecting the natural tendency of the system to
reduce surface energy.

— As the sintering time increases from 2 to 4 hours, the surfaces of the samples tend to be
smoother and denser.

— The XRD pattern of the sample sintered at 1600°C for 3 hours shows the formation of
several crystalline phases (m-ZrO> as a main phase, 0-AlO3, MgALOs4, and
Alo.5Z104801.74).

— The pronounced sharpness and intensity of the peaks in the XRD pattern indicate that the
sample is highly crystalline.

— The cumulative pore volumes and the median pore size decrease as sintering time
increases.

In conclusion to all of the PhD research studies, the produced porous ceramic composites
(comprising 20 wt.% of a 50:50 mixture of potato and tapioca starches, with a 60 wt.% suspension
concentration, progressively pre-sintered at 1100°C and subsequently sintered at 1600°C for 2 or
3 hours) exhibit significant potential as load-bearing, osteoconductive scaffolds for cancellous
bone defects and as substitutes for dental/maxillofacial bone grafts (including sinus lift and ridge
augmentation). It can also function as a coating on metallic load-bearing implants (hip, knee, and

dental implants) to promote osseointegration.
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5. Chapter Five - Claims/New scientific results

From the comprehensive experimental investigation of bone replacement porous m-ZrO»-
Al203-MgO ceramic composites fabricated by an economical starch consolidation casting method,
the following new scientific findings were obtained:
Claim 1: Preparation of innovative bone replacement porous ceramic composites using cost-
effective starch consolidation casting.
I have experimentally proved that innovative bone replacement porous ceramic composites can be
synthesized exhibiting an apparent density (2.5 - 3.2 g/cm?), apparent porosity (~42 - 57%), pore
size (~50 - 300 pm), and mechanical compressive strength (~44 - 73 MPa), utilizing zirconium
dioxide (monoclinic phase, m-ZrO;) (67.5 - 82.5 wt.%) combined with aluminium oxide
(corundum phase, a-Al203) (15 - 30 wt.%) and magnesium oxide (periclase phase, c-MgO) (2.5
wt.%). ZrO»-based porous ceramic composites were fabricated using starch consolidation casting
method, employing a mixture (50:50 wt.%) of potato with tapioca starches (the swelling factor for
potato starch was 41, whereas for tapioca starch it was 32) as pore and body forming agents. The
ceramic slurries were produced with 20 wt.% (based on solid ceramics) of starches mixture and 60
wt.% (based on solid materials) of suspension concentration according to the conditions shown in
Table C1.

Table C1. The mixed compositions with the preparation conditions

m-ZrO: a-ALOs3 c-MgO 50:50 Sus. Heating Pre-sintering Sintering
(wt.%) (wt.%) (wt.%) P+T Conc. conditions conditions conditions
wt.%) | (wt.%)
300°C
82.5 15 23 20 60 500 °C (1 hour), then
80.0 17.5 2.5 20 60 o
(1 hour), then 500°C
77.5 20 2.5 20 60 o .
80 °C for 2 1100 °C (1 hour), then
75.0 22.5 2.5 20 60 . o
hours (2 hours) with 1600°C (2-3
725 25 25 20 60 2 °C/min heatin hours) with
700 273 25 20 60 rate ¢ 2 °C/rl;in I‘;Veatin
67.5 30 2.5 20 60 e &

Where 50:50 P+T wt.% denoted to a mixture (50:50 wt.%) of potato with tapioca starches, whereas Sus. Conc. (wt.%)

refers to the suspension concentration.

Related publication: Rusul Ahmed Shakir, Robert Géber, Marwan T. Mezher, Tomasz Trzepiecinski. (2025).

Exploring influence of sintering temperature on the structure and technical characteristics of ATZ ceramic

composites. Results in Engineering. Volume 28, 107139. https://doi.org/10.1016/j.rineng.2025.107139 (Q1)
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Claim 2: The impact of incorporating various amounts and types of starches with various
amounts of distilled water on the technical properties of the produced porous ceramics.

