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DEEUHYLDWLRQV DQG QRWDWLRQV

/ILVW RI
$ Cross-sectional area
$' $SSDUHQW GHQVLW\
$0 $OXPLQXP
$Q@ $OXPLQXP RILGH
$OrL2 $OXPLOQXP WLWDQDW
$3 $SSDUHQW SRURVLW
$670 $PHULFDQ 6RFLHW\ IRU 7HV
$7= $Q@ WRXJIJKHRQHG
%D=U2 %DULXP JLUFRQDWH
% &3 %LSKDVLF FDOFLXP SKK
&D&?2 &DOFLXP FDUERQDWH
&D2 &DOFLXP R[LGH
&2 &DUERQ GLR[LGH
c-=U2 &XELF JLUFRQLD SKDV
/3 'LJLWDO OLJKW SURFH
'RODSL[ &( 'HIORFFXODQW
( <RXQJTV PRGXOXV
($ (QHUJ\ DEVRUSWLRQ
('6 (QHUJ\ GLVSHUVLYH VSH
) Applied load
)DS JOXRUDSDWLWH
)'0 Fused deposition modelling
+ +DUGQHVYV
K +RXUV
+$ +\GUR[\DSDWLWH
+9 9LFNHUV KDUGQHVV
. JUDFWXUH WRXJKQHYV
N 7TKHUPDO FRQGXFWLY
/6 /LQHDU VKULQNDJH
0J ODJQHVLXP
0J2 ODJQHVLXP R[LGH
0,3 OHUFXU\ LQWUXVLRQ SR
PRO OROH SHUFHQWDJH
P=U2 ORQRFOLQLF JLUFRQL
2 Oxygen
3 3UHVVXUH
3&/ 3RO\FDSURODFWRQH
3)$ 3RUH IRUPLQJ DJHQW
3,&1 3RO\PHU LQILOWUDWHG F
PMMA Polymethyl methacrylate
PP Polypropylene
PVP 3RO\YLO\OS\UUROLGR
U &RUUHODWLRQ FRHIIL
U 3RUH UDGLXV
r? Radius squared
6&& 6WDUFK FRQVROLGDWLH
6(0 6FDQQLQJ (OHFWURQ OL
6L& 6LOLFRQ &DUELGH
6L2 6LOLFRQ GLR[LGH
67 6LQWHULQJ WLPH
7L2 7LWDQLXP 'LR[LGH
'LODWRPHWULF WKHUPRPH




t=uU2

THWUDJRQDO JLUFRQLE

876 OD[LPXP XOWLPDWH WHQV
9 9ROXPH RI WKH VDPSOHV E
9 9ROXPH RI WKH VDPSOHYV |
9RO 9ROXPH SHUFHQWDJH
96 9ROXPH VKULQNDJH
'$ ‘DWHU DEVRUSWLRQ
Zipp ‘HLJKW DIWHU LPPHUVLQJ L¢
Zvow ‘HLJKW DIWHU VDWXUDW
Zvigw '"HLJKW DIWHU VLQWH
ZW ‘HLJKW SHUFHQWDJH
;5° . 5D\ GLIIUDFWLRQ
<2 <WWULXP ,,, R[LGH
<6= <WWULD VWDELOLJHG ]
= =LUFRQLXP
=U2 JLUFRQLD
=U6BL2 =LUFRQLXP ,9 VLOLFI
=7% ZrO, WRXJKH® H G
A &RQWDFW DQJOH
A 'LIIUDFWLRQ DQJOHV
37 3RWDWR DQG WDSLRFD VWDU
1 &RPSUHVVLYH VWUHQ
1w 7HQVLOH VWUHQJWK
1 JOH[XUDO VWUHQJWH
! (OHEWULFDO UHVLVW
E ODWKHPDWLFDO FRQVWDQW
$Q@ &RUXQGXP DOXPLQD SH
OHUFXU\ VXUIDFH WHQ
&D6L2 'LFDOFLXP VLOLFDWH
7&3 %HWD WULFDOFLXP SKIH
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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 cettraics
low density, large surface area, and chemical inertelease 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 strucloésto 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 atrtificial
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 tim€&herefore, 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
strengthMicrostructural 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 followdthe 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 characteri$bcsomprehend 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.



&KDSWHU 2QH = /LWHUDWXUH UHYLHZ NQRZOHGJH JDSV DQ
TKHRUHWLFDO EDFNJURXQG DQG OLWHUDWXUH RYHUYLHZ

=UFHUDPLFV LQ JHQHUDO
ZrOo LV D FU\VWDOOLQH VWUXFWXUH RI JLUFRQLXP GLR[LGH
RI SRO\FU\VWDOOLQH FHUDPLF WIK Dh sgataHcunfigiratiorkobatorsD JO D V
in =U & defined by certain crystallographic structures, which exemplify a feature referred to as
polymorphism. = U 2rystals are organized into crystalline cells that can be classified into three

crystallographic phases (Fig. 1.1):
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The cubic (c-ZrQ) phase, characterized by a straight prism with square faces. The tetragonal
(t-ZrO») is characterized by a straight prism with rectangular sides, whereas the monoclinic (m-
ZrOy), 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-Zpbase stable at room temperature up to 1170°C,
demonstrates diminished mechanical performance and may lead to decreased cohesion among
ceramic patrticles, thereby reducing density [2]. The properties of m-&®be enhanced with
the addition of other ceramic oxides [3]. During heating, at 1170°C, the mehdges to a t-
= U 2and shrinks by 4-5 vol%. At 2370°C, the=tU 3tructure deforms even further into a=dJ 2
During cooling,DW D WHPSHUDW X®& HSKIUBRXUIRQOAI R tJ PV 2MiRR-RJ 2
ZLWK DXROXPH H[SDQVLRQ $V D UHVXOW RI WKLV YROXPH HJ:

DQG WKHVH VWUHVVHV IRUELG WKH RSHQLQJ RI D SURFHHGLC
=U2DW URRP WRPThe tbarthnxtidrHnumber of U &nd t-ZrQ is eight, while that



of m-ZrQ; 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].

ZrOzis prepared by the calcination process of zirconium compounds and taking advantage of
their great thermostability. ZeQs a cost-effective, non-toxic, and sustainable metal oxide with
many potential applications [5]. ZsgQeramic 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]U2KDV JRRG PHFKDQLFDO SURSHUWLH
PHWDIOWK D FEZRKQRXU VLPLODU WR WRRWK FRORXU > @ 7KHU
DS S OLFID WhtR§ Yo most ceramics, Z@as 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. Zn@s 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 attack®® in vitro and in vivo investigations
have validated the superior biocompatibility of Zgowders [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 millirgu 2as opposed to that from asbestos, may not
induce health issues [11].

=Ug® 0J2 FHUDPLF FRPSRVLWHYV

Zr0Op VKRZHG WKH PRVW SURFPAKHQ DAR PEE DRIGE AIHWR DBV >
KH®® LV WKH SULPDU\ FRPSRQHQZWOWRXK PKINEHEIZ P OV QGEH QI
ZKHAO, LV WKH SUHGRPLQDQW FR RBSR QUHRXW K2NKHEY =D UAKHD O O F
DGYDQWWDFB®RRFIRPSRVLWHY DUH WKH P02 LKQLJR VWK HI QHHDYW X K
KDUGQHVV ZLWK X HKE VR S\ HRXW KIPHWRY KLIJIK VWUHQJIJWK ZL
LPSURYHG VORZ FUDFN JURZWK UHVLVWDQFH ZiOH$IGYDQWDJ
FRPSRVLWHYV VA\VWHP D JRRG FKRLFH IRU IX@FKWMLEROHDWOHRDEB N
$@ LQFUHDVHVY WKH RYHUDOO VWLIIQHVYV RI WKH PDWUL[ GXH
Zr0, 7KH LQFOXVLRQ RI VHFRQGDU\ KDUG SDUWLFOHYVY UHVXOW
PLFUR FUDFN WRXJKHQLQJ 7KLV SKHQRPHQRQ XOWLPDWHO\



FRPSRVL&@BQ\>LQYHVWLIJDWLRQV RQ WKH WULERORJLFDO DQGCGC
$7= FRPSRVLWLRQV ZHUH SXEOLVKHG LQ UHFHQW \HDUV >
LQIOXHQFH@& BPRXBW SUHVHQW 7$8 FRRQOMHQQYFUHBXB8® YV L!
FRPSRXQG GHQVLWSZ KHDAULQN RY WKKMFLDO VLQFH VPDOOHU
DW SLQQLQJ JUDLQ ERUGHUV 7KLV LV GXH WR VPDOOHU JUDI
UDWLR HQDEOLQJ WKHP WR HQJDJH ZLWX & X FRFAEERE) X\WHM U F
SDUWLFOHY VHUYH DV UHLQIRUFHPHQW HQKDQFLQJ WKH K
UHVLVWDQFH WR IUDFWXUHIGAPRSDIDWLRQ UHODWLYH WR SXI

7KH DGGLWLRQ RI 0J2 ZLWK D FRQFHQWUDWLRQ DERXW y
LPSURYH WKH PHFKDQLFDO FKDUD F\8\AHWILF\M DFRE@ SZRNDLWV B N
0J2 LV RIWHQ HPSOR\HG DV D VLQWHULQJ DLG EHFDXVH LW
JUDLQ ERXQGDU\ > @ OHDGLQJ WR WKH UHGXFWLRQ LQ W
JXUWKHUPRUH 0J2 FDQ UHVWUDL@® WKH JURZWK RI WKH JUDL

9HU\ OLPLWHG UHVHDUFK KDYCQEHHQ WRIQQRRW IF& PRB@ \EIWEZH |
7TRNDV HW BAHYHORBB GOFU2WHUQDU\ FRPSRVLWH PXOWLOD\HU
ODVHU DQG SKRWRSK\VLFDO DSSOLFDWLRQV 7KHVH WKLQ IL
RSWLFDO FKDUDFWHUL V@ HNMD OaX0DNM H QVAKWUHD WVHKMH DPR PHFKDQLF
=UG6LR@ 0J2 FRPSRVLWH LQ WIKHUDFRWRU\R DL FCWQRRRAY DQ
YROXPHWULFDOGXXVWDEOHIHDODEM2RU\ ERGLHY ZHUH IDEULFDW
RI JUDGHG $ ) ®LQRG 0J2 SRZGHUV DQG WKHQ EXUQHG DW f &

SRURXV FHUDPLFV

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 ceramicd.[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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)LJ 7KH PDLQ FKDUDFWHULVWLFV RI SRURXV FHUDPLFV
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].
THEFKQLTXHV IRU SURGXFLQJ SRURXYV VWUXFWXUHG FHUDI

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 technigxesiples 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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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/cm3 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 3 to 50 P 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
fiborous 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 propagati
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.
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SURGXFW 7KH LQLWLDO VWDJH LV WR SURGXFH D FHUDPLF \
DQG ZzDWHU :KLOH VWDUFK DFWV DV D ELQGHU DQG SRUH IR
VWUXFWXUDO FRPSRQHQW RI WKH SURGXFW 60XUULHV FDQ
SUHYHQWHG IURP DJJUHJDWLQJ EA\ DGGLQJ GLVSHUVDQWYV RU
WKH VOXUU\ LV SRXUHG LQWR D PRXOG ZKLFK HVWDEOLVKHYV
WKH VOXUU\ ZKLFK LV LPSDFWHG E\ WKH VWDUFK FRQWHQW I
WKH HDVH RI FDVWLQJ DQG WKH TXDOLW\ RI WKH ILQLVKHG
VOXUU\ VKRXOG ULVH WR D UDQJH RI f& WR f& FRQWLQJIH(
SURFHVV LQLWLDWHY WKH JHODWLQLVDWLRQ RI VWDUFK JUI
FUHDWH D JHO OLNH PDWUL[ 7KLV QHWZRUN LPPRELOLVHYV
FRQVROLGDWLRQ RI WKH VOXUU\ LQWR D VHPL VROLG VWI
SRO\WWDFFKDULGH LV H[WHQVLYHO\ XVHG LQ PDQ\ IRRG DQ
HFRQRPLFDO ELRGHJUDGDEOH DQG QRQ WR[LF FKDUDFWHUL
LQFOXGLQJ FU\WVWDOOLQH DQG DPRUSKRXV DUHDV SULPDUL
JO\FRVLGLF ERQGY DQG DP\ORSHFWLQ O@QNMKGEH BAZHOOUQVIFI
JHODWLQLVDWLRQ RI VWDUFK DUH VHSDUDWH SKHQRPHQD Wtk
FRQVLGHUDEOH VLJQLILFDQFH LQ WKH LQGXVWU\ ILHOGYV
GHFRPSRVLWLRQ RI VWDUFK PROHFXOHV DQ GStardhswS8IKgVLFDO (
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



starch pastes [97Table 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 structurgaiatthe

consolidation casting technique.
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) Corn 0 . 4.4-10.7 | 5.1-165 | , _ 4 | 1o
m-ZrO, starch 5wt.% | 1750°C, 3 h = % k=137 WmKZ 5024
Corn . . 54.05- | LS=1.07-3.39%, | [103]
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. o = - 0,
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MgO starc 30 wt.% 1460°C an 1=0-17 MPa 2013
1550°C, 2 h
Rice and | 10, 20, 25,
Al20s corn 30, and 50| 1530°C, 2 h - 50 %. LS = 10-40% [111]
ZrO, 2012
starches vol.%
Al,Os- Corn 10-50. 1100°C - ) 16 —anq. [112]
Zr0, starch vol.% 1530°C, 2 h 0.1-17 P | 50-71% | E=331-383GPa| 544

=UEDVHG SRURXV VWUXFWXUHV FHUDPLF FRPSRVLWHYV
The investigation of Zr@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; Za®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 t@#ZdA\bO3 ceramics,

often used in orthopaedic implants. Their research demonstrated that an ideal hole size of roughly
150 P DQG D SRURYVLWMaked) Exipoowd 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 ob #rQ@ental implants, comparing its efficacy with that

IR



of titanium. ZrQ 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 behavious/césiinO
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].
ZrO- have orthopaedical uses, including hip and knee prosthesis, temporary supports for hip joint
heads, tibial plates, and dental crowns [121pQAland ZrQ oxide are recognized bio-inert
ceramics used in traditional bone regeneration applications [122]. Table 1.3 summarizes the
literature reviews of the use of Zr®ased ceramics in biomedical application.

7DEOH6RPH UHVXOWYV RIEWNHV¥HWIPLFY LQ ELRPHGLFDO DSSOLFE
WKW DEOH FDQ EH VHHQ LQ $SSHQGL[ $

Fabrication i Pore ;
Materials Sintering size Po[)osny O‘hef Application Ref.
techniques | temperature P (%) properties
- 25 i i 124
8yS7 DLP 3D 1450°C. 3 h 20-41 $=25-71 | Biomedical | [124]
printing MPa implants 2025
1325°C, Osteogenic [125]
Direct ink 1350°C, and _ differentiation
3vsz printing 1375°C, 1 h,| 0-1-400 80 1=24 MPa and bone | 2024
1.5h,and 2 K regeneration
Direct ink o 61.1- 1 -62.9 | Scaffolds for | [127]
YSZ writing 1450°C, 2 h 75.3 MPa bone tissue | 2021
i 134
ALOyzio, | RePliCa | ygh00c 1k | 52560 | 788 | 1 pa | Replacement| [134]
method or bone filling | 2018
Substrate for | [135)
YSZ-Al,0O; | Robocasting | 1350°C, 2 h 245 50 bone cells
ingrowth 2018

.QRZOHGJH JDSV DQG WKH DLPV RI WKH WKHVLV

$FFRUGLQJ WR WKH OLWHUDWXUH UHYLHZ WKH PDMRULW\
LQYHVWLIDWLQJ GLIIHUHQW SRURXV FHRBDRLHV M DV/WHKKE WEX WV ¥
WHFKQLTXHV WR PRGLI\ WKEDNKIEU SR WRIN\N WWLLFVF RIX HBY 1HY
GHILFLHQF\ LQ UHVHDUFK EHL GXPFRQT WHUK® RQF KR SR X V WH) 2