A. T have statistically determined the Pearson correlation matrix (Tables C2.1 and C2.2) of the
experimental data to analyse the correlation between the amounts and types of starches, the
amounts of distilled water, and the properties of the produced bone replacement porous m-ZrO»-
Al03-MgO ceramics. Pearson correlation matrix demonstrated that starch content (10 wt.%, 20
wt.%, and 30 wt.%) correlates with essential material (bone replacement porous m-ZrO»-Al>Os-
MgO ceramics) properties, exhibiting a negative correlation with apparent density (strong
correlation with using potato starch, r = -0.738, and very strong correlation with using tapioca
starch, r = -0.873). Additionally, there is a strong negative correlation with compressive strength.
The Pearson matrix showed that the starch content has a positive correlation with apparent porosity
(very strong correlation with using potato starch, r = 0.819, and strong correlation with using
tapioca starch, r = 0.726). The results also demonstrated a negative correlation between suspension
concentration and volume shrinkage (strong correlation with using potato starch and very strong
correlation with using tapioca starch, indicating that reduced water content reduces shrinkage.

Table C2.1 The correlation matrix with using potato starch

Starch (wt.%) Sus. (wt.%) AD AP VS c
Starch (wt.%) 1
Sus. (wt.%) 0 1
AD -0.738 -0.268 1
AP 0.819 -0.499 -0.549 1
VS 0.545 -0.737 -0.031 0.769 1
o -0.761 0.517 0.292 -0.848 -0.842 1
Table C2.2 The correlation matrix with using tapioca starch
Starch (wt.%) Sus. (Wt.%) AD AP VS c
Starch (wt.%) 1
Sus. (Wt.%) 0 1
AD -0.873 -0.095 1
AP 0.726 -0.472 -0.774 1
VS 0.187 -0.909 -0.084 0.574 1
c -0.798 0.516 0.639 -0.265 -0.371 1

Where AD: apparent density, AP: apparent porosity, VS: volume shrinkage, 6: compressive strength, Sus.: suspension
concentration.
Related publications:

1. Rusul Ahmed Shakir, Robert Géber. (2023). Structure and properties of ZrO;-Al;03-MgO porous ceramic for
biomedical applications. Results in Engineering. 18, 101104. https://doi.org/10.1016/j.rineng.2023.101104 (Q1)

2.  Rusul Ahmed Shakir, Robert Géber. (2024). POROSITY AND PORE MORPHOLOGY CHARACTERISTICS OF
ZIRCONIA-ALUMINA BIOCERAMICS. POLLACK PERIODICA, An International Journal for Engineering and
Information Sciences. 19, 3, 107 - 114. DOI:10.1556/606.2024.01099 (Q3)
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B. To comprehensively visualise the interactions between the variables, pair plots (Fig. C2.1 for
the samples with 0, 10, 20, and 30 wt.% potato starch; Fig. C2.2 for the samples with 0, 10, 20,
and 30 wt.% tapioca starch; and Fig. C2.3 for the samples with 60, 65, 68, and 70 wt.% suspension
concentration) of four research parameters (apparent density, apparent porosity, volume shrinkage,
and compressive strength) were employed using the Seaborn library in Python. Table C2.3 and

C2.4 summarize the type of correlation between the variables.
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Fig. C2.2 Pair plot of four study features of samples prepared with different tapioca starch wt.%
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Table C2.3 Correlation relationships between the variables for samples prepared with potato and tapioca

starches
Variables AD AP VS c
AD — Negative Weak Positive
AP Negative — Positive Negative
VS Weak Positive - Negative
c Positive Negative Negative -
=30 = - \.
: S ot
%20 e bt
o™ -..... : .
B0 P o
g 5.0 %
= %° 3 TR 2.
§ 40 . e -
b= Sve - %oy Sus. wt.%
20 s . e ©0
X o 65
> 68
35 :.f.. 70
£ =
% 25
§ 20
2
15
17.5
£ 150 - =
% 12.5 : " = e A
2 100 ;.—: . g "?
8 75 i I <. £
g 5.0 - -
S ™ e -
25 e .y <
1 - 3 4 25 50 75 100 20 40 o 10 20

Apparent density

Apparent porosity

Volume shrinkage

Compressive strength

Fig. C2.3 Pair plot of four study features of samples prepared with different suspension wt.%

Table C2.4 Correlation relationships between the variables for samples prepared with different suspension
wt.%

Variables

AD

AP VS c
AD — Negative Weak Positive
AP Negative — Positive Negative
VS Weak Positive — Negative
c Positive Negative Negative -

Claim 3: The influence of Al203 content in determining the essential correlations between
microstructural characteristics and mechanical properties.

A. I'have statistically determined the Pearson correlation matrix of the experimental data to analyse
the correlation between the Al,Os content (15, 17.5, 20, 22.5, 25, 27.5, and 30 wt.%), and the
properties of the produced bone replacement porous m-ZrO;-Al,03-MgO ceramics. The Pearson
correlation matrix (Tables C3.1 - C3.3) established that Al,O3 content has a very strong negative
correlation (r = -0.80 to -1.00) with apparent density and volume shrinkage, while concurrently
exhibiting a very strong positive correlation (r =

0.80 to 1.00) with apparent porosity and

compressive strength.
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Table C3.1 Pearson correlation matrix for the experimental data using tapioca starch

ALO; (Wt.%) AD AP VS G
ALO; (Wt.%)
AD
AP
vs
c

Table C3.2 Pearson correlation matrix for the experimental data using potato starch

ALOs wt.% AD AP VS o
ALOs (Wt.%)
AD
AP
vs
o

Table C3.3 Pearson correlation matrix for the experimental data using potato + tapioca starch

ALO; (Wt.%) AD AP VS G
ALOs (Wt.%)
AD
AP
vs
o

Related publication: Rusul Ahmed Shakir, Robert Géber, Marwan T. Mezher, Tomasz Trzepiecinski, Ferenc Moricz.

(2024). Effect of Alumina Proportion on the Microstructure and Technical and Mechanical Characteristics of
Zirconia-Based Porous Ceramics. Journal of Composites Science. 517. https://doi.org/10.3390/jcs8120517 (Q1)

B. To comprehensively visualize the variables interactions, pair plots (for the samples with varying
ADOs content of 15, 17.5, 20, 22.5, 25, 27.5, and 30 wt.%) of four research parameters (apparent
density, apparent porosity, volume shrinkage, and compressive strength) were employed using
Seaborn library in Python (Fig. C3.1). Table C3.4 summarizes the type of correlation between the

variables.

Table C3.4 Correlation relationships between the variables for the samples with different Al,O; wt.%

Variables AD AP VS c
AD - Negative Weak Positive
AP Negative — Weak Negative
VS Weak Weak - Negative

c Positive Negative Negative -
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Fig. C3.1 Pair plot of four study features of samples prepared with different Al,O3 wt.%

Claim 4: Improvement of the pore size by utilizing 50:50 wt.% potato and tapioca starches
together

I experimentally proved by using scanning electron microscopy (Fig. C4.1) and mercury intrusion
porosimetry (Fig. C4.2) methods that using a combined starch composition (50:50 wt.% potato
with tapioca starches together), as a body and pore forming agent, produces larger pore diameters
(exceeding 200 um) with larger pore openings in the produced bone replacement porous m-ZrO»-
AlO3-MgO ceramics compared to those made with individual starch types. The enlarged pores

result from the interaction of the two starches, facilitating the development of larger and more

interconnected pores.

Z ; 2 @;m L2 : : b W o :
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Fig. C4.1 SEM micrographs of porous ceramics (67.5 wt.% ZrO, 2.5 wt.% MgO, and 30 wt.% Al,O3) after
sintering, (a) using potato starch, (b) using tapioca starch, and (c) using 50:50 wt.% tapioca + potato
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Fig. C4.2 The pore size distribution via relative pore volume

Related publication: Rusul Ahmed Shakir, Robert Géber, Marwan T. Mezher, Tomasz Trzepiecinski, Ferenc Moricz.

(2024). Effect of Alumina Proportion on the Microstructure and Technical and Mechanical Characteristics of
Zirconia-Based Porous Ceramics. Journal of Composites Science. 517. https://doi.org/10.3390/jcs8120517 (Q1)
Claim 5: Progressive pre-sintering reduces the rate of shrinkage and mitigate thermal
stresses.

A. T established by using scanning electron microscopy (Fig. C5.1) that the pre-sintering process
(at 500°C for 1 hour and then at 1100°C for 2 hours with a heating rate of 2 °C/min) of the prepared
bone replacement porous (m-ZrO;-Al,03-MgO) ceramic composites decreases the rate of
shrinkage during the final sintering process and mitigates the thermal stresses that cause the surface
cracking. The reduction occurred by allowing a fraction of densification and particle
rearrangement to take place during the pre-sintering stage, which minimises the additional

shrinkage required during the final sintering process.
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Fig. C5.1 SEM micrographs of sintered porous ceramics (67 5 wt.% m-ZrOa, 2.5 wt.% MgO, and 30 wt.% Al,O3):
(a) and (b) without pre-sintering, (c) and (d) with pre-sintering

Related publication: Rusul Ahmed Shakir, Robert Géber, Marwan T. Mezher, Tomasz Trzepiecinski, Ferenc Moricz.