7KLV 3K' UHVHDUFK ZRUN DGGUHVVHYV WKH NQRZOHGJH JDS W
RI SRURXM®=032 WHUQDU\ FRPSRVLWH PDWHULDOV 7KH FRPS|
VLPSFRWW HIIHFWLYH DQG HQYLURQPHQWDOO\ IULHQGO\ PHW
FHUDPLF R[LGHV VWDUFKHV DQG GLVWLOOHG ZDWHU DQG
WLRHRQFHUQV DERXW KRZ WKH FRPSRVLWLRQ RI FHUDPLF FR
DJHQWV DQG GLVWLOOHG ZDWHU FRQWHQW DIIHFWV WKH
VKULQNDJH DQG WKH UHVSRQVH Rl PDWHULDO$®ROBRPSUHV\
FRPSRVLWH KDYH QRW EHHQ ZHOO LQYHVWLJDWHG 7R FRYF
IXQFWLRQ RI WKHVH FRPSRQHQWYV LQ ELRPHGLFDO SRURXV V
WKHVH SDUDPHWHUV ORUHRYHU WKH VWXG\ GHOYHV LQWR W
FRPSRQHQWY RQ WKH ILQDO PLFURVWUXFWXUH DQG PHFKD
FRPSUHKHQVLRQ RI WKH FRUUHODWLRQ EHWZHHQ 7RRLR/SRVLW
VWXG\ DOVR KDV FRPSUHKHQVLYHO\ H[DPLQHG KRZ WKH VWU
RI SRURXV FHUDPLFV DUH DIIHFWHG E\ WKH FKRLFH RI SRUH |
DQG WDSLRFD VWDUFKHV WRJHWKHU 7KH GHILQLWLYH FKDL
LQWHUDFWLRQ EHWZHHQ WKH SRUH IRUP LS@R W KHQWV DIQA. | WH
NQRZOHGJH JDS SHUWDLQV WR WKH UHODWLRQVKLS EHWZHHI
=U2$® 0J2 FRPSRVLWH ZKHQ VXEMHFWHG WR FRPSUHVVLYH
GHVLUDEOH IRU ERQH LQJURZWK LW RIWHQ OHDGV WR D UH
ELRFRPSDWLELOLW\ DQG ELRDFWLYLW\ RI FHUDPLF FRPSR
FKDUDFWHULVWLFV LQFOXGLQJ DSSDUHQW SRURVLW\ DQG \
WKH VXUIDFH PRUSKRORJ\ DQG KRLLF FRPSUKRWRVDYH | BPRQW® U
FRUUHODWLQJ VXUIDFH FKDUDFWHULVWLFV ZLWK WKH SRWF
DGKHVLRQ SUROLIHUDWLRQ DQG GLIIHUHQWLDWLRQ
BUHYLRXV UHVHDUFK KDV ODUJHO\ IREXVHG RQ VLQJOH VWI
FRPSDUDWLYH SHUIRUPDQFH RI FRPELQLQJ WZR GLVWLQEW V!
DVSHFWV RI WKH FHUDPLF PDWUL[ 7KLV 3K' UHVHDUFK ZRU
LQYHVWLIJDWLQJ WKH SRUH PRUSKRORJ\ RI WKH SRURXV VWU
WRJHWKHU WR ZRUN DV SRUH DQG ERG\ IRUPLQJ DJHQWV 7K
VWDUFK W\SHV WR FUHDWH ELJJHU SRUHV DSSURSULDWH IR



HQODUJHG SRUHV HQKDQFH WKH VXUIDFH DUHD DQG WKXV |
VIQWKHWLF ERQH DQG WKH OLYLQJ WLVVXH

7KH VLQWHULQJ WHPSHUDWXUH LV D FUXFLDO IDFWRU W
FRPSRVLWLRQ DQG JHQHUDO WHFKQLFDO FKDUDFWHULVWLF
VLQWHULQJ SDUDPHWHUV WR LPSURYH ERWK WKH PHFKDQLF
FHUDPLFV SUHVHQWY DQ DGGLWLRQDO GLIILFXOW\ LQ WKH
1XPHURXV VWXGLHY KDYH LQYHVWLJDWHG WKH LQIOXHQFH R
SRURVLW\ JUDQXODU JURZWK DQG LQWHUJUDQXODU FRQQ
FRQFHQWUDWHG RQ WKH LPSDFW RI VLQWHULQJ WHPSHUDW:
ZLWKLQ WKH SRURXV PDWUL[ DV ZHOO DV WKH IRUPDWLRQ R
)XUWKHUPRUH H[LVWLQJ VWXGLHY GR QRW DGHTXDWHO\ DG
FULWLFDO LPSRUWDQFH Rl SRUH DQG RSHQLQJV VL]H LQ ERQ
LQYHVWLIJDWH WKH VLQWHULQJ SURFHVV VLQWHULQJ WHPSH
IUHH FHUDPLF 7KLV 3K' UHVHDUFK ZRUN DGGUHVVHV WKHVH
RI VLQWHULQJ FRQGLWLRQV RQ SRUH PRUSKRORJ\ WKH SUH\
SRUHV DQG WKH VL]H:RUIOWKOXPHRENYLOIYHVWLIDWLRQV K
RSWLPL]LQJ VLQWHULQJ FRQGLWLRQV WR LPSURYH WKH PLFL
=U2EDVHG FHUDPLFV WKHUH KDV EHHQ OHVV FRQVLGHUDWLF
RQ FUDFN GHYHORSPHQW 7KH IXQFWLRQ RI SURJUHVVLYH SU
VLQWHULQJ LV LQDGHTKXDWHKO WIKMWVHVWAHPRGGNWUDWHY WKDW
=U2$® 0J2 SRURXV FHUDPLF FRPSRVLWH VDPSOHV VLJQLILFI
IRUPDWLRQ GXULQJ WKH ILQDO VLQWHULQJ SURFHVV

,Q DGGLWLRQ WKH OLWHUDWXUH GRHV QRW SURYLGH DC
FRQGLWLRQV VLQWHULQJ KROGLQJ WLPH DQG WHP ®IEDW XU |
$@ zZW DQG SRUH IRUPLQJ DJHQWY SRWDWR DQG WDSLRF
SHUIRUPDQFH PHDVXUHV DSSDUHQW GHQVLW\ DSSDUHQW S
VWUHQJWK $GGUHVVLQJ WKLV NQRZOHGJH JDS LV HVVHQWL
WKH SURFHVVLQJ VWUXFWXUH SURSHUW\ LQWHUDFWLRQV LC
HIITHFWLYH H[SORUDWRU\ PHWKRG IRU FRQFXUUHQWO\ YLVXEC
QXPHURXV YDULDEOHV WKHUHIRUH FODULI\LQJ WKH LPSDFW



WKH SUHSDUHG ERQH UHSODFHPHQW FHUDPLFV SHUIRUPDQF
TXHVWHRMGYDQVZHUV

1

7KH

&RXOG WKH ORZ FRVW 6&& PHWKRG EH$XVI0GE2WRHSQRG X F|
FRPSRVLWH PDWHULDOV"

:KDW NLQG RI SKDVHV FRXOG GHYHORS DIWHU VLQWHUL¢
DUH WKH SURGXFHG SKDVH\ §®LADWDRIQ\WR'U ELRPHGLFDO
'RXOG LW EH SRVVLEOH WR HQKBRBR XWKWNUNXBIEXUIML BV X
DQG 0J2 DGGLWLYH PDWHULDOV"

7R PDNH WKH SRURXV VWUXFWXUH PRUH VXLWDEOH IRU
SRVVLEOH WR LPSURYH WKH SRUH PRUSKRORJ\ XWLOLVLC
&RXOG SURJUHVVLYH SUH VLQWHULQJ DQG VLQWHULC
FUDBMYHORSPHQW LQ W®&H 0J@HI UG EBFRPSRVLWHV"
+RZ DUH WKH SURFHVVLQJ FRQGLWLRQV FRPSRVLWLRQD!
WKH SURSHUWLHV RI WKH SRURXV ELR FHUDPLFV FRUUHC
TXHVWLRQV PHQWLRQHG SUHYLRXV®\KEBINOYQHDWH WKH F
7KH 3K' WKHVLV IRFXVHG RQ WKH SUHSDUDBWR RQI2D QG FKE
WHUQDU\ FHUDPLF FRPSRVLWHVY GHVLJQHG ZLWK WKH Q
WKH PHFKDQLFDO SURSHUW\ UHTXLUHPHQWYV IRU ELRPHG
BWXG\LQJ WKH HIIHFW Rl XVLQJ GLIIHUHQW DPRXQW DQG
DSSDUHQW GHQVLW\ DSSDUHQW SRURVLW\ YROXPH VKL
SRURXV VWUXFWXUH DQG SRUH VXUIDFH PRUSKRORJ\
6WXG\LQJ WKH HIIHFW RI DGGLQJ GLIIHUHQW DPRXQW RI
WKH SUHSDUHG SRURXV VWUXFWXUH

BWXG\LQJ WKH HIIHFW RI XVI$SQ2 FEQ | WHKUH G WRSPIRIXVQ\M VR D C
FRPSRVLWLRQ RI WKH SUHSDUHG SRURXV VWUXFWXUH
BWXG\LQJ WKH HIIHFW RI SURJUHVVLYH SUH VLQWHULQ,
PLFURVWUXFWXUH SURSHUWLHV SRURXV VWUXFWXUH
IRUPHG SKDVHV Rl WKH SUHSDUHG SRURXV VWUXFWXUH
7R H[SORUH DQ DGHTXDWH H[SODQDWLRQ RI KRZ SURFF
YDULDWLRQV DQG SRUH IRUPLQJ DIJHQWYV FRQFXUUHQWO



&KDSWHU 7ZR + ([SHULPHQWDO SDUW

ODWHULDOV

7KH IROORZLQJ PDWHULDOV ZHUH HPSOR\HG LQ WKLV 3K' L
=U2 PDJQHVLD 0J2 2D0BRV@LOHG ZDWHU GHIORFEXODQW
DQG WDSLRFD VVEDVYPKHOHPWHR GXH WR LWV ELRFRPSDWLEL
PHFKDQLFDO SURSHUWLHY DQG LWV FKHPLFDO IS@HDWOHVV
0J2 DV DGGLWLYH R[LGHV ZHUH XVHG 'XULQJ WKH SURFHVV I
&( DQG GLVWLOOHG ZDWHU ZHUH ERWK XVHG DV QHFHVVDU\
RI D SRO\FDUER[\OLF DFLG 'RODSL[ &( LV DQ LRQLF GLVSH
VXUIDFH FKDUJH PRGLILHU 3RWDWR DQG WDSLRFD VWDUFKH)
ZLWK RWKHU W\SHV RI VWDUFK KDYH EHHQ XWLOLVHG DV
([SHULPHQWY ZHUH FDUULHG R XMW ZXMN R B XWK 1D @\V VX HE N H TKHH® W
3XULW\ GHQVLW\ DQG VRXUFH Rl UDZ PDWHULDOV ZHUH OLV\
7DEOH3URSHUWLHVY DQG RULJLQ RI UDZ PDWHULDOV

ODwWHULLO 3XULW\ '"HQVLW\ J 6RXUFH

P=U2 , QWHUNHUDP .IW GL

$@ ,(QWHUNHUDP .IW GL

0J2 6LIPDDOGULFK FRP *}
SRWDWR %DODQFH IRRG .IW G
7TDSLRFD %DODQFH IRRG .IW G
'"RODSL[ & =VFKLPPHUV DQG 6FKZD

SUHSDUDWLRQ RI PRXOGYV
JRU WKH DLP RI WKH FDVWLQJ SPRRBHGXIHIU H FSSJHHSHDHUIHESO Bl (BC

WKH DVVLVWDQFH RI WKH ' SULQWLQJ PHWKRG &UHDOW\ ' .
" WHFKQRORJ\ &RUSRUDWLRQ 7KH LPSHUPHDEOH SODVWLF |
SRO\WW\UHQH ILODPHQW
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)LJ D LOOXVWUDWHY WKH ' SULQWLQJ SURFHVV RI
VWHUHROLWKRJUDSK\ ' LPDJH IRU WKH GHVLJQHG PRXOG
F\OLQGULFDO URG ZLWK D GLDPHWHU DQG KHLJKW RI PP
VKULQNDJH DQG SRUH BRQ® ISHR SH RSMHODH® S RURXYV VWUXFW X |
D DQG ZLWK GLPHQVLRQV RI PP LQ GLDPHWHU DQG PP
VWUHQJWK DV VKRZQ LQ )LJ E

g

)LJ 7KH ' SULQNHG PRX
SUHSDUDWLRQ RI SRURXV VWUXFWXUHG FHUDPLFV

SUHSDUDWLRQ RI VOLS VOXUULHYV

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.Baboratory 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



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-llgdV LR 7KH H[SUHVVLRQ RI 3\
3 7 37 GHQRWHG WR XVHV GLIIHUHQW W\SH RI VWDUFK
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.

7TDEOHOL] FRPSRVLWLRQV IRU WKH ILUVW VWXG\ LQ ZW
m-ZrO > MgO Al203 Dolapix CE 64 Potato or tapioca starch Suspension Conc.
77.5 25 20 15 10 20 30 70
77.5 25 20 15 10 20 30 68
77.5 25 20 15 10 20 30 65
77.5 25 20 15 10 20 30 60
7TDEOHOL] FRPSRVLWLRQV IRU WKH VHFRQG VWXG\ LQ ZW
m-ZrO 2 MgO Al203 Dolapix CE 64 it/?_r/%%cs%n;ir_ll_t Suspension Conc.
82.5 2.5 15 15 20 60
80 2.5 175 15 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 15 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



used a 50:50 mixture of potato and tapioca starch, while varying the concentration of the ceramic

powder.
7TDEOHOL] FRPSRVLWLRQV IRU WKH WKLUG DQG IRXUWK VWXGLHV L
m-ZrO 2 MgO Al203 Dolapix CE 64 50:50 P+T Suspension Conc.
82.5 2.5 15 15 20 60
80 2.5 175 15 20 60
77.5 2.5 20 15 20 60
75 25 22.5 15 20 60
72.5 2.5 25 15 20 60
70 2.5 27.5 15 20 60
67.5 2.5 30 15 20 60

&HUDPLF FRPSRVLWHVY FRQVROLGDWLRQ

7KH SUHSDUHG VOXUULHV ZLWK GLIIHUHQW FRPSRVLWLRQV
SODVWLF PRXOGV &RYHULQJ RI PRXOGV LV YHU\ LPSRUWDQV
WKH VWDUFK JUDQXOHV WR DEVRUE WKDW ZDWHU IURP WKI
FRQWDLQLQJ WKH VOXUULHV ZDV WKHQ SODFHG LQ DQ RYHQ |
32/ (.2 $3$5$785% DQG KHDWHG XS WR f& IRU KRXUV LQ RUC
$ FRQVROLGDWLRQ WHPSHUDWXUH RI f& DQG D KROGLQJ WL
EDVHG/HRHUDO WULDOV WKDW ZHUH FRQGXFWHG ZLWK WKH
FRQVROLGDWLRQ DQG HDVLHU GH PRXOGHG SURSHUWLHYV
FRQVROLGDWLRQ WLPHV RI OHVV WKDQ WZR KRXUV LQ PRVV
FRQVROLGDWLRQ RI WKH FHUDPLF VXVSHQVLRQ :KHQ WKH PR
VWLOO KDV WKH FRQVLVWHQF\ RI D KLJKO\ YLVFRXV SDVWH
FHUDPLF JUHHQ ERGLHV $IWHU FRROLQJ WR URRP WHPSHUD
RSHQHG DQG WKH FHUDPLF ERGLHV ZHUH GH PRXOGHG DV Vt

)L 7KH SUHSDUHG FHUDPLF JUHHQ ERGLHYVY DIWHU GH PR



$W WKLV VWDJH WKH FHUDPLF JUHHQ ERG\ FRQVLVWYV RI D
D VWDUFK JHO PDWUL[ DQG LWV VWUHQJWK DQG ULJLGLW\ D

3UH VLOQWHULQJ DQG VLQWHULQJ
7KH SUHSDUHG FHUDPLEF VDPSOHV ZHUH VXEMHEWHG WR JUI

DW WHPSHUDMBOQKEY RIZ& 7KH VDPSOHV ZHUH KHOG DW zZ&

z& IRU KRXUV 7KH SUH VLQWHULQJ SURFHVYV LQFOXGHG
XQWLO WKH\ UHDFKHG WHPSHUDWXUHV RI f& $IWHU WKH
JUDGXDOO\ FRROHG WR WKH DPELHQW WHPSHUDWXUH LQVLG
VLQWHUHG FHUDPLF VDPSOHV XQGHUZHQW D JUDGXDO VLQ
IDEHUWKHUP *PE+ %DKQKRIVWU ILOLHQWKDO %UHPH
VLOQWHULQJ DQG VLQWHULQJ SURILOHV ZKHQ WKH KROGLQJ W
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)LJ 7KH SUH VLQWHULQJ DQG VLQWHULQJ SURILOHV
7KH JUDGXDO VLQWHULQJ ZDV ILUVW FRQGXFWHG DW WHP

IROORZHG E\ f& f& RU f& ZLWK D KHDMWHIPGHUDW M URH
R f& DQG f& WKH VLQWHULQJ KROGLQJ WLPH ZDV KR:
YDULHG EHWZHHQ RU KRXUV $IWHU WKH VLQWHULQJ S