(2024). Effect of Alumina Proportion on the Microstructure and Technical and Mechanical Characteristics of
Zirconia-Based Porous Ceramics. Journal of Composites Science. 517. hitps://doi.org/10.3390/jcs8120517 (Q1)

B. I established that the changes in the sintering parameters resulted in an increase of the
compressive strength of the prepared bone replacement ceramic composites. The samples (77.5
wt.% m-ZrO; - 20 wt.% Al,Os3 - 2.5 wt.% MgO) that pre-sintered (at 500°C for 1 hour and then at
1100°C for 2 hours with a heating rate of 2 °C/min) and then sintered (at 300°C and 500°C for 1
hour and then at 1600°C for 2 hours with a heating rate of 2 °C/min) have higher compressive
strength (72.12 MPa with using 20 wt.% tapioca starch and 26.48 MPa with using 20 wt.% potato
starch) as compared with the samples (with the same composition) that sintered without pre-
sintering process (10.62 MPa with using 20 wt.% tapioca starch and 4.9 MPa with using 20 wt.%
potato starch as shown in Fig. C5.2).
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Fig. C5.2 Compressive strength of the samples
Related publications:

1.  Rusul Ahmed Shakir, Robert Géber, Marwan T. Mezher, Tomasz Trzepiecinski, Ferenc Moricz. (2024). Effect

of Alumina Proportion on the Microstructure and Technical and Mechanical Characteristics of Zirconia-Based
Porous Ceramics. Journal of Composites Science. 517. https://doi.org/10.3390/jcs8120517 (Q1)

2.  Rusul Ahmed Shakir, Robert Géber. (2023). Structure and properties of ZrO,-Al:03-MgO porous ceramic for
biomedical applications. Results in Engineering. 18, 101104. https://doi.org/10.1016/j.rineng.2023.101104 (Q1)
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Claim 6: Impact of sintering temperature on the pore morphology and the properties of the
produced porous ceramics.

A. Thave experimentally proved that the prepared bone replacement porous m-ZrO>-Al,03-MgO
ceramics that pre-sintered (at 500°C for 1 hour and then at 1100°C for 2 hours with a heating rate
of 2 °C/min) and then sintered (at 300°C and 500°C for 1 hour and then at 1600°C for 2 hours with
a heating rate of 2 °C/min) exhibit larger pores and a more uniform pore morphology as compared
with the samples that progressively pre-sintered (at 500°C for 1 hour and then at 1100°C for 2
hours with a heating rate of 2 °C/min) and then sintered (at 300°C and 500°C for 1 hour and then
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Fig. C6.1 SEM micrographs for porous ceramics (67.5 wt.% m-ZrO,, 2.5 wt.% MgO, and 30 wt.% Al,Os) sintered
at: 1400°C (a), 1500°C (b), and 1600°C (c), where AP: apparent porosity

Related publication: Rusul Ahmed Shakir, Robert Géber, Marwan T. Mezher, Tomasz Trzepiecinski. (2025).

Exploring influence of sintering temperature on the structure and technical characteristics of ATZ ceramic
composites. Results in Engineering. Volume 28, 107139. https://doi.org/10.1016/j.rineng.2025.107139 (Q1)

B. Using mercury intrusion porosimetry, I have experimentally demonstrated that when the
sintering temperature rises (from 1400 to 1600°C), the size of the pore openings (the pore throat)
of bone replacement porous ceramic composite (67.5 wt.% m-ZrOa, 2.5 wt.% MgO, and 30 wt.%
Al>03) diminishes (median pore openings size ~1.12 um after sintering at 1400°C for 2 hours and

~0.77 um after sintering at 1600°C for 2 hours) (Fig. C6.2).
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Fig. C6.2 Pore size distribution of porous ceramics (67.5 wt.% m-ZrO», 2.5 wt.% MgO, and 30 wt.% Al,O3)
sintered at: 1400°C (a), 1500°C (b), and 1600°C (c)
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Related publication: Rusul Ahmed Shakir, Robert Géber, Marwan T. Mezher, Tomasz Trzepiecinski. (2025).
Exploring influence of sintering temperature on the structure and technical characteristics of ATZ ceramic
composites. Results in Engineering. Volume 28, 107139. https://doi.org/10.1016/j.rineng.2025.107139 (Q1)