IXUQDFH WR FRRO GRZQ WR URRP WHPSHUDWXUH 7KH JUDG)>
VLQWHULQJ SURFHVVY VHUYHV WKH REMHFWLYH RI PLQLPL]LC



RFFXUUHQFH RI VXUIDFH FUDFNV RQ WKH VDPSOHV )LJ Vi
VWUXFWXUHG FHUDPLF

Ceramic raw materials

MgO m-Zr02 A1203
| l

¥

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
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Heating The prepared
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)LJ 7KH SUHSDUDWLRQ SURFHGXUH IRU SRURXV VWUXFW X
THVWLQJ PHWKRGYV
&KDUDFWHUL]DWLRQ RI UDZ PDWHULDOV
OLFURVWUXFWXUDO FKDUDFWH®@]DWGRWY2RAH P BRBIRF GRQIGH ¢
FDUULHG RXW ZLWK XVLQJ RI ; UD\ GUDGDFWRRP® W UV KH' X LW
f ZLWK D VWHS ZLGWK RI DQG VHFRQG RI H[SRVXUH \
FHUDPLF SDUWLFOHV DQG SRWDWR DQG WDSLRFD VWDUEFK
HOHFWURQ PLFURQNRBA\ GHWHUPLQDWLRQ RI FHUDPLF SRZGF
D S\FQRPHWHU )RU LQFUHDVLQJ WKH DFFXUDF\ RI PHDVXUHP



WLPHVY DQG WKH DYHUDJH YDOXH ZDV WDNHQ 7KH SDUWLFO
FKDUDFWHUL]HG E\ XVLQJ &,/$6 HTXLSPHQW DV VKRZQ LQ )

A eloi i

YL &,/$6 HTXLSHQW yLJ ORLVWXUHUPLQDWLRQE

7KH PHDVXUHPHQWY ZHUH FDUULHG RXW DW URRP WHPSHL
VRGLXP WULSRO\SKRVSKDWH GLOXWHG VROXWLRQ DV D GL\
HQKDQFHG E\ WKH DLG RI XOWUDVRQLF IRU VHF $ PRLVYV
0$ 5 zZDV XVHG WR PHDVXUH WKH PRLVWXUH FRQWHQW RI
PRLVWXUH GHWHUPLQDWLRQ EDODQFH DV VKRZQ LQ )LJ
PRLVWXUH DQG D KLJKO\ DFFXUDWH EDODQFH WR PHDVXUH W
JUDPV RI VWDUFK LQ WKH HPSW\ EDODQFH SDQ IROORZHG E\
D WKLQ XQLIRUP OD\HU 7KH ZHLJKW Rl WKH VWDUFK SRZGHL
PRLVWXUH HYDSRUDWHG 8SRQ FRPSOHWLRQ RI WKH WHVW V
WKH GZADMFRHHFRUGHG

7KH K\GURWKHUPDO WHFKQLTXH XVHG WR GHWHUPLQH WKH
Z D Wrhiddmethod 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
guantity 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
comprehensivelynixed 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 granuldékKH VWDUFK ZDWHU VXVSHQVLRQ
WHPSHUDWXUH UHJXODWHG PDJQHWLF VWLUUHU RIWHQ PDL

DQG PLQ 7KH KHDW LQGXFHV WKH VZHOOLQJ RI V

$IWHU KHDWLQJ WKH VDPSOH ZDV DOORZHG WR KRROLWHRGDP



WR VHSDUDWH WKH K\GUDWHG VWDUFK JUDQXOHV IURP WK
VZROVAOWOQUFK JUDQXOHYVY LV PHDVXUHG 7KH VZHOOLQJ IDFW|
HISDQG UHODWLYH WR WKHLU RULJLQDO YROXPH 7KHUH DL
IROORZLQJ HTXDWLRQ ZzDV XVHG WR PHDVXUH WKH VZHOOLQJ

6) 'HLIJKW RI VZROOHQ VWDUFK :HLJKW Rl GU\ \

&KDUDFWHUL]DWLRQ WHFKQLTXHV RI SRURXV FHUDPLF FF
An XRD equipped with Cu Kradiation in the Zrange 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..cosA (1)
Where P is the absolute applied pressureV WKH SRUH UDGLXV LV WKH PHU
and Ais 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



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 arn®@¢ hemispherical probe, ensuring uniform force distribution

and precise displacement measurement.

Fig. Z.idDiIatometry (TMA) tet
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, usin@ihedke

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 (Wint), then again after being immersed in water for 24 hours at room temperatig (W
and after being saturated with water{yv Fig. 2.11 shows the sample being weighted when it
was completely saturated with water.



‘)LJ 6DWXUDWHG VDPSOH
The apparent porosity (AP) was determined by solving the equation (2):

Al o=l

7KH YROXPH VKULQNDJH 96 ZzZDV GHWHUPLQHG E\ PHDVXUL
VLQWHUIDRIG WKH YROXPH RI WKH VDPEOHVHD DML RQQW HUK K
RI WKH VDPSOHV LV FDOFXODWHG E\ XVLQJ WKH DYHUDJH RI VW
FDOOLSHU

i éé—(;@rr"

8QLYHUVDO WHVWLQJ PDFKLQH =ZLFN ZDV XVHG WR PHD\
F\OLQGULFDO VDPSOHV ZLWK DSSUR[LPDWHO\PL‘QGRCDL(I].FQ—UWH[
U D @bhhpressive 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.

1=F/A 4)

WKHUH 1 LV WKH FRPSUHVVLYH VWUHQJW K-segtional sl bf DSSOL

the samples (A =E2 ran?). 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 Zs@\l>03-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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The SEM micrographs reveal that tie = U Bowder has a hierarchical structure in which
nanoscale particles aggregate to create bigger micron-sized gast®wn in Fig. 3.4, the main
particle size was slightly more than 100 nm. Materials in nanopatrticles 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 processédtest facilit
the particles in achieving a lower-energy, more stable forrR. I Ufihe powder, van der Waals
forces attract the nanopatrticles, resulting in their aggregation into clusters [144) 045]. D
DQG E LOOXVWUDWH WHCR $RZ GHHP LSARRIADHK F RRA SSOLWW VF QLKW
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FKDUDFWHUL]HG E\ HQKDQFHG SRURVLW\ EXW GHFUHDVHG
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GLITIHUHQFHYV LQ WKH SDUWLFOH VL]H GLVWULEXWLRQV DIIHF
7KH VPDOOHVW SDUWLFOH R/ILHU O HWH YV XYKKU IV HURUHD DQC
EHKDYLRXU ZKLOH FRDUVHU SDUWLFD® I MHUHOKRRHGHWKVKQIKC

LPSURYHG WKHUPDO VKRFN UHVLVWDQFH 7DEOH VXPPDUL
I[URP WKH XUYHV
7DEOH7KH ' ' DQG ' RI WKH FHUDPLF UDZ PDWHULDOV
&HUDPLF SR ' P ' P ' P
P =U2 QR GDWD QR GDWD
$@
0J2
"KHUH ' UHSUHVHQW WKH SDUWLFOH VL]H ZKHUH DUH IL
VL]H RI SDUWLFOHYV DUH ILQHU DQG DUH FREZKMHH DQ

RI WKH SDUWLFOHY DUH ILQHU
ORLVWXUH FRQWHQW DQG VZHOOLQJ IDFWRU RI WKH VWI
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.

m Potato starch = Tapioca starch
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Tapioca starch has a more rapid swelling rate and attains its peak swelling capacity quicker than
potato starchThe 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



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 td initia
size after swelling) of potato starch (about 4.1) is greater than that of tapioca starch (about 3.2).
SRURXVY FHUDPLFV FKDUDFWHUL]DWLRQ UHVXOWYV
7THVW UHVXOWYV RI VWXG\LQJ WKH HIITHFW RQ GLIIMUHQW F
GLVWLOOHG ZDWHU FRQWHQW
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 appsitesd de
of porous ceramic samples and the amount of starch present in the suspension at varying

concentrations.
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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 findingise apparent densities of the samples decrease as
the amounts of potato and tapioca starch incréesthe 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 oagparentensities 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



starch then burns off during the sintering process, creating pores in the structure that reduce the
density of the structure and increase its porosity.
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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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As the proportion of ceramic powder in the suspension increases, the volume shrinkage reduces.
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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 églincreas
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
(&) 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,htds possi



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].

Mag= 100X Signal A = NTS BSD Date: 30 Nov 2022 Mag= 100X Signal A = NTS BSD Date: 30 Nov 2022 —
m WD =11.87 mm EHT = 20.00 kv Time: 14:06:13 — m WD =11.29 mm EHT =20.00 kV Time: 14:07:47

A

PR Tee mremuw ez P I Wi escon Tmeriraar
)LJ  6(0 PLFURJUDSKV RI VDPSOHV ZLWK
3RWDWR VIWD UF K ZDW E 7D S LZRWF DFV VZDW RX D W

7KH VDPH EHKDYLRXU LV VHHQ ZKHQ WDSLRFD VWDUFK LV )
IRU VDPSOHYVY FRQWDLQLQJ ZW WDSLRFD VWDUFK DQG Z
IRU VDPSOHYVY FRQWDLQLQJ ZW VWDUFK DQG ZW VXVSt
FOHDU WKDW WKH FHUDPLF FRPSRVLWHY SURGXFHG IURP VX\
ZW KDYH VXEVWDQWLDOO\ ELJJHU SRUHV WKDQ WKRVH SUF

VWDUFK FRQWHQW ZW 7KLV ILQGLQJ LV LQ IXOO DFF
FRQVROLGDWLRQ FDVWLQJ DQG LW YHULILHVY D ODUJH QXPE
FDQ EH REVHUYHG LQ )LJ D DQG E WKH FHUDPLF VKHO

HYLGHQW WKDW WKH LOQOWHUDFWLRQ EHWZHHQ WKH FHUDPLF
UROH LQ WKH IRUPDWLRQ RI WKHVH VKHOOV 'XULQJ WKH SUR



DGKIKBWR WKH VXUIDFH RI WKH VWDUFK JUDQXOH LV VHSDUDW
PRYHV LQ WKH VDPH GLUHFWLRQ DV WKH VWDUFK JUDQXOH D
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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 Zd@ramics, 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.%)



for suspension concentration, AD for apparent density, AP for apparent porosity, VS volume
shrinkage, andLfor the compressive strength. Tables 3.2 and 3.3 show the correlation matrix of

the experimental data.
7TDEOH/TKHRUUHODWLRQ PDWUL[] ZLWK XVLQJ RI SRWDWR VWDUFK

Starch (wt.%) Sus. (wt.%) AD AP VS 1
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
1 -0.761 0.517 0.292 -0.848 -0.842 1
7TDEOH7TKHRUUHODWLRQ PDWUL[] ZLWK XVLQJ RI WDSLRFD VWDUFK
Starch (wt.%) Sus. (wt.%) AD AP VS 1
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
1 -0.798 0.516 0.639 -0.265 -0.371 1

7KH FRUUHODWLRQ FRHIILFLHQW YDOXHV UDQJH IURP ZK|
OLQHDU FRUUHODWLRQ WR ZKLFK PHDQV WKDW WKHUH L\
WKH JHUR YDOXH PHDQV WKDW WKHUH LV QR OLQHDU FRUUF
LQGLFDWH WKDW WKHUH LV D VWURQJ QHJDWLYH FRUUHODV
GHQVLW)\ DQG FRPSUHVVLYH VWUHQJWK 7KH UHVXOWV DOVR
EHWZHHQ WKH VWDUFK FRQWHQW DQG WKH DSSDUHQW SRUR
QHJDWLYH FRUUHODWLRQ ZLWK WKH YROXPH VKULQNDJH ZK
WKH YROXPH VKULQNDJH GHFUHDVHV 7RRISWRK¥YL GB WH F DS
FRUUHODWLRQV DQG XQG HUMWMDXFG YMKH M QG [SH Q WSIDAR \G DADI
BHDERUQ OLEUDU\ LQ 3\WKRQ )LJV ZLWK GLIIHUHQW SH
WDSLRFD VWDUFK ZW DQG Z IL\® 0 XMW B DW & W \SOLSH R R
IHDWXUHV DSSDUHQW GHQVLW\ DSSDUHQW SRURWVIK#\ YRO)>
GLDJRQDO VXESORW LOOXVWUDWHY WKH GLVWULEXWLRQ RI |
SURYLGH VFDWWHU SORWY WKDW GHPRQVWUDWH WKH LQWH L
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)LJ 3DLU SORW RI IRXU VWXG\ IHDWXUHV Rl VDPS®MHY SUHSDUHG 7
yLIV DQG GHPRQVWUDWH WKDW WKH DSSOLUKEWWG H G
LQ WKH DEVHQFH RI VWDUFK DQG G H FHRNH/IX\HH DAL WEW B Q PR
YROXPH VKULQNDJH LQFUHDVHG BIWZWK HL © RWIDDWRH 6 Q R WX P P
VWDUFKHV ZHDNHQ WKH VWUHQJWK RI WKH SUHSDUHG SRUR>

VXPPDUL]H WKH W\SH RI FRUUHODWLRQ EHWZHHQ WKH YDL

TDEOH&RUUHODWLRQ UHODWRLRIQDMKQABYV BRHWYBHRAOWKHSUHSDUHG ZI
VWDUFKHV

Variables AD AP VS 1
AD * Negative Weak Positive
AP Negative * Positive Negative
VS Weak Positive + Negative

1 Positive Negative Negative *
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)LJ 3DLU SORW RI IRXU VWXG\ IHDWXUHV RI WIOPWBFKKHY¥WSUHSDUHG Z
7KH ILQGLQJYV GHPRQVWUDWH D QHIJDWLYH FRUUHODWLRC

SRURVLW\ DV DQWLFLSDWHG DV D UHGXFWLRQ LQ SRURVLW
GHQVIKW ZHDN FRUUHODWLRQ EHWZHHQ DSSDUHQW GHQVLW
GHQVLILFDWLRQ PD\ EH QRQ XQLIRUP VLQFH SRUH FRDOHVFL}
DQRG HQODUJHPHQW RFFXUUHQFH ZLOO EH GHPRQVWUDWHG

RFFXUULQJ DW HOHYDWHG WHPSHUDWXUKW BIRMWW UHWY XFERW UL
EHWZHHQ DSSDUHQW GHQVLW\ DQG FRPSUHVVLYH VWUHQJWK
PHFKDQLFDO VWUHQJWK D FKDUDFWHULVWLF FRPPRQO\ REV
D SRVLWLYH FRUUHODWLRQ ZLWK YROXPH VKULQNDJH DQG D

LQGLFDWLQJ WKDW LQFUHDVHG SRURVLW\ QRW RQO\ IDFLOLW
GLPLQLVKHV WKH VWURRKRRE VWK RD WLKYHFH FIRW BB OMDAOWL RQ EHWZHH
FRPSUHVVLYH VWUHQJWK IXUWKHU LQGLFDWHV WKDW H[FH



HYROXWLRQ VXFK DV SRUWKHRNWUHQLIAWKHPL@ RILVERFW R
FRUUHODWLRQVY LOOXVWUDWH WKH FRPSOH[ UHODWLRQVKL
PHFKDQLFDO SHUIRUPDQFH GXULQJ WKH VLQWHULQJ RI WKH
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)LJ 3DLU SORW RI IRXU VWXG\ IHDWXUHV RI VDPBOHY SUHSDUHG
7KH VXVSHQVLRQ FRQFHQWUDWLRQ KDV QR GLVFHUQLEOH L

VXVSHRWLRERWK DSSDUHQW SRURVLW\ DQG YROXPH VKULQ
FKDQJHV LQ SDFNLQJ EHKDYLRXU DQG PLFURVWUXFWXUDO H
VLOQWHWLRQUIKHU VXVSHQVLRQ ZW WKH VOXUU\ KDV D ODUJI
WR WKH OLTXLG SKDVH UHVXOWLQJ LQ GHQVHU SDUWLFOH S
WR UHGXFHG YRGXPHLVKHUQWDMEHHQVLRQ ZW WKH ZDWHU D
WKH VWDUFK DEVRUSWLRQ DQG VZHOOLQJ UHVXOWLQJ WR O



D SRVLWLYH FRUUHODWLRQ EHWZHHQ WKH VXVSHQVLRQ ZW
WKH W\SH RI FRUUHODWLRQ EHWZHHQ WKH YDULDEOHYV

7TDEOH&RUUHODWLRQ UHODWLRIDEOKBY IIRHWVZBHSOWKHUHSDUHG ZL

ZW

Variables AD AP VS 1
AD * Negative Weak Positive
AP Negative * Positive Negative
VS Weak Positive * Negative
1 Positive Negative Negative *
)LJ LOOXVWUDWHY IRXU EDU FKDUWY HDFK LQGLFDWL

SDUWLFXODU IHDWXUH PHDVXUHG RYHU JURXS HDFK JURXH

Apparent density

Apparent porosity

CV (%)

20 === ——— - B

CV (%)

CV (%)

] 10 11 12 13 14 15 18 22 23 24
Row index within group (1..n)

)LJ %DU SORW RI WKH FRHIILFLHQW RI YDULDWLRLY BQG HFDUNWHKHZ WD P S
7KH SORWY LQGLFDWH WKDW WKH PDMRULW\ RI VDPSOHYV C

VWURQJ PHDVXUHPHQW FRQVLVWHQ$\OR® GWRIGY IQPXIPE H3D W D V



HIFHHGLQJ WKH WKUHVKROG VXJJHVWLQJ PDUJLQDOO\ L
I[URP H[SHULPHQWDO RU PN HWB®IQBEWWERGORBEHYHLWKDW WKH
DUH PRVWO\ UHOLDEOH ZLWK WKH PDMRULW\ RI GDWD VH
WKUHVKROGY XQGHU

,Q RUGHU WR PHHW WKH UHTXLUHPHQWY RI XVLQJ SUHSDUH
VXFK DV ERQH UHSODFHPHQW LW LV HVVHQWLDO WR DFKLH"®
DQG PHFKDQLFDO SURSHUWLHY 8SRQ FRQFOXGLQJ WKH ILUV
XVLQJ D ZW VWDUFK FRQWHQW FRPELQHG ZLWK D ZW
DSSDUHQW SRURVLW\ ZLWK SRWDWR DQG ZLINKVKVD SLF
SRWDWR DQZLWKIWPSLRFD DQG FRPSUHVVLYH VWUHQJWK
ZLWK WDSLRFD WKDW DUH DSSURSULDWH IRU ERQH UHSODFF

7HVW UHVXOWYV Rl VWXG\LBR QMWKHTR/| FRIIFWK RSQ | GH.U HHQW QAN S

VWDUFKHYV

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 sampldpgraihiaring
and sintering procedure was followed during this study. The effect of adding different content of
Al>0O3 and different types of starches on the apparent density after pre-sintering and sintering are
presented in Fig. 3.21 (a) and (b), respectively.

H Tapioca starch MPotato+tapioca starch ™ Potato starch = Tapioca starch W PotatoHapioca starch ™ Potato starch

15 17.5 20 275 30

1.8
L6
b
1.2
15 17.5 20 225 25

225 25 275 30
H Al,0; content (wt.%) B Al,O; content (wt.%)
)LJ $SSDUHQW GRQNRQYWMDWS$OD D IWEH WD ISWHHU VAL IQQWHHULL IQQ J

Three distinct categories of starch were employed: potato, tapioca, and a combination of potato

[%5)
B
- e
O

)
bl
to
)
12 19 b 1D [
W bk

[E R RN

Apparent density (g/cin®
bR B o

and tapioca starches in equal proportions (50:50 wt.%). According to the findia@s,cAhtent
negatively correlates with the apparent densifié® reduction in density was seen with an

increase inAl 20z content since the density Af.0s, about 3.04 g/chis lower than that of Zrg)



which is approximately 5.71 g/cniThe heating with slow rate of 2 °C/min during pre-sintering
and sintering, which enabled the good diffusion and binding of ceramic particles lqaa® to
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).

W Tapioca starch W Potato+tapioca starch = Potato starch W Tapioca starch - W Potato+tapioca starch - ® Potato starch
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Fig. 3.22 indicates that the porosity of ceramics is mostly influenced By thecontent, since
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Al,Oshas a significant impact on the density of the samples. The apparent porosity for all samples
was increased with the addition Af,Os. The calculated apparent porosity after pre-sintering
varies from roughly 56 % for a sample consisting of 15 wl9s;and made with tapioca starch

to around 69% for a sample consisting of 30 wAl; 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.%6,0sto about 60 % for a sample prepared with potato starch and 30
wt.% Al,Os. Fig. 3.23 (a) and (b) provide a comparison of the values of volume shrinkage after
pre-sintering and sintering as a function of #g; content with different type of starch. 28k
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, AIO3 often has a lower melting point than Zr@vhich 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



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.

m Tapioca starch ® Potato+tapioca starch ® Potato starch m Tapioca starch M Potato+tapioca starch m Potato starch
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JLJ 6(0 PLFURJUDSKV Rl SRURXYV FHUDPLFV DIWHU SUH VL(
XVLQJ SRWDWR VWDUFK E XVLQJ WDSLREFEBEDYWIRIFBWRQG F XVI

$00 RI WKH VDPSOHV WKDW ZHUH XWLOL]JHG LQ WKH 6(0 WE
ZW =U2 ZW 0J2 DQG 2 ZMQG$WKH\ KDYH WKH KLJKHVW I
7KH UHVXOWY LOOXVWUDWH WKDW WKHUH ZHUH WZR NLQGYV
ODUJHU VWDUFK JUDQXOH FUHDWHG SRUHV DQG VPDOOHU [
$GGLWLRQDOO\ )LJ SUHVHQW D FRPSDULVRQ RI WKH SRU
W\SHV RI VWDUFK DIWHU SUH VLQWHULQJ &RPSDUHG WR WKH
SRURXV FHUDPLFV PDQXIDFWXUHG ZLWK SRWDWR VWDUFK
PRUSKRORJ\ )ROORZLQJ SUH VLQWHULQJ WKH SRUHWV GHUL"
JUHDWHU WKDQ P :KLOH WKH SRUHV FUHDWHG E\ WKH W



P J)LJ F GHSLFWV WKH H[LVWHQFH RI ODUJHVW SRUH GLI
RI WZR GLVWLQFW VWDUFK W\SHV 7KH LQWHUDFWLRQ EHWZH
RI HHWUHPHO\ ODUJH SRUHV $ FRPSDULVRQ RI WKH SRUH VL]
D E DQG F

‘ :,‘,,, "y . s | - 1) ; . it {
)LJ 6(0 PLFURJUDSKY RI SRURXV FHUDPLFV DIWHU VLQWH
D XVLQJ SRWDWR VWDUEFK E XVLQZWDSVBSEDRVWNDUSRWDWE F O

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
ODUJHU WKDQ P ZKLOH WKH SRUHV SURGXFHG E\ WDSLRF
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,
PHDVXULQJ PRUH WKDQ PLQ GLPHQVLRQV ,Q DOO FDVHYV
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 wf.% ZrO
15 wt.% AbOs, and 2.5 wt.% MgO. While the samples shown in Fig. 3.27 and 3.29 consist of 67.5
wt.% ZrQ,, 30 wt.% AbO3, and 2.5 wt.% MgO. The results clearly show that the highest two
peaks, which are the (111) and (- DW A DUH DERXW f DQG f WKH\ DU
crystal structure (baddeleyitepHYHUDO SHDNV-RIO0F RAHUHGEPAWHFWHG DW



35°, 38°, 43°, 52°, 57°, 66°, and 68° for planes (012), (104), (110), (113), (024), (116), (216) and
UHVSHFWLYHO\ 7KH ILQGLQJV LQGLFDWH WKDW WKH SH

mostly caused by diffraction from the basal plane (111) of the periclase MgO phase.
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The XRD patterns indicate that the intensity of the peaks related toidef@ased 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



in X-ray scattering, leading to higher peak intensities. Additionally, the findings show a reduction
in the peak intensity of the Zp(phase as th& 2 content increases from 15 wt.% to 30 wt.%.

As the $ @ content rises, the fraction of Zg@n the composite drops. Reducing Zréntent
results in a decrease in the strength of the XRD peaks associated with il Zs€.
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)LJ VKRZV WKH UHVXOWY RI SRUH RSHQLQJ VL]H GLV
GLITHUHQW FHUDPLF VDPSOHYVY 7KH FRPSRVLWLRQ RI WKH
=U2 ZW 2$CDQG ZWO0,9I2HVXOW FOHDUO\ GHPRQVWUDWH

KDYH GLIITHUHQW WRWDO SRUH YROXPHV +RZHYHU WKH



SRUH YROXPH DPRQJ SRUHV Rl VSHFLILF VL]HV 7KH SUHC
YROXPH LQ DOO VDPSOHV H[LVWV LQRBRUHYVY ZLWK D GLDPH!
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yLJ 3RUH VL]H GLVWULEXWLRRWI2$0D@® =% 0J2 VDPSOHV
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.

7/DEOHO0,3 UHVXOWYV RI ZW 230xQG ZW 0J2 VDPSOHV
Sample 7TRWDO LQWUXGHG&G| 7TRWDO SRUH VXUIl| OHGLDQ SRUWH
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 ifgcifo 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



sample that contains (50:50) P+T starch (brown curve in Fig. 26) exhibits three distinct incursion
VWHSYV WKURXJKRXW WKH UDQJH RClearlyUtis sampld ghdwsRpore WR
opening with a size polydispersity that is rather large. In contrast to other samples, the pores in
VDPSOH ZLWKRXW VWDUFK YDQLVK LQ WZR VSHFLILF UDQJHYV
ZKLOH WKH KLJKHU UDQJH VSDQV IURP WR P 7KLV PLJ
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 volUmne sample that is prepared without

starch exhibits around 42% of the pore opening volume withina 2 UDQJH $ERXW R
pore opening volume in the sample with tapioca starch is between the?’3-UDQJH DQG DERXW
OHVV WKDQ PharadQthg\pidtetoRtArdh idample has a larger opening, which makes

up around 45% of the volume of the poresinthe 6P UDQJH DQG DERXW OHVV W
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

Rl SRUH RSHQLQJYVY KDV D GLDPHWHU OHVV WKDQ P KD
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) I LOOXVWUDWHY WKH YDULDWLRQ LQ FRPSUHVVLYH VW
ZLWKS@KHARQWHQW DW YDULHG VWDUFK W\SHV
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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 w©%céntent. The
measured apparent density of this sample is 2.78%giehereas 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 y@£6adkitent.

The measured apparent density of this sample is 2.76° giehereas the observed apparent
porosity is 56%. Fig. .32 also demonstrates a positive correlation between the compressive
strength and the amount of28k present. The main advantage o$@d is its ability to improve
compressive strength by serving as a barrier against fracture developr®@gnts &ksential in the
crack-deflection mechanism. When a crack comes into contact with a rigid 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]. FIigM3GBR ZV WKH 3NQHDGL
phenomena, which is an intriguing finding since it shows the sample hardening at the start of the



load application. The microstructural components in porous materials might fail due to the
existence of many pores, which causes microcracking.

yLJ JUDFWXUH PRGH RQ ERWK VLGHV RI WKH IWZWWSXOHG VXUIDFH F
Tables 3.7, 3.8, and 3.9 show the Pearson correlation matrix for the experimental data after
sintering with different type of starches
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7KH UHVXOWYV LQGLFDWH WKDW WKHUH LV D$®HERQWHR®J
DQG WKH DSSDUHQW GHQVLW\ DQG YROXPH VKULQNDJH 7KH |
FRUUHODWLR®OEARIWHQWRI®G WKH DSSDUHQW SR ISP\LIUW\ D
SORW ZDV FUHDWHG XVLQJ WKH 6HDERUQ OLEUDU\ LQ 3\WKRC
YDULDEOH FRUUHODWLRQV DQG WR EHWWHU XQGHUVWDQG W
D SDLU SORW RI IRXU VWXG\ SDUDPHWHUV DSSDUHQW GHQV
FRPSUHVVLYH VWUHQJWK GHWHUPLQB®@ IRW VDPSOHV SUHSD
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yLJ 3DLU SORW RI IRXU VWXG\ IHDWXUHYV RIZMDPSOHY SUHSDUHC
7KH GLDJRQDO VXESORW LOOXVWUDWHY WKH GLVWULEXWLR

SORWVY SURYLGH VFDWWHU SORWYV WKDW GHPRQIVMUBWH WKH
GHPRQVWUDWHY YWKDW I2ZKH\WQ PGS SDUHQW GHQVLW\ DQG YROXTF
DSSDUHQW SRURVLW\ DQG FRPSEMN VLY NMXPAPDHQ YWY WEKFUFRUY
DPRQJ WKH IRXU YDULDEOHV VKRZQ LQ )LJ



/DEOH &RUUHODWLRQ UHO DY\DURMEKLSW IRHWWY KH ¢ WPKFEOWHYV ZLWK GLI

Variables AD AP VS 1
AD * Negative Weak Positive
AP Negative * Weak Negative
VS Weak Weak * Negative

1 Positive Negative Negative *

7KH FRUUHODWLRQ EHWZHHQ DSSDUHQW GHQVLW\WDQG D¢
DSSDUHQW GHQVLW\ ULVHVY YROXPH VKULQNDJH VOLJKWO\ L
SDUWLFOH UHDUUDQJHPHQW DQG SRUH HOLPLQDWLRQ GXUL
VKULQRROQWHUVHO\ DSSDUHQW SRURVLW\ GLPLQLVKHV DV
VKULQNLQJ OHDGV WR SRUH FORVXUH DQG VWUXFWXUDO GF
FRUUHGBEWLRRPSUHVVLYH VWUHQJWK GLPLQLVKHV VOLJKWO
LOQGLFDWLQJ WKDW HI[FQI®XEMH @ W U@\ N WDBVVHY RU PLFU
WKH VWUHQJWK Rl WKH PDWHULDO

)LJ %DU SORW RI WKH FRHIILFLHQW RI YDULDWLRQ &9



yLJ LOOXVWUDWHY IRXU EDU FKDUWV HDFK LQGLFDWL
SDUWLEXODU IHDWXUH PHDVXUHG RYHU JURXS HDFK JUR>
LQGLFDWH WKDW WKH PDMRULW\ Rl VDPSOHV GLVSOD\ &9
PHDVXUHPHQW FRQVLVWHQF\ DQG PLQLPDO GDWD GLVSHUVLR
PHDVXUHV DUH PRVWO\ UHOLDEOH ZLWK WKH PDMRULW\ RI G
WKUHVKROGV 8SRGHRPSOHWLQJ WKH VHFRQG VWXG\ RI WKH
ZW FRPELQDWLRQ RI WDSLRFD DQG SRWDWR VWDUFKHYV
P ZLWK GHVLUDEOH SRUH RSHQLQJV PHGLDQ SRUH RSHQLQ.
DSSDUHQW GHQVLW\ JFP DQG PHFKDQLFDO FRF
VXLWDEOH IRU ERQH UHSODFHPHQW DSSOLFDWLRQV 7KH Sl
PD\ GLPLQLVK WKH RFFXUUHQFH RI IUDFWXUHV RQ WKH VDPS
LQYHVWLIJDWLRQ Rl WKH WKHVLYV XWLOLVHV D VWDUFK FRPEI
,Q DGGLWLRQ DOO WKH VDPSOHV ZHUH SURJUHVVLYHO\ SUH
7HVW UHVXOWV RI VWXG\LQJ WKH HIIHFW RI XVLQJ SURJ
GLIIHUHQW WHPSHUDWXUHYV
3UH VLQWHULQJ RIIHUV VHYHUDO EHQHILWY LQ FHUDPLF W
VLQWHULQJ WR GHFUHDVH WKH UDWH RI VKULQNDJH GXULQJ
VWUHVVHV 3UH VLQWHULQJ GHFUHDVHV WKH UDWH RI YROXP
GHQVLILFDWLRQ DQG SDUWLFOH UHDUUDQJHPHQW WR WDN
PLQLPLVHV WKH DPRXQW RI IXUWKHU VKULQNDJH UHTXLUHG
%\ HQDEOLQJ SDUWLDO GHQVLILFDWLRQ RI WKH FHUDPLE PD\
LV PLQLPLVHG GXULQJ WKH ILQDO VLQWHULQJ SURFHVV 7KHL
DQG XQHYHQ KHDWLQJ WKDW WDNHV SODFH GXULQJ WKH ILQC
FRQFHUQV E\ GLYLGLQJ WKH GHQVLILFDWLRQ SURFHVV LQWR
D E F DQG G VKRZ D FRPSDULVRQ EHWZHHQ WKH VDPS
DQG VDPSOHV WKDW VLQWHUHG ZLWKRXW SUH VLQWHULQJ
VLQWHULQJ PHWKRG LV HIITHFWLYH LQ UHGXFLQJ WKH GHYHO
)XUWKHUPRUH D FRPSDULVRQ RI WKH FRPSUHVVLYH VWUHQJ\
VLQWHUHG VDPSOHV LOOXVWUDWHG SUHYLRXVO\ LQ )LJ
DQG SURJUHVVLYH VLQWHULQJ GHSLFWHG SUHYLRXVO\ LQ )L
LV VLIJQLILFDQWO\ KLJKHU LQ WKH SURJUHVVLYHO\ SUH VLQW



I[URP )LJV DQG VKRZV WKH FRUUHODWLRQ EHWZHHQ \
WKDW VLQWHUHG ZLWK SUH VLQWHUHG DQG RWKHU VDPSOHYV

T i

yLJ 6(0 PLFURJUDSKV RI VLQWHUHG SRURXV AMUDBRFDQG 2Z¥WW P$O
D DQG E ZLWKRXW SUH VLQWHULQJ F DQG G ZLWK SU

)L  &RPSUHVVLYH VWUHQJWK RI WKH VDPSOHYV
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