C. I have statistically determined the Pearson correlation matrix (Table C6.1) of the experimental
data to analyse the correlation between the sintering temperatures and the properties of the
prepared bone replacement porous m-ZrO>-Al,03-MgO ceramic. To comprehensively visualize
the variables interactions, pair plots (Figs. C6.3, for the samples after sintering at 1400°C or
1500°C, and C6.4, for the samples after sintering at 1600°C) (Table C6.2) of four research
parameters (apparent density, apparent porosity, volume shrinkage, and compressive strength)
were employed using Seaborn library in Python.

Table C6.1 The Pearson correlation matrix of the experimental data.

ALO3 (Wt.%) Temp. (°C) AD AP VS c
ALO3; (Wt.%) 1
Temp. (°C) 0 1
AD -0.3542 0.9036 1
AP 0.6051 -0.7551 -0.8621 1
VS -0.4098 0.8547 0.9372 -0.9012 1
c 0.2472 0.9511 -0.7719 0.5644 -0.6823 1
24
g S -".~ r': :a'-
—rHE—E
| S 3®
« ~ 3 :

Apparent porosity
8
L]
a0

Sintering temp.
- 1400
35.0 1500

IS
@

W
N
]

@

{=2]
£ - -

£ 30.0 - ® > N 2
. | “ f

®

E
=S 250
=2 -* -~ &

225 ..'; % 3&

L - -
35

£=1

2 30

&

w 25

4

g 20

g s . os” Y -

& LA b -2

o 10 sase oape agr

5 . * . e -
1.5 2.0 2.5 40 50 60 70 20 30 40 0 20 40
Apparent density Apparent porosity Volume shrinkage Compressive strength

Fig. C6.3 Pair plot of four study features for the samples after sintering at 1400°C or 1500°C
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Fig. C6.4 Pair plot of four study features for the samples after sintering at 1600°C

Table C6.2 Correlation relationships between the variables after sintering at different temperature

Variables AD AP VS c
AD — Negative Positive Negative
AP Negative — Negative Positive
VS Positive Negative — Negative

c Negative Positive Negative -

Claim 7: Establishment of MgAl2O4 spinel structure under specific sintering conditions

I have experimentally proved by using X-ray diffraction method that the production of the
MgAlO4 phase inside the developed bone replacement porous structured ZrO;-Al,03-MgO
ceramic system (67.5 wt.% m-ZrOz, 2.5 wt.% MgO, and 30 wt.% Al203) occurred only under the
following sintering conditions: after 1400°C or 1500°C sintering temperature for 2 hours sintering

time with 2 °C/min heating rate (Fig. C7.1), and after 1600°C sintering temperature only after an

extended sintering time of 3 hours with 2 °C/min heating rate (Fig. C7.2).

100




1600—

] ! | m-ZtO,
1400—- | A1303
5 | Mg-AlL,O,
12()():
& 4
= ] |
5 1000— |
F A
B 800—
g ]
2 600~
7Tl
g
& 40— | h I, 1500 °C
] | | | | I|| I 1400 °C
‘ | !‘ [T | I TTE .
200~ I TN ‘,I,;..ﬂ,l 1A f A LA b L
3 st s me o el ol YAV u_’qgw_‘l_ﬁy\./[u‘:“w‘“.-J'.‘\.- v‘..wnbuuww;
§ i oo | Py "Jl‘—m] \V-V oo ! ]"\-'vldkwl ‘IMJJ 's\_..a" ! ']:"n'n‘ vV “"" )"l\h'v !.\/\!‘...‘S.u\.'s‘w\“k"@a--“‘“(f"'h‘-mM‘WN‘A"
T T T T T e T s R M
20 (degree)
Fig. C7.1 XRD pattern after sintering at 1400°C or 1500°C for 2 hours
(67.5 wt.% m-ZrO, 2.5 wt.% MgO, and 30 wt.% Al>O3)
1600—
J | m-ZrO,
1400 | ALO,
«, | Mg-ALO,
4 | AlgsZrg 450, 74
1200—
z
g 10’00;
g S{IIOTé
2 800
31
Z w0’
E <
z
‘5 400—
3‘0 W 4}.1 ' Sfl.} . G0 70 ' 80
20 (degree)

Related publication: Rusul Ahmed Shakir, Robert Géber, Marwan T. Mezher, Tomasz Trzepiecinski. (2025).