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 w©%o0 Al
content, and with a maximum value of 37.53 MPa when produced with 20 wt.% potato starch and

30 wt.% AROs content.) L J LOOXVWUDWHY WKH FRUUHODWLRQ EHW
FROQWHQW IRU WKH SUHSDUHG SRURXV FHUDPLFV DIWHU SURJ
GLVWLQFW WHPSHUDWXUHYV f& f& DQG f&

)LJ $SSDUHQW GHQVLW\ DW )LJ $SSDUHQW SRURVLW\ D'
WHPSHUDWXUHYV WHPSHUDWXUHYV

$V WKB FRQWHQW LQFUHDVHV WKH DSSDUHQW GHQVLW)\
WHPSHUDWXUHY 7KH DSSDUHQW GHQVLW\ YDOXHV DUH PDJ[L
IR U f& DQG PLQLPDO IRU f& 7KLV VXJIJHVWV WKDW KI
LQFUHDVH WKH GHQVLW\ Rl WKH PDWHULDOV 7KH LPSDFW RI
KLIJKHU WHPSHUDWXUHVY WHQG WR HQKDQFH SDUWLFOH ERQG
DSSDUHQW GHQVLW\ ZDV J FPAi IRU \2DP 8 G HWL © WHISIHEH BWZ L
:KLOH WKH ORZHVW PHDVXUHG DSSDUHQW GHQVLW)\ ZDV J
$@® DQG VLQWHUBKIGI DW LOG@XVWUDWH WKH FRUUHODWLRQ E
DQG22GFRQWHQW IRU WKH VDPSOHV DIWHU VLD DISG D WDHQ W
SRURVLW\ LQFUHDVHY FRQWBAQWLRIQURRIWRNWDOO WKUHH VI
D FRQVWDRRQBOQWUDWLRQ WKH DSSDUHQW SRURVLW)\ GLPLQ
6DPSOHVY VLQWHUHG DW 2 K& GLWHKHDKLIJXKWMVWDSSDUHQW SRL
VDPSOHV VLQWHUHG DW f& DQGKOGBRWKAHBRZHWW Y ZQVX H$M
)L J LOOXVWUDWHY WKH UHODWLRQ EHWZHHQ WKH Y
FHUDPLFV D@ GFRIGWHQWY DW GLIIHUHQWK N LYQRACHUPLHD IV KAUHL I\
LQFUHDVHY DV WKH VLQWHULQJ WHPSHUDWXUH LQFUHDVH 7



VLQWHULQJ WHPSHUDWXUH $V WKH WHPSHUDWXUH ULVHV
LQWHQVLILHY UHVXOWLQJ LQ HQKDQFHG SDUWLFOH UHDUU
VKULQNLQJ DV SRUHV GLPLQLVK OHDGLQJ WR WLJKWHU SDU\
DQG =WZ2KLELW GLYHUJHQW VLQWHULQJ EHKDYLRXUV DWWL
PHFKDQLFDO FKDUDFWHULVWLFY LtHQHKWDDDR S D6 FUIHPRAL DD V\k
LQKLELWLQJ IDVW GHQVLILFDWLRQ KHQFH NHHSLQJ D JUHDW

f& ERWVKWO®G MURGHUJR IDVWHU GHQVLILFDWLRQ UHVXOW
LQ VKULQNDJH DWWULEXWBEQW MQRVY BWLDWGERBNGLQLEONHULC
JURZWK JHQHUDOO\ REFFXUV DW D VORZHU UDWH UHVXOWLQ
ZKLFK VLJQLILFDQWO\ DIIHFWV VKULQNDJH GXH WR SRURVLW

)LJ YROXPH VKULQNDJH DW )LJ &RPSUHVVLYH VWUHQJWI
WHPSHUDWXUHYV WHPSHUDWXUHV

yLJ VKRZV WKH UHODWLRQ EHWZHHQ WKH FRPSUHVVLYH
DQG WKHRBQWHQW DW GLIIHUHQM IV LUHW X 0 MQ 1 Q\GH.F S MUHDAX K Bl
VWUHQJWK LV PDUNHGO\ HQKDQFHG ZLWK LQFUHDVLQJ VL
WHPSHUDWXUHV UHVXOW LQ LPSURYHG GHQVLILFDWLRQ RI W
PHFKDQLFDO VWUHQJWK DQG GHFUHDVHV YRLG VSDFH 7KH |
ORDGV GXH WR LWV LPSURYHG LQWHUSDUWLFOH ERQGLQJ
ZHDNHQV WKH PDWHULDO DV LW DFWV DV D VWUHVV FRQFH
FRPSUHVVLYH VWUHVV 7KH KLJKHVW FDOFXODWHG FRPSUHV\
D SRURXV VWUXFWXUH ZKLFK ZD$\2P B R X MDH Q/\¥ UDHIEG XWLLAW H U B
"KLOH WKH ORZHVW FDOFXODWHG FRPSUHVVLYH VWUHQJWK
VWUXFWXUH ZKLFK ZDV S$® SPROWHQM QIQG YWQWHUHG DW



LOOXVWUDWHY WKH UHVXOWY RI WKH GLODWRPHWULF DQDC
EHKDYLRXU RI WKH VDPSOH GXULQJ WKH VLOQWHULQJ SURFHYV

)LJ 7TKHUPDO VKULQNDJH EHKDYLRXU RI WKH VDPSOH GXULQJ

7KH FRPSRVLWLRQ RI WKH VDPSOH VKRZQZMQ 2$0DQG LV
ZW 0JZKH WHVW LQFOXGHG HOHYDWLQJ WKH WHPSHUDWXL
PDLQWDLQLQJ LW DW WKDW HOHYDWHG WHPSHUDWXUH DQC
GLVSODFHPHQW FXUYHV XQFRUUHFWHG JUHHQ DQG DGMXV\
WKH VDPSOH H[SHULHQFHG D OLWWOH GLPHQVLRQDO DOWH
WHPSHUDWXUH UHDFKHG WKH VLQWHULQJ UDQJH FRQVLGH
DVFULEHG WR WKH GHQVLILFDWLRQ SURFHVV RIWHQ IRXQG L
VROLG VWDWH VLQWHULQJ R[LGH FHUDPLF PDWHULDOV RIWH
RI WKHLU RULJLQDO OHQJWK %\ FRPSDULQJ WKH JUHHQ
WKHUPDO H[SRQBUREGHRZB® SURSHUO\ DFFRXQWHG LQ WKH F
DFFXUDWH UHVXOWV 7KH XQLIRUP FRQWUDFWLRQ EHKDYLRX
RI SKDVH WUDQVLWLRQV RU IODZV GXULQJ WKHUPDO F\FOLQ
GHQVLILFDWLRQ RI WKH PDWHULDO ZLWK WKH WKHUPDO SU]I
DQG VKULQNDJH FKDUDFWKHJ ISWUW SPW RG \WK H DWPLESPRIP SRV LWH
'5' WR LGHQWLI\ WKH FU\WWDOORJUDSKLF SKDVHV DIWHU VL
LOOXVWUDWHY WKH GLIIUDFWLRQ SDWWHUQV RI WKH VDPSOF



DW f& RU f& ZKLOH )LJ GHSLFWV WKH VDPSOH SL
VLOQWHUHG DW f&

)LJ ;5" SDWWHUQ DIWHU VLQWHULQJ DW f& RU f& ZLWK
)LJ ;5" SDWWHUQ DIWHU VLQWHULQJ DW f& ZLWK SUH V

7KH FRPSRVLWLRQ RI WKH5VHPS OHN QVK ZVQ L=QFAWK Bi$ O
DQG ZW 0J2 7KH UHVXOWYV FOHDUO\ VKRZ WKDW WKH KL.

DW A DUH DERXW f DQG [ VERG\GBOM\ERWK BRI HPUBL
FRUXQG¥X® .ZHUH GHWHFWHG DW A ff f f f f



DQG UHVSHFWLYHO\ 7|
DOVR GHPRQVWUDWH WKH H[LVWHQFHMRI DRZ AQWHQVIEW\

f f f DQG f IRU SODQHV DQG
ILQGLQJV LQ )LJ LQGLFDWH WKDW WKH SHDN VHHQ DW D «
E\ GLIIUDFWLRQ IURP WKH EDVDO SODQH RI WKH SHULFOD

WKDW DW UHGXFHG VLQWHULQJ WHPSHUDWXSWHWRIIRUF VKUY
FXELF VWUXFWXUH W\SLFB3O2R | MKKHUHDLRQHLR Q KBV QRIW R F F X
WKH 0J2 UHPDLQV LQ WKH 0J2 SKDVH LQVLGH WKH VWUXFWXL
DQG GHQVLILFDWLRQ PD\ GLPLQLVK GLIIXVLRQ SDWKZD\V DQ
PRUH VSLQHO SURGXFWLRQ 7KH VLQWHULQJ SURFHVV PD\ UH
WUDQVIHU DQG UHDFWLRQ NLQHWLFV DWD\ L/Q% OX\W QFCOHHW B W H
$® UHDFWLRQ E\ VWDELOL]LQJ GLVWLQFW SKDVHV RU DOW
FRQWLQXDO FUHDWLRQ RI WKH VSLQHO SKDVH > @ 7KH
RI WKK®JIJVSLQHO VWUXFWXUH DUH YHU\ GHVLUHG DV LW F
FRUURVLRQ UHVLVWDQFH DQG WKH DELOLW\ WR HQKDQFH WK
PRUSKRORJ\ Rl WKH VLQWHUHG SRURXV VWUXFWXUHG FHUDP
XWLOL]JHG IRU WKH 6(0 DQDO\VLV FRUWDUQ DQ®&@® ZMIU?2
LOOXVWUDWHY WKH 6(0 PLFURJUDSKY RI SRURXV VWUXFW
WHPSHUDWXUHYV f& f& RU f& 7KH 6(0 PLFURJUDSK
SRUH VL]HV WKDW GHYHORSHG RQ WKH FHUDPLF VXUIDFH
&RPSDUHG WR WKH PLFURVWUXFWXUHV WKDW VLQWHUHG DW
DW f& KDYH ODUJHU SRUHV DQG D PRUH XQLIRUP SRUH PR
f& WKH SRUHV LQ WKH IDEULFDWHG SRURXV FHUDPLFV HJ
ZHUH FUHDWHG LQ WKH VDPSOHV WKDW VLQWHUHG DW D WHF
PLQ GLDPHWHU ,Q JHQHUDO WKH LQFUHDVH LQ SRURVLW
VLQWHULQJ WHPSHUDWXUH f& RU f& FDQ UHGXFH WKH
LQFUHDVH RI SRUH VL]H ZLWK KLJKHU VLQWHULQJ WHPSHL
LOQWHUFRQQHFWHG SKHQRPHQD GXULQJ FHUDPLF VLQWHULQJ
2VWZDOG ULSHQLQJ > @ SRUH FRBIOWMWFIIDEHHV KDUL® N D DH Q/
GXULQJ VLQWHULQJ PD\ DFWXDOO\ HQODUJH WKH VXUIDFH SF
FHUDPLF WR VKULQN DV WKH JUDLQV HQFORVH RQH DQRWKH!



6PDOOHU YRLGVY RU QHFN DUHDV EHWZHHQ JUDLQV RQ WKH V.
WKHLU ORFDO VXUIDFH HQHUJ\

i i

Fig. 3.45SEM micrographs for porous ceramics sintered at:1400°C (a, b);@%60d), and 1600°C (e, f).



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 Zr@nd AbOs 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.

yLJ ('6 SRLQW DQDO\VLYV RI WZR GLIITHUHQW SRLQWYV LQ WKH VD



yLJ (‘6 SRLQW DQDO\VLV Rl WZR GLIIHUHQW SRLQWV LQ WKH VD
The samples shown in Figs. 3.46 and 3.47 consisted of 67.5 wt.% m2Z5@vt.% MgO, and

30 wt.% AbOs. 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 mpheBe. Additionally,

there are measurable quantities of aluminium (Al) derived frop®sAland 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®@4 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:,Z23 wt.% MgO, and 30 wt.% ADs.



The results illustrate the features of micro-void morphology that developed between ceramic

grains and the connectivity of grains in sintered ceramics.

i i

)LJ  6(0 PLFURJUDSKV IRU VLQWHUHG SRURXV FHUMPLFV DW ZW fR D
=U2 ZW 0J2 DQG 2 ZW $O

The findings indicated that when the sintering temperature increased from 1400°C to 1600°C,
the ceramic grains connectivity increased, and the micro-voids between the grains weredlecrease
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



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.

)LJ  3RUH VL]H GLVWULEXWLRQ RI SRURXV VWBWFWXUHG X¥\WP SRR VLQWH
DQG zZw $0

)LJ 3RUH VL]H GLVWULEXWLRQ RI SRURXV VWBDWFWXQHG X\W®PSOQJR VLQWH
DQG ZWw $0



)LJ  3RUH VL]H GLVWULEXWLRQ RI SRURXV VWUXNFWHURHG ¥YI/P SOOI VLQWH
DQG zZw $0

7KH ILQGLQJV TXDQWLI\ WKH HIWHQW WR ZKLFK PHUFXU\ St
SUHVVXUH HQDEOLQJ DFFXUDWH FKDUDFWHUL]DWLRQ RI FKI
ZHUH XVHG LQ WKLV WHVW FRQ@W.VWJIRI DQ&EZW Z$&WEFP®W EH
REVHUYHG IURP WKH SRUH VL]H GLVWULEXWLRQ )LJV WKH F
RI DOO WKH VDPSOHYV VLQWHUHG DW YDULRXV WHPSHUDWXU'
IODWWHQHG DW ERWK HQGYVY DQG VWHHS LQ WKH FHQWUDO
PHUFXU\ SHUPHDWH WKH PHVRSRUHVY DQG WLQ\ SRUHV LQ Wt
WLQ\ SRUH FKDQQHOV ZLWK D GLDPHWHU UDQJH RI —P
SRUH YROXPH LQ WKH VDPSOHV $W LQFUHDVHG SRUH RSHQL
FXUYHV LQGLFDWHY D UHVWULFWHG RFFXUUHQFH RI PDFURSI
FHUDPLF PDWUL[ 6WHHS FKDQJHV LQ WKH FXPXODWLYH SRUE
UDQJHV 7KLV VLIQLILHVY WKDW PRVW SRUHV DUH FRQFHQWU
SRUH VL]H GLVWULEXWLRQ RI WKH PDWHULDO $W UHGXFHG
FXUYHV LQGLFDWHYVY WKDW DOO DYDLODEOH SRUHV ZHUH IL
G9 GORJ' GHQRWHV WKH LQFUHPHQWDO SRUH YROXPH FRL
LQGLFDWHYV WKH SURSRUWLRQ RI WKH WRWDO SRUH YROXP
H[SUHVVHG LQ P/ J RU FPA J (DFK SHDN UHSUHVHQWY D SUF
6KDUS SHDNV LQGLFDWH GLVWLQFW SRUH VL]HV EXW EURDG
SRUH GLDPHWHUVY 7KH RFFXUUHQFH RI VHYHUDO SHDNV LC



LQGLFDWLQJ WKDW WKH PDWHULDO KDV SRUH RSHQLQJV RI
LQGLFDWHY WKH YROXPH RI SRUHV DW WKDW SDUWLFXODU V
Rl SRUHV ZLWKLQ WKDW GLDPHWHU UDQJH 7KH H[LVWHQFH
VDPSOHV H[KLELW D ELPRGDO SRUH VL]H GLVWULEXWLRQ VL.
SRUH VL]HV 7KH ILUVW SHDN LQ )LJ VLIQLILHVY D SUHGRF
D VXEVHTXHQW SHDN GHQRWHY D SUHGRPLQDQW SRUH VL]H F
LQGLFDWHYV D VLJQLILFDQW SRUH VL]H RI DURXQG P ZKH
SRUH VL]H RI DERXW P 7KH ILUVW SHDN LQ )LJ VKRZV
P ZKHUHDV WKH VXEVHTXHQW SHDN VLJQLILHVY D QRWLFHDE
YROXPH UDWLR RI WKH SRUHV WKDW KDYH D VSHFLILF VL]H R
RWKHU SRUHV 7KH ILQGLQJV RI WKH 0,3 WHVWYVY VKRZ WKDW
VLIH RI WKH SRUH RSHQLQJY WKH SRUH WKURDW GHFUHDVH
WKLY DV WKH VLQWHULQJ WHPSHUDWXUH ULVHV WKH SDUWI
LQ OHVV VSDFHV EHWZHHQ WKHP 7KH LQFUHDVH LQ SRUH R
f& UHVXOWYV LQ WKH ODUJHVW DSSDUHQW SRURVLW\ R
DVVHVVPHQW RI DSSDUHQW SRURVLW\ UHOLHV RQ PHDVXULQ
SRUHVY DQG RSHQLQJVY RQ WKH VXUIDFH DV WKH GLPHQVLRC
DSSDUHQW SRURVLW\ RTaM¢iBH1 prBser@sOhe radtisigrifibavitHiMlings from
the MIP testing.
7TDEOHO0,3 UHVXOWYV

Sintering 7TRWDO LQWUXG 7TRWDO SRUH VX OHGLDQ SRU
temperature (°C) PP J P J P
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 e cBhtent increases,
suggesting a weak negative correlation between the two variables. Furthermore, the findings
demonstrate a positive correlation between the apparent porosity and@sevAbo. Despite the
fact that there is a very weak positive correlation betwee@zAnd compression strength. The

findings indicate a strong positive correlation between the temperature and the apparent density,



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 #@s Abntent, sintering temperature, and

apparent porosity, were raised. However, when apparent density and volume shrinkage increases,

it decreases.
7DEOH 7KH SHDUVRQ FRUUHODWLRQ PDWUL[ RI WKH H[SHULPHQWDZC

Al,Oz (Wt.%)  Temp. (°C) AD AP VS 1
Al 203 (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
1 0.2472 0.9511 -0.7719 0.5644 -0.6823 1
)JLIV DIWHU VLQWHULQJ DW f& RU f& DQG DI

D SDLU SORW RI IRXU UHVHDUFK SDUDPHWHUVY DSSDUHQW G&F
FRPSUHVVLYH VWUHQJIJWK 7KH GLDJRQDO VXESORW LOOXVWIL
ZKLOH WKH RIIl GLDJRQDO SORWV SURYLGH VFDWWHU SORWYV
Rl YDULDEOHVY W FDQ EH FRQFOXGHG IURP WKH UHVXOWV W
FRPSUHVVLYH VWUHQJWK LQFUHDVH ZKLOH DSSDUHQW SRUR’

7TDEOH VXPPDUL]H WKH W\SH RI FRUUHODWLRQ EHWZHHQ \
7TDEOH &RUUHODWLRQ UHO DYWDURM\EKIFBW EINHIUHWIOOWKR LQJ DW GLII
Variables AD AP VS 1
AD * Negative Positive Negative
AP Negative * Negative Positive
VS Positive Negative * Negative
1 Negative Positive Negative *

$SSDUHQW GHQVLW\ KDV D QHJDWLYH FRUUHODWLRQ ZLWK
ZKLOH GHPRQVWUDWLQJ D SRVLWLYH $R UKLH & DWH RSH O DWKK U
DFFHOHUDWHG GLIIXVLRQ SURPRWHV SRUH FRDUVHQLQJ DQ¢
UHVXOWLQJ LQ WKH GLVDSSHDUDQFH RI QXPHURXV VPDOO S
RFFDVLRQDOO\ PHUJH LQWR IHZHU ODUJHU SRUHV 7KLV SKF
GXH WR WKH FORVXUH RI VPDOO QXPHURXV SRUHV ZKLOH
GLPLQLVK FRPSUHVVLYH VWUHQJIJWK OHDGLQJ WR D UHGXFWI



)LJ 3DLU SORW RI IRXU VWXG\ IHDWXUHV IRU WKK VDPSOHV DIWH

)LJ 3DLU SORW RI IRXU VWXG\ IHDWXUHV IRU WKH VDPSOHYV DI



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.

yLJ %DU SORW RI WKH FRHIILFLHQW Rl YDULDWLRQ &9
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



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

P DQG EHWWHU PHFK DeQgth-(B30 48RRFRRE UHVVLYH VWU

7THVW UHVXOWY RI VWXG\LQJ WKH HIITHFW RI XVLQJ GLIIHL

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.

)LJ $SSDUHQW GHQVLW\ DW )LJ $SSDUHQW SRURVLW\ D\
KROGLQJ WLPH KROGLQJ WLPH

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, irrespectiveOafcAhtents. This



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 high€szAlontent. At

lower Al2Os 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 increasegDAkontent remained higher, reached about 45%.

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

samples.

)LJ 9ROXPH VKULQNDJH DW )LJ &RPSUHVVLYH VWUHQJWEK
KROGLQJ WLPH KROGLQJ WLPH

At each AbOs 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 2&8); 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 mgde dntent throughout
all sintering holding times, suggesting that@d 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.@i édntents, 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



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.

)LJ 6DPSOH ZW2 PZW 0J2 DQG 2 ZIWWKBO KRXUV VLQWHULQJ KR

: K




)LJ  6(0 PLFURJUDSKV IRU SRURX\VEBRUDRMEV 0J2 DWG R ZW.QWBIUHG DW
f& IRU KRXUV D E KR UM F G DQG KRXUV

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.% ZQ.5 wt.% MgO, and 30 wt.% ADs. 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



composed of 67.5 m-ZiD2.5 wt.% MgO, and 30 wt.% ADs, after sintering at 1600°C for 3

hours.

)LJ ;5" SDWWHUQ IRU VLQWHUHG SRURXV ZAWMUDBRFDQG 2WZDMWR $0O
f& IRKNRXUV

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;Z€$seen by the pronounced
DQG GLVWLQFW UHIOHFWLRQV 7KH SHDNV DUH VLJQLILFDQW
stability and persistence of the m-Zr@ elevated temperatures, potentially attributable to
inadequate stabilisation or insufficient MgO content to achieve complete conversion to the
WHWUDJRQDO SKDVH $GGLWLRQDO S{ADR®M)Vcakr Re) bbseWwB8R QG L QJ
particularly in the mid- UHJLRQ L QG L RADMret@deditKdydlalMiekdtructure and
thermal stability after sintering. The formation of M@®} spinel is seen after 3 hours of sintering,
as shown in Fig. 3.61 ZLWK W\SLFDO SHDNV DW DERXW f DQG
between MgO and ADs that results in partial spinel production. Nonetheless, the MjAhase
exhibits lower intensity relative to the predominani@land m-ZrQ peaks, indicating its status
as a secondary phase. Fig. 3.61 also reveals peaks related to aluminium zirconium oxide
(Alo.sZro.4¢01.74), Suggesting possible interdiffusion or solid-state reactions involvie@sA&nd
ZrOz 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,



the presence of various phases implies inadequate solid-state reaction or phase segregation during
sintering. The production of the MgA4 phase inside the ZgcAl.03-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 MgAD4 production. The synthesis of spinel between MgO an@#t a diffusion-
OLPLWHG SURFHVV QHFHVVLWDWLQJ. W lktticeH165JUA YéduBeQ@ RI 0J0
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 MgAI204 production may be initially impeded by increased grain growth or the development of
dense MgO and ADsz areas that diminish interfacial contact between the reactants. Consequently,
MgAl20sdoes 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 Mgnd APF* ions to yield the thermodynamically stable

MgAl 204 spinel phase. The measurements of pore size distribution, shown in Figs. 3.62 and 3.63,

were conducted on three distinct samples.

)LJ 7KH SRUH VL]H GLVWULEXWLRQURI WKM VIDREOHBQG 2ZZW QPRNVB®IUHG
DW f& IRU KRXUV



)LJ 7KH SRUH VL]H GLVWULEXWLRQURI WKM VIDREOBQG 2ZAW P$O
VLQWHUHG DW f& IRU RU KRXUV

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.% 2r®wt.% MgO, and 30 wt.% ADs.

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 um 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.
7T/DEOHO0,3 UHVXOWY RI WKH VDPSOHWVW 04w DRGU2 ZW $O

Sintering time TRWDO LQWUXG 7TRWDO SRUH VX OHGLDQ SRU
(hours) PP J P J P
2 125.52 5.486 0.8778
3 96.89 0.088 5.2339
4 19.27 0.088 0.8449




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 value3.he results indicate that there is a very strong negative correlation
between the sintering time and the apparent porosity, which means that with incse#sig
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.
7TDEOHV/KH 3HDUVRQ FRUUHODWLRQ PDWUL[] RI WKH H[SHULPHQWD(

Al 203 (wt.%) ST (hours) AD AP VS 1
Al;03 (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
1 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.

/TDEOH &RUUHODWLRQ UHO DYWURMEKLBW ENWHUHWIOOWKIHN LOQJ IRU GLII

Variables AD AP VS 1
AD + Negative Positive Negative
AP Negative + Negative Positive
VS Positive Negative + Negative

1 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.




)LJ 3DLU SORW RI IRXU VWXG\ IHDWXUHV IROGLRA WLPSHOHYV DIWH

)LJ 3DLU SORW RI IRXU VWXG\ IHDWXUHV LIRUVW QMW WD PGD KR @G WHU W



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 strengtlkig. 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 phdciseefficients 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 20fo¢onclusion 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

P ODUJHU SRUH RSHQLQJV PHG ari2€p reeRHamicaVdontpressive P D
strength (47.7 - 73 MPa).



)LJ %DU SORW RI WKH FRHIILFLHQW RI YDULDWLRQ &9



&KDSWHU )RXU &RQFOXVLRQV
&RQFOXVLRQ RI VWXG\LQJ WKH HIIHFW RI GLIITHUHQW FRQYV
GLVWLOOHG ZDWHU FRQWHQW
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:
7KH DSSDUHQW GHQVLWLHV RI WKH VDPSOHY GHFUHDVH .
7KH FRQFHQWUDWLRQ RI WKH VXVSHQVLRQ KDV QR FRQV
7KH VDPSOHV WKDW SUHSDUHG ZLWK XVLQJ SRWDWR VW
VDPSOHYVY SUHSDUHG ZLWK WDSLRFD VWDUFK GXH WR WKl
VWDUFK LV ODUJHU WKDQ WDSLRFD VWDUEFK
7KH DSSDUHQW SRURVLW\ RI WKH VDPSOHYV LQFUHDVHYV Z
7KH LQFUHDVLQJ Rl WKH VXVSHQVLRQ FRQFHQWUDWLRQ |
7KH DSSDUHQW SRURVLW\ LV KLJKHU IRU WKH VDPSOHV W
VZHOOLQJ IDFWRU DQG SDUWLFOH VL]H RI SRWDWR VWDU
7KH YROXPH VKULQNDJH LV LQFUHDVHG E\ DQ LQFUHDVH
$V WKH SURSRUWLRQ RI FHUDPLF SRZGHU LQ WKH VXVSHI
GHFUHDVHV WKH YROXPH VKULQNDJH UHGXFHV
JURP WKH 6(0 UHVXOWY LW LV SRVVLEOH WR FRQFOXGH \
LUUHJXODULW\ LQFUHDVHG ZLWK LQFUHDVLQJ RI WKH VW
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).



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.
&RQFOXVLRQ RI VWXG\LQJ WKH HIIHFALWK GLLIIHWHQW FR\G
VWDUFKHYV
This study included the manufacture of porous ceramics using varyin®s Al
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 Al20s 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 BRUH WKDQ P ZKLFK UHVXO
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).



Sintering improves the crystallinity of materials by facilitating the reorganization and
bonding of atoms inside the crystal lattice.

7KH ;5" ILQGLQJV VKRZ D UHGXFWLRQ L®KWKH B R DMNKHQMD
FRQWHQW LQFUHDVHV IURP ZW WXRULVZAW WBK/HW K B AR
=U2LQ WKH FRPSRVLWH GURSYV

JURP WKH 0,3 UHVXOWYV LW FDQ EH FRQFOXGHG WKDW V
KDYH D PXOWL PRGDO SRUH VWUXFWXUH

The predominant portion of the overall pore volume in all samples exists in pores with a
GLDPHWHU H[FHHGLQJ P

The median pore channel sizes for samples without starch, tapioca starch, potato starch,
DQG 37 ZHUH IRXQG WR EH DQG P
The pore size distribution curve clearly demonstratehange 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
volumewithinal- P UDQJH $ERXW Rl WKH SRUH RSHQLQJ YF
tapioca starch is betweenthe3-P UDQJH DQG DERXW OHMMrWKDQ
hand, the potato starch sample has a larger opening, which makes up around 45% of the
volume of the poresinthe6- P UDQJH DQG DERXW OHVV WKDQ

In the sample produced with a (50:50) mixture of potato and tapioca starches, almost 17%

RI WKH YROXPH RI SRUH RSHQLQJY KDG D GLDPHWHU Ol
EHWZHHQ DQG P KDG D GLDPHWHU EHWZHHQ
17 KDG ODUJHU RSHQLQJV ZLWK GLDPHWHUYV UDQJLQJ IUF
There is a positive correlation between the compressive strength of the produced porous-
structured ceramics and the amount$of2 present.

7KH KLJKHVW FDOFXODWHBVFRPSWHD VIRYHDY WMHAM K LW
VWUXFWXUH ZKLFK ZDV PDQXIDFWXUHG XVLQJ2 zZW V
FRQWHQW :KLOH WKH ORZHVW FDOFXODWHG FRPSUHVVL)Y
SUHSDUHG XVLQJ ZW SRWDWRROWDIHEW DQG ZW  $
The main advantage d® Q2 is its ability to improve compressive strength serving as a

barrier against fracture development.



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.
8SRQ FRPSOHWLQJ WKH VHFRQG VWXG\ RI WKH WKHVLYV
FRPELQDWLRQ RI WDSLRFD DQG SRWDWR VWDUFKHV UHV X
ZLWK GHVLUDEOH SRUH RSHQLQJYVY PHGLDQ SRUH RSHQLC
DSSDUHQW GHQVLWWQG FRPSUHWLYH VWUHQJWK
VXLWDEOH IRU ERQH UHSODFHPHQW DSSOLFDWLRQV 7K
SURFHVV PD\ GLPLQLVK WKH RFFXUUHQFH RI FUDFNV RQ
&RQFOXVLRQ RI VWXG\LQJ WKH HIITHFW RI SURJUHVVLYH S
WHPSHUDWXUHYV
7TKH VWXG\ LQFOXGHG WKH SURGXFWLRQ RFBRRURWW PHUDF
VWDUFK EOHQG RI ZW WDSLRFD DQG SRWDWR VWDUFK
VLQWHULQJ SURFHVYVY IROORZHG E\ VLQWHULQJ DW fé&
KRXUV 7KH HISHULPHQWDO WHVW ILQGLQJY DQG WKH 3HDUV
6(0 DQDO\VLYVY LQGLFDWHV WKDW SURJUHVVLYH SUH VLQV
WKH RFFXUUHQFH RI FUDFNV LQ WKH VXUIDFHV RI FHUDP
7KH SUH VLQWHULQJ GHFUHDVHYVY WKH UDWH RI VKULQNDTL
PLWLIDWHV WKHUPDO VWUHVVHYV
7KH FRPSUHVVLYH VWUHQJWK LV VLJQLILFDQWO\ KLJKH!
VLQWHUHG VDPSOHV
‘LWK D ULYHFRQ@QWEBQW DSSDUHQW GHQVLW\ DQG YROXP
DSSDUHQW SRURVLW\ DQG FRPSUHVVLYH VWUHQJWK LQF!
:LWK D ULVH LQ VLQWHULQJ WHPSHUDWXUH DSSDUHQW
YROXPH VKULQNDJH DQG FRPSUHVVLYH VWUHQJWK LQFU
7KH GLODWRPHWULF DQDO\WLV WHVW UHVXOW LOOXVWUI
ZW =U2 ZW 2$0DQG ZW HSIRULHQFH D PD[LPXP VKULQ
RI WKHLU RULJLQDO OHQJWK DIWHU VLQWHULQJ WR f &
7KH ;5" SDWWHUQ UHYHDOV WKDW WKH SUHGRRI2ZQDQW SK
$ VLIQLILFDQW GHFUHDVH LQ ;5' SHDN LQWHQVLW)\ FDQ E
VLQWHUHG DW f& WR WKDW VLQWHUHG DW f&