Exploring influence of sintering temperature on the structure and technical characteristics of ATZ ceramic

Fig. C7.2 XRD pattern after sintering at 1600°C for 3 hours
(67.5 wt.% m-ZrO,, 2.5 wt.% MgO, and 30 wt.% Al,O3)

composites. Results in Engineering. Volume 28, 107139. https://doi.org/10.1016/j.rineng.2025.107139 (Q1)

Claim 8: Impact of sintering holding time on the microstructural characteristics of the

produced porous ceramics.

A. T established that increasing sintering holding time (from 2 to 3 or 4 hours) affects the
properties of the bone replacement porous structured ZrO»-Al,03-MgO ceramics. Shorter sintering

holding time (2 hours) results in lower apparent density (2.5 - 3.1 g/cm?), higher apparent porosity
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(51-57 %), whereas extended sintering holding time (3 or 4 hours) results in higher apparent
density (2.7 - 3.2 g/cm? after 3 hours and 3.2 - 3.6 g/cm? after 4 hours), lower apparent porosity
(42 - 49 % after 3 hours and 36 - 45 % after 4 hours) (Fig. C8. 1).
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Fig. C8. 1 SEM micrographs for porous ceramics (67.5 wt.% m-ZrO,, 2.5 wt.% MgO, and 30 wt.% Al>O3) sintered
at 1600°C for: 2 hours (a), 3 hours (b), and 4 hours (c)

B. I established that among the three-sintering holding time (2, 3 or 4 hours), the porous ceramics
(Table C8.1) sintered at 1600°C for 3 hours demonstrated the highest compressive strength (48 - 73
MPa), indicating that this holding time (3 hours) facilitates densification without excessive grain
growth or pore coarsening. As a comparison with 3 hours sintering time, the shorter sintering
holding time (2 hours) results in reduced apparent density (2.5 - 3.1 g/cm?®) and higher apparent
porosity (51 -57 %), tend to be reduced compressive strength (43 - 49 MPa). Whereas extended
sintering holding time to 4 hours resulted in reduced compressive strength (36 - 45 MPa) relative
to 2 or 3 hours, due to the initiation of microstructural deterioration (Fig. C8.2).

Table C8.1 Mix compositions (in wt.%)

m-ZrO: MgO ALO3 Dolapix CE 64 50:50 P+T Suspension Conc.
82.5 2.5 15 1.5 20 60
80 2.5 17.5 1.5 20 60
71.5 2.5 20 1.5 20 60
75 2.5 22.5 1.5 20 60
72.5 2.5 25 1.5 20 60
70 2.5 27.5 1.5 20 60

67.5 2.5 30 1.5 20 60

Fig. C8.2 Sample (67.5 wt.% m-ZrO,, 2.5 wt.% MgO, and 30 wt.% Al,O3) after 4 hours sintering time
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C. I have statistically determined the Pearson correlation matrix (Table C8.2) of the experimental
data to determine the correlation between the sintering holding times and the properties of the
prepared bone replacement (ZrO»2-Al>O3-MgQO) porous ceramics. To comprehensively visualize
the variables interactions, pair plots (Figs. C8.3, for sintered samples after 2 hours sintering
holding time) and C8.4 (for sintered samples after 3 hours or 4 hours sintering holding time) (Table
C8.3) of four research parameters (apparent density, apparent porosity, volume shrinkage, and
compressive strength) were used employing Seaborn library in Python.

Tables C8.2 The Pearson correlation matrix of the experimental data.

ALO; (Wt.%) ST (hours) AD AP VS c
Al,O3 (Wt.%) 1
ST (hours) 0 1
AD -0.5374 0.7887 1
AP 0.3301 -0.9177 -0.8477 1
VS -0.4343 0.8688 0.9122 -0.9411 1
G 0.4141 -0.2947 -0.6424 0.2429 -0.4221 1
24 3z ¥ 4 g
¥ =L s
% .... = - %
g . i S
B s L N $ -
65 - ﬂt ai
g o = - -
2 T, T et
1 - .
2 so = -
i & - Sintering time
ag0 s % £
g 30.0 o - y
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2 St Sy b4
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Apparent density Apparent porosity Volume shrinkage Compressive strength

Fig. C8.3 Pair plot of four study features for the samples after 2 hours sintering holding time

Table C8.3 Correlation relationships between the variables after sintering for different holding time

Variables AD AP VS c
AD - Negative Positive Negative
AP Negative - Negative Positive
VS Positive Negative — Negative

c Negative Positive Negative -
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Claim 9: Impact of sintering holding time on the interaction between zirconia and alumina

phases.