7KH VSLQ$#H® GXDVH LV IRUPHLGDAKGH QJIWKIHHBEOW DIWHU SU
VLQWHULQJ DW f& RU f& KRZHYHU WKLV UHDEWLR
fé&
,Q FRPSDULVRQ WR WKH PLFURVWUXFWXUHV VLQWHUHG
VLQWHUHG DW f& H[KLELW ODUJHU SRUHV DQG D PRUF
'KHQ WKH WHPSHUDWXUH RI WKH VLQWHULQJ SURFHVYV
FHUDPLF JUDLQV FRQQHFWLYLW\ LQFUHDVHG DQG WKH P
('6 DQG 6(0 DQDO\VLV Rl WKH PLFURVWUXFWXUH LOOXVYV
VLQWHUHG VDPSOHV ODUJH DUHB®R ZD@® EURIIQR UZPHGH\
SUHVHQW ,W FRQILUPV WKH HIITHFWLYHQHVV Rl WKH PL[L
D JRRG GLVSE®UMLRWLEOHVPIWVWEKH =U?2
7KH ILQGLQJV RI WKH 0,3 WHVWV VKRZ WKDW ZKHQ WKH \
RI WKH SRUH RSHQLQJV WKH SRUH WKURDW GHFUHDVHYV
7R VXPPDUL]JH SRURXV VWUXFWXUHG FHUDPLFV VLQWHU
SRURXV ERQH UHSODFHPHQW DSSOLFDWLRQSR®XHVWR W
PRUH WKDQ P DQG EHWWHUW FR®SUHVVLYH VWUHQJW
&RQFOXVLRQ RI VWXG\LQJ WKH HIIHFW RI GLIIHUHQW VLQW
7KH VWXG\ LQYROYHG WKH SURGXFWLRQ@ RARSRARADEN. FHG DP |
ZLWK D VWDUFK PL[WXUH RI ZW WDSLRFD DQG SRWDWR
VLQWHULQJ SURFHGXUH IROORZHG E\ VLQWHULQJ DW f& |
RI WKH H[SHULPHQWDO WHVWYVY DQG WKH 3HDUVRQ FRUUHODW
(IWHQGHG WKH VLQWHULQJ KROGLQJ WLPH FRQVLVWHQV
VDPSOHV DWWULEXWHG WR LQFUHDVHG GHQVLILFDWLR
SURPRWHY HQKDQFHG SDUWLFOH ERQGLQJ DQG D UHGXF!
,QFUHDVLQJ WKH KROGLQJ WLPH UHVXOWHG LQ D VLJQL
LPSURYHG GLIIXVLRQ DQG JUDLQ ERXQGDU\ PLJUDWLRC
GHQVLILFDWLRQ
9ROXPH VKULQNDJH LQFUHDVHV ZLWK WKH LQFUHDVLQJ R
7KH VDPSOHV VLQWHUHG IRU KRXUV FRQVLVWHQWO\ (¢
VWUHQJWK DEURR/QYWBQWSOLQGLFDWLQJ WKDW WKLV GX
GHQVLILFDWLRQ ZLWKRXW H[FHVVLYH JUDLQ JURZWK RU



3URORQJLQJ WKH VLQWHULQJ KROGLQJ WLPH WR KRXUV
UHODWLYH WR KRXUV GXH WR WKH LQLWLDWLRQ RI PLF
6KRUWHU VLQWHULQJ WLPHV KRXUV UHVXOW LQ PLQ
LQFUHDVHG VL]H LUUHJXODULW\ DQG LQWHUFRQQHFWHC
RSHQQHVV DQG SRURVLW\

3URORQJHG VLQWHULQJ WLPH KRXUV HQKDQFHV WKH L
SDUWLDO SRUH FORVXUH 6PDOOHU PRUH URXQGHG SR
FRPSDUHG WR WKH VDPSOHV VLQWHUHG IRU KRXUV
$IWHU KRXUV RI VLQWHULQJ WLPH WRWDO SRURVLW\
FRQGHQVHG

'LWK DQ LQFUHDVH LQ VLQWHULQJ KROGLQJ WLPH SR
LUUHJXODU WR PRUH URXQGHG FRQILIJXUDWLRQV UHIOH
UHGXFH VXUIDFH HQHUJ\

$V WKH VLQWHULQJ WLPH LQFUHDVHV IURP WR KRXUV
VPRRWKHU DQG GHQVHU

7KH ;5" SDWWHUQ RI WKH VDPSOH VLQWHUHG DW f& |
VHYHUDO FU\WWDOOL@V IXDPVMMHW 8&RINEISD DQG
$O0=U 2

7KH SURQRXQFHG VKDUSQHVYV DQG LQWHQVLW\ RI WKH SI

VDPSOH LV KLJKO\ FU\WWDOOLQH

7KH FXPXODWLYH SRUH YROXPHV DQG WKH PHGLDQ SR

LQFUHDVHYV
,Q FRQFOXVLRQ WR DOO RI WKH 3K' UHVHDUFK VWXGLHV \
FRPSULVLQJ ZW RI D PLIWXUH RI SRWDWR DQG WDSLR
FRQFHQWUDWLRQ SURJUHVVLYHO\ SUH VLQWHUHG DW fé&

KRXUV H[KLELW VLJQLILFDQW SRWHQWLDO DV ORDG EHDU

ERQH GHIHFWV DQG DV VXEVWLWXWHVY IRU GHQWDO PD[LOOR
DXJPHQWDWLRQ ,W FDQ DOVR IXQFWLRQ DV D FRDWLQJ RQ |
GHQWDO LPSODQWY WR SURPRWH RVVHRLQWHJUDWLRQ



&KDSWHU )LYH &ODLPV 1HZ VFLHQWLILF UHVXOWYV
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.
| have experimentally proved that innovative bone replacement porous ceramic composites can be
synthesized exhibiting an apparent density (2.5 - 3.2%/@pparent porosity (~42 - 57%), pore
size (=50 - B, and mechanical compressive strength (~44 - 73 MPa), utilizing zirconium
dioxide (monoclinic phase, m-ZgD (67.5 - 82.5 wt.%) combined with aluminium oxide

FRUXQ G X P-ABR®K:P(Y3H 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 forminglagents.
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 2 .-Al203 c-MgO 50:50 Sus. Heating Pre-sintering Sintering
(wt.%) (Wt.%) (wt.%) P+T Conc. conditions conditions conditions
: : : (Wt.%) | (wt.%)
300°C
825 15 2.5 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 ) N
hours (2 hours) with 1600°C (2 - 3
72.5 25 2.5 20 60 2 °C/min heatin hours) with
70.0 27.5 2.5 20 60 rate ? 2 °C/min heatin
67.5 30 2.5 20 60 e 9

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

refers to the suspension concentration.

Related publication:Rusul Ahmed Shakir 5yEHUW *pEHU O0DUZDQ 7 OH]KHU 7RPDV] 7U
Exploring influence of sintering temperature on the structure and technfaacteristics of ATZ ceramic
composites. Results in Engineering. Volume 28, 107139. httpai/ln0.1016/j.rineng.2025.1071391)




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. | have statistically determinelV KH 3HDUVRQ F R(DdblesOm.Vang Q2.0 WNUK_H
H[SHULP H Qi\abalyse&stbacrrelation between the amounts and types of starches, the
amounts of distilled water, and the properties of the produced bone replacement porouys m-ZrO
Al203-MgO ceramics. Pearson correlation matrix demonstrated that starch content (10 wt.%, 20
wt.%, and 30 wt.%) correlates with essential material (bone replacement porous-#kAde

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 C2.1Thecorrelation matrix with using potato starch

Starch (wt.%) Sus. (Wt.%) AD AP VS 1
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
1 -0.761 0.517 0.292 -0.848 -0.842 1
Table C2.2Thecorrelation matrix with using tapioca starch
Starch (wt.%) Sus. (Wt.%) AD AP VS 1
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
1 -0.798 0.516 0.639 -0.265 -0.371 1

:KHUH $' DSSDUHQW GHQVLW\ $3 DSSDUHQWSHYRIWVRYYW\V\W& HORIOWKP H XK U |
concentration.
Related publications:

1. Rusul Ahmed Shakir Rébert Géber. (2023). Structure and properties of .Z&00s-MgO porous ceramic for
biomedical applications. Results in Engineering. 18, 101104. hdpsdrg/10.1016/j.rineng.2023.10110®1)

2. Rusul Ahmed ShakirRobert Géber. (2024). POROSITY AND PORE MORPHOLOGY CHARACTEBRISF
ZIRCONIA-ALUMINA BIOCERAMICS. POLLACK PERIODICA, An Internatigioairnal for Engineering and
Information Sciences. 19, 3, 107 - 114. DOI:10.1556/6061201099Q3)




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 PytBdaO H & DQG
& VXPPDUL]H WKH W\SH RI FRUUHODWLRQ EHWZHHQ WKH YL

)L & 3DLU SORW RI IRXU VWXG\ IHDWXUHV RI VDPZSMWMHY SUHSDUHG

)L & 3DLU SORW RI IRRU WIMWSODHWDBWNKSESBVYHG ZLWK GLIIHUHQW WD



Table C2.3Correlation relationships between the variables for samples prepdhedotdato and tapioca

starches
Variables AD AP VS 1
AD * Negative Weak Positive
AP Negative * Positive Negative
VS Weak Positive * Negative
1 Positive Negative Negative *

)L & 3DLU SORW Rl IRXU VWXG\ IHDWXUHV RI VIXPRASOHV SUHSDUHG

Table C2.4Correlation relationships between the variables for samples prepahnedifi@tent suspension
wt.%

Variables AD AP VS 1
AD * Negative Weak Positive
AP Negative * Positive Negative
VS Weak Positive * Negative

1 Positive Negative Negative *

Claim 3: The influence of AkO3 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 28k content (15, 17.5, 20, 22.5, 25, 27.5, and 30 wt.%), and the
properties of the produced bone replacement porous m-#03-MgO ceramics. The Pearson
correlation matrix (Tables C3.1 - C3.3) established the®Atontent 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.



7TDEOH 3 DUVRQ FRUUHODWLRQ PDWUL[ IRU WKH H[SHULPHQWDO GI

Al 05 (Wt.%) AD AP VS 1
Al203 (wt.%) 1
AD -0.9664 1
AP 0.9871 -0.9691 1
VS -0.9886 0.1482 -0.1582 1
1 0.8794 0.7101 -0.8979 -0.3591 1
7DEOH 8HDUVRQ FRUUHODWLRQ PDWUL[ IRU WKH H[SHULPHQWDO G
Al203 wt.% AD AP VS 1
Al O3 (Wt.%) 1
AD -0.9728 1
AP 0.9905 -0.9493 1
VS -0.9368 0.1439 -0.1509 1
1 0.8579 0.7661 -0.8253 -0.3905 1
7DEOH 8HDUVRQ FRUUHODWLRQ PDWUL[ IRU WKH H[SHULPHQWDO G
Al,03 (Wt.%) AD AP VS 1
Al203 (wt.%) 1
AD -0.9858 1
AP 0.9863 -0.9891 1
VS -0.9828 0.1546 -0.1679 1
1 0.9208 0.7071 -0.9346 -0.3266 1

Related publicationRusul Ahmed Shakir Robert Géber, Marwan T. Mezher, Tomasz Trzepiecinski, Ferenc Méricz.

(2024). Effect of Alumina Proportion on the Microstructure and Techracd Mechanical Characteristics of

Zirconia-Based Porous Ceramics. Journal of Composites Science. §is//ttti.org/10.3390/jcs81205 Q1)
B. To comprehensively visualize the variables interacti®B® LU SORWYV |IRIVNW KHD V DLRBIO
$Q2 FRQWHQW DRG IRXWUHVHDUFK SDUDPHW

GHQVLW\ DSSDUHQW SRURVLW\ YROXPH VKULQNDJH DQG F
Seaborn library in Python)LJ & 7DEOH & VXPPDUL]JHVY WKH W\SH RI FR

YDULDEOHYV

Table C3.4Correlation relationships between the variables for the samples with diffes@atwkl%

Variables AD AP VS 1
AD * Negative Weak Positive
AP Negative * Weak Negative
VS Weak Weak * Negative

1 Positive Negative Negative *




)LJ & 3DLU SORW RI IRXU VWXG\ IHDWXUHV RIZMDPSOHV SUHSDUF
Claim 4. Improvement of the pore size by utilizing 50:50 wt.% potato and tapioca starches

together

| 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
H[FHHGLQJ P ZLWK ODUJHU SRUH RSHQLQJV EZOWKH SUR

Al203-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.

T i F

Fig. C4.1SEM micrographs of porous ceramics (67.5 wt.% 26 wt.% MgO, and 30 wt.% ADs) after
sintering, (a) using potato starch, (b) using tapioca starch, ansirfg) 20:50 wt.% tapioca + potato



)L &7KH SRUH VL]H GLVWULEXWLRQ YLD UHODWLYH SRUH

Related publicationRusul Ahmed Shakir Robert Géber, Marwan T. Mezher, Tomasz Trzepiecinski, Ferenc Méricz.

(2024). Effect of Alumina Proportion on the Microstructure and Techrdod Mechanical Characteristics of
Zirconia-Based Porous Ceramics. Journal of Composites Science. §is//ttti.org/10.3390/jcs81205 Q1)

Claim 5: Progressive pre-sintering reduces the rate of shrinkage and mitigate thermal
stresses.

A. | 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-ZrAl-0s-MgQO) 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.

i
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)LJ &6(0 PLFURJUDSKYV RI VLQWHUHG SRURXV EWUDPI2FWD QG ZWEW P $0
D DQG E ZLWKRXWOGH &LRMNHUBQH VEQWHULQJ

Related publicationRusul Ahmed Shakir Rébert Géber, Marwan T. Mezher, Tomasz Trzepiecinski, Ferenc Moricz.

(2024). Effect of Alumina Proportion on the Microstructure and Techraca Mechanical Characteristics of
Zirconia-Based Porous Ceramics. Journal of Composites Science. §is//ttti.org/10.3390/jcs81205 Q1)

B. | 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-ZrQ - 20 wt.% AbOs- 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).

Fig. C5.2Compressive strength of the samples
Related publications:

1. Rusul Ahmed Shakir Rébert Géber, Marwan T. Mezher, Tomasz Trzepiecinski, Ferenc M@6ea)( Effect
of Alumina Proportion on the Microstructure and Technical and Mechadbakacteristics of Zirconia-Based
Porous Ceramics. Journal of Composites Science. 517. https://d@Do3§90/jcs812051{Q1)

2. Rusul Ahmed Shakiy Rébert Géber. (2023). Structure and properties of Z&00s-MgO porous ceramic for
biomedical applications. Results in Engineering. 18, 101104. hpsdrg/10.1016/j.rineng.2023.10110Q@1)




Claim 6: Impact of sintering temperature on the pore morphology and the properties of the
produced porous ceramics.

A. | have experimentally proved that the prepared bone replacement porous-#ZpeMgO
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
at 1400°C or 1500°C for 2 hours with a heating rate of 2 °C/min) (Fig. C6.1).

E&? E$3 j$3

Fig. C6.1SEM micrographs for porous ceramics (67.5 wt.% m=Z&% wt.% MgO, and 30 wt.% ADs) sintered
at: 1400°C (a), 1500°C (b), and 1600°C (c), where AP: apparent porosity

Related publication:Rusul Ahmed Shakir 5yEHUW *pEHU O0DUZDQ 7 OH]JKHU 7RPDV] 7U
Exploring influence of sintering temperature on the structure and technlaacteristics of ATZ ceramic
composites. Results in Engineering. Volume 28, 107139. httpai/ln0.1016/j.rineng.2025.10713Q1)

B. Using mercury intrusion porosimetry, | 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-Zr®owt.% MgO, and 30 wt.%
Al203) diminishes (median pore openings size~ P DIWHU VL QW fét2LhQuis Brid/

a P DIWHU VLQWHULQJ DW f& IRU KRXUV )LJ &

il i i

Fig. C6.2Pore size distribution of porous ceramics (67.5 wt.% m>Z2& wt.% MgO, and 30 wt.% ADs)
sintered at: 1400°C (a), 1500°C (b), and 1600°C (c)



Related publication:Rusul Ahmed Shakir 5yEHUW *pEHU O0DUZDQ 7 OH]KHU 7RPDV] 7U
Exploring influence of sintering temperature on the structure and technieaiacteristics of ATZ ceramic
composites. Results in Engineering. Volume 28, 107139. httpsi/dh0.1016/j.rineng.2025.1071391)

C. | have statistically determineW KH 3IHDUVRQ FRUUHODWLRQ PDWUL[ 7DE¢

GDWD WR DQDO\VH WKH FRUUHODWLRQ EHWZHHQ WKH VLQV

SUHSDUHG ERQH UHSOD BI@P HQ 2V FSRUIDEPHOFRprehehsiRely visualize

the variables interactionsS DL U (S DRW & IRU WKH VDPSOHYV DIWHU VL{
f& DQG & IRU WKH VDPSOHV DIWHU VLQWHULQJ DW

SDUDPHWHUV DSSDUHQW GHQVLW\ DSSDUHQW SRURVLW\ Y

ZHUH HP SO RedliarndibrarQid Python
7/DEOH &KH 3HDUVRQ FRUUHODWLRQ PDWUL[ RI WKH HI[SHULPHQWDC

Al,Oz (Wt.%)  Temp. (°C) AD AP VS 1
Al203 (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
1 0.2472 0.9511 -0.7719 0.5644 -0.6823 1

Fig. C6.3Pair plot of four study features for the samples after sintering at 1400300



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

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

Variables AD AP VS 1
AD + Negative Positive Negative
AP Negative * Negative Positive
VS Positive Negative * Negative

1 Negative Positive Negative *

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

, KDYH H[SHULPHQWDOO\ SURYHG E\ XVLQJ
0J$@ SKDVH LQVLGH WKH GHYHORSHG ERQH $®SOX2FHPHQW

FHUDPLF V\VWHP

WLPH ZLWK

yLJ
KRXUV ZLWK

UD\ GLIIUDFWLI

ZWWP 802 DQG 2 ZRFF¥OUHG RQO\ XQG
IROORZLQJ VLQWHULQJ FRQGLWLRQV DIWHU
f& PLQ KHDWLQJ UDWH
HIWHQGHG VLQWHULQJ WLPH RI

f& RU
DQG DIWHU
f& PLQ KHDW!