I have experimentally proved by using X-ray diffraction method that the increasing of sintering

holding time (from 2 hours to 3 hours) influences the phase evolution in the 67.5 wt.% m-ZrO»,

2.5 wt.% MgO, and 30 wt.% AlOs3 system. The prolonged sintering holding time (3 hours)

promotes diffusion-driven solid-state reactions that result in the formation of MgAI>O4 spinel and

AlosZro.4301.74 phases (Fig. C9).
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Fig. C9. XRD pattern for sintered (67.5 wt.% m-ZrO,, 2.5 wt.% MgO, and 30 wt.% Al,O3)
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porous ceramic at 1600°C for 3 hours

Claim 10: Impact of sintering holding time on the pore openings size distribution.

I have experimentally proved by using mercury intrusion porosimetry test that the cumulative pore

volumes (Fig. C10) of the bone replacement porous ceramics (67.5 wt.% m-ZrOa, 2.5 wt.% MgO,

and 30 wt.% AlLOs3, sintered at 1600°C for various sintering holding time) decrease as sintering

holding time increases (from 2 to 4 hours).
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Fig. C10. The cumulative pore size distribution of sample:
(a) sintered for 2 hours, (b) sintered for 3 or 4 hours
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Aﬁ% " | Cornstarch | and 10 1400°C,2h | 9-232 pm SV‘(‘)'IZf p =3.6-600 GQ-m, 7&9)31;
2 wt.% ’ o up to 2.8 MPa
Al Os- 20, 40 o 0 LS=1.5-12, [99]
mullite | SO S@Eh | flog 1570°C - 43-57% | E-19.7-69.2GPa | 2024
Potato o o o 6 = 60 MPa, linear [100]
AlLO3 starch 5-15 % 1500°C,2h | 18-55um 8-56% LS=144-174 % 2024
m-ZrO, | Corn starch 5 wt.% 1750°C, 3 h 4.4-10.7 31-16.5 k=137Wm'K". [101]
pm % 2024
k=0.0984 W/m-K,
Diatomite | Corn starch 0-40% 1000°C, 1 h - 46.54- WA =58.45%, [102]
59.28% - 2023
6 =3.45 MPa
54.05- LS =1.07-3.39 %, [103]
, 0 ° -
Al,O3 Corn starch | 4-10 wt.% 1250°C,2h 70.70%. o= 0.5-1.9 MPa 2021
1100°C,
ALO 1200°C,
2U3-
; 0,5,10,15, | 1300°C, 1-4 . 6/=44.31 MPa [104]
18\/11020_ Comstarch | 5" nd25 |  1400°C, um 47.67% 2018
£ 1450°C, and
1500°C, 2 h
11-19 pm 42-49
with potato with cc;lm
Kaolin- Potato 1275°C, starc _
talc- starch, corn 15 vol.% 1300°C and stz;r%h, and 49-56 0= 3.3-9 MPa [2100158]
ALO; starch 1330°C, 4 h o Hm with
with corn
potato
starch
starch
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Al TiOs 1400°C, [106]
(AT)- Corn starch 10 wt.% 1450°C, and 1-15 um 54.7% or=11.5 MPa 2016
mullite 1500°C,2 h
1400°C,
Forsterite | Corn starch 28, 7(;3’ 1450°C and | 16-14 um 450'5 o =38.1-20.2 MPa [107]
11.3% o -80.5% 2016
1500°C, 2 h
ALO; | Comstarch | 0-50 vol. % | 1500°C,3 h : 148553 1 g-soampa | LI08
% 2015
ctaty and 1400°C, [109]
Mullite p 9-10 vol.% | 1500°C and - 39-64% VS =6.6-42.8 %
cassava o 2015
1650°C, 2 h
starches
1300°C
(X-A1203- ’
10, 20 and 1400°C, o WA = 16-34 %, [110]
mﬁrgz' Comstarch | 30005 | 1460°C and - 43-60% or=0-17 MPa 2013
g 1550°C, 2 h
Rice and 10, 20, 25,
ALOs corn 30,and 50 | 1530°C,2h - 50%. LS = 10-40% [111]
Zr0O, 2012
starches vol.%
AlLOs- 10-50. 1100°C - o _ [112]
710, Corn starch vol.% 1530°C, 2 h 0.1-17 pm 50-71% E =331-383 GPa 2011
38-52
o
7-10 pm vol.%
with corn with corn
Corn and 0.45-0.71 1300°C, starch starch, [113]
3Y-ZrO, potato .vol (y 1400°C or 50 um vs;ith 50-54 LS =30-50 % 2011
starches e 1500°C, 2 h H vol.%
potato with
starch.
potato
starch.
AlLO3-3Y- 10 - 50 5 0 _ 0 [114]
7:0, Corn starch vol.% 1530°C,2h - 26 -51% LS=16-22% 2009
Table Some results of the use of ZrO,-based ceramics in biomedical applications
Materials Fabrication Sintering Pore size | Porosity Other Aoplication Ref
techniques temperature (pm) (%) properties PP )
Extrusion 6*121224 39 (lg/g;a, Inlays and
Zr0,/Si02/ | Moulding and | 750, 1000°C, ) 44-50 H=2GPa ’ anterior [123]
PICN pressure less 2h K=2 ’ crowns in 2025
sintering MPa.m!? dental
DLP 3D o or=25-71 Biomedical [124]
8YSZ printing 1450°C, 3 h ) 20-41 MPa implants 2025
1325°C, Osteogenic
Direct ink 1350°C, and _ differentiation | [125]
3Y8Z printing 1375°C. 11, | 017400 80 o =24 MPa andbone | 2024
1.5h,and2 h regeneration
3YSZ Fused filament 1100°C - ) ) UTS =90-105 Large bone [126]
fabrication 1500°C, 1 h MPa segmental 2024
Direct ink o 6 =20.8-62.9 Scaffolds for [127]
Ysz writing 1450°C,2h ) 61.1-75.3 MPa bone tissue 2021
o =68.2-89.8
FDM and o MPa, Scaffolds for [128]
Ysz freeze drying 1450°C, 2h 1 300-450 40 E=1.7-2.6 bone tissue 2021
GPa
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YSZ /HA DLP 1400°C, 1.5 h ; 546 | o=5225Mpa | Scaffoldsfor ) [129]
bone tissue 2020
0=5.5-79
Room 459.2- MPa, Scaffolds for [130]
Z10,-PCL FDM temperature | 4627 | 024 | g_a3le7 bone tissue | 2020
MPa