)LJ &:;5' SDWWHUQ DIWHU VLQWHULQJ DW f& RU f& IRU
ZW =P 2 ZW 0J2 DQG 2 ZW $O

)L &;5' SDWWHUQ DIWHU VLQKRXUMJI DW f& IRU
ZW =B2 ZW 0J2 DQG 2 zw $O

Related publication:Rusul Ahmed Shakir 5yEHUW *pEHU O0DUZDQ 7 OH]KHU 7RPDV] 7U
Exploring influence of sintering temperature on the structure and technleacteristics of ATZ ceramic
composites. Results in Engineering. Volume 28, 107139. httpsi/ln0.1016/j.rineng.2025.1071391)

Claim 8: Impact of sintering holding time on the microstructural characteristics of the
produced porous ceramics.

A. | established that increasing sintering holding time (from 2 to 3 or 4 hours) affects the
properties of the bone replacement porous structuregXriDz-MgO ceramics. Shorter sintering
holding time (2 hours) results in lower apparent density (2.5 - 3.2°g/igher apparent porosity



(51-57 %), whereas extended sintering holding time (3 or 4 hours) results in higher apparent
density (2.7 - 3.2 g/chafter 3 hours and 3.2 - 3.6 g/mifter 4 hours), lower apparent porosity
(42 - 49 % after 3 hours and 36 - 45 % after 4 hours) (Fig. C8. 1).

0

Fig. C8. 1SEM micrographs for porous ceramics (67.5 wt.% m+Z85b wt.% MgO, and 30 wt.% ADs) sintered
at 1600°C for: 2 hours (a), 3 hours (b), and 4 hours (c)

B. | established that among the three-sintering holding time (2, 3 or 4 hours), the porous ceramics
(Table C8.1)intered 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 - 3.3) glischhigher 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).

7DE@H OL] FRPSRVLWLRQV LQ ZW

m-ZrO 2 MgO Al203 Dolapix CE 64 50:50 P+T Suspension Conc.

82.5 2.5 15 15 20 60

80 2.5 175 15 20 60

77.5 2.5 20 15 20 60

75 2.5 225 1.5 20 60
72.5 2.5 25 15 20 60

70 2.5 27.5 1.5 20 60
67.5 2.5 30 15 20 60

Fig. C8.2Sample (67.5 wt.% m-Zr2.5 wt.% MgO, and 30 wt.% ADs) after 4 hours sintering time



& | have statistically determine KH 3SHDUVRQ FRUUHODWLRQ PDWUL]J
GDWD WR GHWHUPLQH WKH FRUUHODWLRQ EHWZHHQ WKH VL
SUHSDUHG ERQH UKSD DB B PHRWR XA\ Facormprehénsively visualize

the variables interactionsSD LUV ORW &

KROGLQJ WLPH DQG &

& R

FRPSUHVVLYH VW igbyingrSeabaotribraX \hHP@hon

7TDEOHV7&H 3HDUVRQ FRUUHODWLRQ PDWUL[ RI WKH H[SHULPHQWD

IRU VLQWHUHG VDPSOHV DIV
IRUVLQWHUHG VDPSOHV DDWEH
IRXU UHVHDUFK SDUDPHWHUV DSSDUHQW GHQVLW\

Al203 (wt.%) ST (hours) AD AP VS 1
Al203 (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
1 0.4141 -0.2947 -0.6424 0.2429 -0.4221 1

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

Table C8.3Correlation relationships between the variables after sintering for differelmdadime

Variables AD AP VS 1
AD * Negative Positive Negative
AP Negative * Negative Positive
VS Positive Negative * Negative

1 Negative Positive Negative *




Fig. C8.4Pair plot of four study features for the samples after 3 hours or 4 bimtiering holding time
Claim 9: Impact of sintering holding time on the interaction between zirconia and alumina
phases.
| 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.% ADz system. The prolonged sintering holding time (3 hours)

promotes diffusion-driven solid-state reactions that result in the formation of2Rg#pinel and

Alo.sZro.401.74phases (Fig. C9).

Fig. C9.XRD pattern for sintered (67.5 wt.% m-ZQ.5 wt.% MgO, and 30 wt.% ADs)



porous ceramic at 1600°C foh®urs

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

| 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.%2A&Wt.% MgO,

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

holding time increases (from 2 to 4 hours).

i

=

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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Table Various outcomes of using distinct manufacturing processes in the fabrichttenamic porous
structures

Fabrication | Ceramic Sintering . . . o
technique material | conditions Pore size| Porosity | Other properties | Application Ref.
Ice 8 mol.% R h 25-381 0 CC. permea?ce = Membrane [62]
templating YSzZ 1390°C, 6 P 54 - 75% 15x107 support 2025
mol P ®-\} - P2
Particle- k =0.088 - 0.193
stabilized BazZrO; 1300°C - i 92.9 - W/(m-K), Thermal [63]
f 1600°C, 6 h 94.6% 1 -1.31 insulation 2025
oam
MPa
3D printin 3 mol% | 1450°C, 180 i 60, 70, 1 - 1029 i [64]
printing | vsz min and 80% MPa 2025
Protein o 150 - 240 11.2- Thermal [65]
foaming Alz0s | 1500°C, 1 h P 388y | + MOMPal i ciation | 2025
MgO-
Use of pore | | o, . K- 62.7% | UTS=14.76 MPa| ' nermal | [66]
formers insulation 2025
CaO
Thermal
Freeze- 1400°C, 62 - 83 _ [67]
casting Al20s 90 min i % k= 4.82 WI(mK) energy 2025
storage




Solid-state MgO- o 1.9- 200 VS =64 - 70 %, i [68]
sintering TZP 1500°C, 2 h P 48 - 69% 1 - 80 MPa 2023
1350°C,
Gel-forming ieré/ 1450°C, and 450 'PG4O 34;74 1 - 129 MPa - 2[%92]3
2¥8 ] 1550°C, 1 h °
Use of pore | AlOs- R 10 - 40 21.9- i . [70]
formers 710, 1650°C p 69% 1 658 MPa Insulation 2023
Direct 8 mol. % R i a0 i . [71]
foaming YS7 1500°C, 2 h 45-84%| 1 267 MPa | Insulation 2092
1
- 3 mol. %
Mixing and | "y o7 . 043- | 15-44 | 10MPa-1.5 Thermal | [72]
accumulative . 1550°C, 2 h GPa, : .
. graphite 1.05 um vol% _ insulation 2022
rolling k=0.92-1.85
flakes WmilK i1
LaysNd;
Foam-gel- (
. . 5Smy 1000°C- | 0.5-110| 924 - i Thermal [73]
Lcasting With | Sauevb | 1500°C, 2h P 94.8% | 415MPa | ihsulation | 2022
reeze-drying
1/5)2Z1207
Foam-gel- | Mullite/ 1600°C 47 -261| 66.9- 1 - 34 MPa, Thermal [74]
casting Zr0Q; P 77.4% ¥=2-11 MPa insulation 2022
Particle Coal fly
. o 1-15 49.3 - 1 -159.33 i [75]
stabilized ash/ 1300°C, 2 h P 63.1% MPa 2022
foam Al03
Partial SiC/Zr& o 2-15 0 — [76]
sintering _CaCQ 1450°C, 2 h P 38.86% % up to 68.7 MPa Filtration 5022
Co- . 1450°C,
precipitation AXIT'SSI 1500°C, and - 436(3)30/ 1 MPé.53.1 - 2[272]2
and sintering #3 | 1550°C, 2h 070
Diesel
particulate
Replica AlO4f o i filters and [78]
technique ZrO; 1600°C, 3h| 45 PPI 1 XS WHPa radar- 2021
absorbing
materials
Partial AlOg/ 1500°C, 43-280| 21-49 [79]
sintering | Fap/TiQ 1-5h P % 1 -30MPa | Bone scaffold| 5,5,
Freeze- AlOy/ R i 0 I [80]
casting 710, 1580°C, 2 h 59.6% 1 MPa Filtration 2021
Filters and
Freeze ZrOs- 1250°C- | 0.2-10.7| 56.1- [81]
casting Y,0s | 1550°C, 2h P g1.8% | L+ 22-3L7MPa membrane | 5.,
support
1 - 260 MPa,
Use of pore | Al»Os- R 0.9-153| 10-57 K=163-548 [82]
formers Zro 1600°C, 3h P % 03D¥P i 2020
2 0 HV = 89 - 1050
HV
ZrO, + [83]
Compressing| 5.5wt% | 1600°C, 1 h - 27 -42%| UTS=0-35MPa -
2020
Y203
Direct Al O3 R 95.82 - 1 -1.52 . [84]
foaming Zro; 1500°C, 2 h i 96.7% MPa Insulation | 5514
Die pressing| AlO 1350°C, 2h| 0- P | *9- - Filtration [85]
° ’ 54.9% 2019




Aqueous gel-| - ZrOd | 164000 41y P | 55.6% 1 Mpa i [86]
casting mullite 2019
e | A 1 -os
: o ) 91-92.8 MPa, Thermal [87]
moulding | aerogel/ | 1400°C, 1 h %, k=0.06-0076 | insulation | 2018
with porous WIm/K)
impregnation| ZrO;
1000°C
CaO o H=0.17-17.8
Specification | stabilized 1100°C' 353-410 1 +38% GPa, - [88]
Zro 1200°C, nm E=25-274GPa 2018
2 1300°C, 4 h o
Vacuum A;gj
squeeze
moulding | 2679V | 1a00°c, 1n| - 78.1% 1 o3zg rhermal | [89]
; porous insulation 2017
with sol-gel .
impregnation muliite
preg -ZrO;
ZrO, (86
. o 10 - 60 _ Energy [90]
0, - = -
Compressing| mol.% 1550°C, 1 h % EA=0.8-3J/g absorption | 2016
MgQO)
P'%‘:r:;”Q 210 1350°C - ] 96 - 98 K :PO'OZ . Thermal | [91]
. 2 1500°C, 2 h % ’ - 4 insulation 2016
templating 1 030
Table Some results from using various pore-forming agents in the fabricatb@nawhic porous structures.
Ceram'c PFA PFA Smtgqng Pore size | Porosity Othef Ref.
Materials content conditions properties
25,5, 75, k =0.06-0.1 W/m.K,
A+2ig3 " | Cornstarch| and 10 | 1400°C, 2 h| 9-232 pm 3?)];6 ! - *m, 5(3)2] 4
2 wt.% 0 1 XS WR
Al,Os- 20, 40 . . LS =1.5-12, [99]
mulite | COMStACh |y g 1570°C - 43-57% | £ _197.69.2 GPal 2024
Potato 1c o 0 i ERo 1 03D O] [100]
Al>03 starch 5-15 % 1500°C, 2 h| 18 P 8-56% LS = 14.4-17.4 % 2024
4.4-10.7 | 5.1-16.5 ] [101]
- 0 ° = 1
m-ZrO; Cornstarch 5 wt.% 1750°C, 3 h P % k=1.37Wm K 5024
k =0.0984 W/m-K,
Diatomite | Cornstarch 0-40% 1000°C, 1 h - 46.54- WA = 58.45%, [102]
59.28% 1 03D 2023
54.05- LS =1.07-3.39 %, [103]
- 0, o _
AlO3 Cornstarch| 4-10 wt.% | 1250°C, 2 h 20.70%. 1=0.5-1.9 MPa 2021
1100°C,
AlLOs 1200°C,
73 0,5,10,15| 1300°C, 1-4 o 1=4431MPa | [104]
‘:’A'Oé Comstarch| 5q"ond 25| 1400°C. P 47.67% 2018
9 1450°C, and
1500°C, 2 h
42-49
v&i%r;lp?oggo with corn
Kaolin- Potato 1275°C, starch _
talc- starch, corn| 15 vol.% 1300°C and Stf;_rgh’rﬁnd 49-56 ¥=5.3-9MPa [Zlgfé
Al,Os starch 1330°C,4h| ‘°H with
with corn
potato
starch
starch




Al,TiOs 1400°C, [106]
(AT)- Cornstarch| 10wt.% | 1450°C, and| 1- P 54.7% ¥=11.5 MPa 2016
mullite 1500°C, 2 h

1400°C,
Forsterite | Cornstarch 21? 370/3 1450°C and| 16- P -804555/5 1 -20.2 MPa [21(())17é
7 1 1500°C, 2 h 7
Al>Os3 Cornstarch| 0-50 vol. %| 1500°C, 3 h - 14.855.3 -24 MPa [108]
% 2015
Corn
' 1400°C,
Mullite | PO @M} g 14 y019 | 1500°C and . 39-64% | VS=6.6-428% | L0
cassava o 2015
1650°C, 2 h
starches
AlLOs 1300°C,
- i 10,20 and| 1400°C, i R(0 WA = 16-34 %, [110]
mzroe | Comsare) “3o e | 1460°C and 4360% | 3-017MPa | 2013
9 1550°C, 2 h
Rice and | 10, 20, 25,
A2Os= | “com | 30,and 50| 1530°C, 2 : 50%. Ls=1040% | 211
2 starches vol.%

Al>Os- 10-50. 1100°C - 0 _ [112]

710, Cornstarch vol.% 1530°C, 2 h 0.1- P | 50-71% E = 331-383 GPa 2011

38-52

7. p yol.%

with corn with c?]rn

Corn and 1300°C, starch,
3Y-ZrO, | potato 0'\‘/‘3'?/'71 1400°C or Stag:h'z || 50-54 LS = 30-50 % [21313%

starches P 1500°C, 2 h vol.%

potato X
with
starch.

potato

starch.
Al>0s-3Y- 10-50 o ) _E1g —1a_990 [114]
710, Cornstarch vol.% 1530°C, 2 h 26 - 51% LS=16-22% 5009

Table Some results of the use of ZrBased ceramics in biomedical applications
Materials Fabrication Sintering Pore size| Porosity Other Application Ref
techniques temperature P (%) properties pp '
Extrusion E:_z;;gga, Inlays and
ZrO./Si0,/ | Moulding and | 750, 1000°C, ~ ' anterior [123]
- 44-50 H =2 GPa, )
PICN pressure less 2h K=2 crowns in 2025
sintering MPa. 2 dental
DLP 3D o i ¥=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]
3vsZ printing 1375°C, 1h,| 01400 | 80 1=24MPa | = dbone | 2024
1.5h,and2h regeneration
3YS7 Fused filament| 1100°C - i i UTS =90-105| Large bone | [126]
fabrication 1500°C, 1 h MPa segmental 2024
Direct ink o 1 -62.9 | Scaffolds for | [127]
YSZ writing 1450°C, 2 h i 61.1-75.3 MPa bone tissue | 2021
1 -89.8
FDM and R i MPa, Scaffolds for | [128]
YS2 freeze drying 1450°C, 2h | 300-450 40 E=1.7-2.6 bone tissue | 2021
GPa




YSZ [HA DLP 1400°C,15h - 546 | 1 o Scaffolds for | [129]
bone tissue | 2020
1 -7.9
Room 459.2- MPa, Scaffolds for | [130]
210, PCL FOM temperature | 462.7 46.2-47 E =43-67 bone tissue | 2020
MPa
1100°C, = 9 i

zorn | olp | mveaa - |- | (T20% | Soee | Ga

1250°C, 2 h T eI g 9

ZrOs- 1000°C
. . o 1 -6.1 Scaffolds for | [132]
-CaSiOy 3D Bio plotter 110.0 C, < - 67-73 MPa bone tissue | 2019
. Scaffolds for | [133]
o] - - -

YSZ Robocasting | 1350°C, 1 h | 200-500 bone tissue | 2019
. o Replacement | [134]
Al,04/ZrO, | Replica method 1500°C,1h | 5-2560 78.8 1 03 or bone filling | 2018
Substrate for [135]

YSZ-Al;0s Robocasting | 1350°C, 2 h 245 50 - bone cells
, 2018

ingrowth
o Scaffolds for | [136]
ZrO,-BCP FDM 1100°C, 2 h 350 - 1 03 bone tissue | 2018
Room Excellent
. ) i fibroblast cell Bone [137]
PCL/ZIC; | Electrospinning tempzerr]ature, attachment anq regeneration | 2017
proliferation
ZrO,- . o i i i Bone [138]
TCP 3D Bio plotter | 1500°C,5h | 160-226 | 60-76 1 -12 MPa regeneration | 2017
3D Rapid 1 -15MPagq; .
210z Prototype / | 1500°C,5h | 3-705 | 68-82 | E=184-396 | Conetissue | [139]
-TCP . . regeneration | 2017
impregnation MPa

i o 0000 ) i _ Bone [140]
YSZ-PVP | Electrospinning| 850°°°°, 2 h E=1.11 MPa regeneration | 2016
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