7:0,-HA DLP 1210102% Ca’nd ) ) 6:=29.4 %, Bone tissue [131]
2 1250°C’ 2h 0r=239% engineering 2019

Zr0;- 1000°C, _
B-Ca:;SiOs | 3D Bioplotter |  1100°C, ; 67-73 | ©=39-61 | Scaffoldsfor | [132]
1200°C. 3 h MPa bone tissue 2019
. o Scaffolds for [133]
YSzZ Robocasting 1350°C, 1 h | 200-500 - - bone tissue 2019
. o _ Replacement [134]
AlLO3/ZrO, | Replica method | 1500°C, 1 h 5-2560 78.8 06 =6.5 MPa or bone filling | 2018
Substrate for [135]
YSZ-ALO3 Robocasting 1350°C, 2 h 245 50 - bone cells 2018

ingrowth
710,-BCP FDM 1100°C,2h | 350 ] 6=05Mpa | Scaffoldsfor | [136]
bone tissue 2018
Room Excellent
A fibroblast cell Bone [137]
PCL/ZrO; | Electrospinning temp;:r}zliture, ) ) attachment and | regeneration 2017
proliferation
Zr0;- . o _ Bone [138]
B-TCP 3D Bio plotter 1500°C, 5 h 160-226 60-76 o =7-12 MPa regeneration 2017
3D Rapid o =3-15 MPa; .

Z10;- Prototype / 1500°C,5h | 3-705 68-82 E= 184-396 Bone tissue | [139]
B-TCP impregnation MPa regeneration 2017
. 0000 ) ) _ Bone [140]
YSZ-PVP | Electrospinning | 850°°°°,2 h E=1.11 MPa regeneration 2016
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