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ABSTRACT

3 mol% Yttria stabilised Tetragonal Zirconia Polycrystalline or more commonly
known as 3Y-TZP, is a type of engineering ceramic Zirconia (ZrOz). 3Y-TZP
possesses outstanding mechanical properties. as well as great aesthetic value
and biocompatibility. This results in 3Y-TZP to be highly demanding material
in medical field market as prosthetic implant. However, one of the
disadvantages of 3Y-TZP includes complication in mechanical properties
caused by hydrothermal aging, which refers to spontaneous phase
transformation of zirconia from tetragonal (t) into monoclinic (m) phase when
it is exposed to humid condition at temperature around 65 °C to 300 °C. This
condition is known as low temperature degradation (LTD). The purpose of this
research is to study the effect of adding 0.2 wt% graphene additive on the
mechanical properties, grain morphology and hydrothermal aging effect of 3Y-
TZP at different sintering conditions. The samples were sintered at the range of
1200 °C to 1400 °C temperature, with different sintering holding time of 6 min,
1 hr and 2 hrs. The results showed that both graphene doped and undoped 3Y-
TZP samples exhibited fully tetragonal phase before aging. After 12 hrs of
hydrothermal aging under 180 °C, graphene doped 3Y-TZP was observed to
have 0 % monoclinic contents, compared to 4.71 % of undoped 3Y-TZP, at
sintering conditions of 1400 °C / 2 hrs. At sintering temperature of 1400 °C, the
relative density of the 3Y-TZP samples was generally higher, with the
maximum at 97.83 % relative density. Meanwhile, graphene additive improved
the relative density results of 3Y-TZP at 1200 °C sintering temperature. In terms
of Vickers hardness, graphene doped 3Y-TZP at sintering temperature and
holding time of 1400 °C and 6 min respectively achieved the value of 14.81 GPa,
highest among other samples. Furthermore, addition of graphene was
discovered to be effective in improving fracture toughness of 3Y-TZP at
sintering temperature of 1400 °C. SEM microstructure images revealed that
addition of 0.2 wt% graphene additive did not have any effect on the grain
morphology and average grain size of 3Y-TZP at sintering temperature of 1200
°C. One critical finding revealed that graphene doped 3Y-TZP at 1400 °C, 6 min
sintering conditions showed promising result in terms of mechanical properties

and resistance to hydrothermal aging.
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CHAPTER 1

INTRODUCTION

1.1 General Introduction

Among of all the types of engineering ceramic, zirconia shines the most in its
outstanding mechanical properties, specifically fracture toughness. As claimed
by Garvie, zirconia was revealed to have mechanical properties resemble to that
of steel (Aragon-Duarte et al., 2017). Ever since then, many authors had
supported Garvie’s claim by showing similar result while conducting research
on zirconia. Research paper written by Ramesh et al., (2016) had expressed
agreement to the claim by stating that Yttria-tetragonal zirconia polycrystals (Y-
TZP) was on high demand for medical or engineering application because of its
excellent strength and good resistance to wearing. As such, zirconia is
undoubtedly an excellent grade material to be applied in highly sophisticated
situation. Nevertheless, some researcher suggested that zirconia is still far from
being perfect. A perfect example to illustrate the statement was suggested by
Schiinemann et al., (2019) in their research paper which revealed that there were
some controversies toward zirconia as prosthesis due to high number of failures
involving zirconia based material being reported.

On the other hand, numerous researches had been carried out by adding
additives to zirconia ceramic. Some of the additives were graphene-based, such
as graphene oxide (GO), graphene platelet (GPL) and graphene nano-platelet
(GNP). Originally, graphene consists of carbon element and its uniqueness lies
in its thin layer, yet it has displayed great mechanical properties. Some
researcher suggested that the addition of graphene into engineering ceramic will
contribute to the improvement of mechanical properties of engineering ceramic
(Boniecki et al., 2017). One of the notable mentions of successful research was
conducted by Ramesh et al. (2016) The authors discovered that 0.2 wt%
graphene oxide (GO) doped Y-TZP specimens achieved remarkable fracture
toughness at sintering temperature of 1400 °C, in comparison with undoped Y-
TZP. Their study gave rise to countless possibilities of future research on the

subject of graphene additive to zirconia ceramic.



1.2 Importance of the Study

Zirconia is an engineering ceramic material which has gained reputation over
the years in medical field. As proven by several researchers in their studies,
zirconia may be a material capable of dominating the market in the future of
medical field. In a paper written by Naveau, Rignon-Bret and Wulfman (2019),
they claimed that the rise of zirconia as popular choice was contributed by its
aesthetics value. The gingival appearance of zirconia had enabled this material
to have better colour integration as abutments for dental patients. Sivaraman et
al. (2018) claimed that this engineering ceramic was a possible material to
replace titanium as implant systems in patient’s oral. Zirconia had significant
advantages in soft-tissue response, biocompatibility and aesthetics compared to
titanium. With further research, the zirconia may be able to prevail as ‘first
choice’ material in medical field, especially dentistry.

Aside from medical field, zirconia has many other applications in
engineering industries as cutting tool, refractory, heat engine, oxygen sensors
and electrolytes in fuel cells. It is worth to know that the excellent mechanical
properties and chemical inertness as well as high thermal resistance of zirconia
enable it to sustain under long term application. Further enhancement of zirconia
in terms of mechanical properties will increase the involvement of this

engineering ceramic in various application.

1.3 Problem Statement

Despite possessing great mechanical properties among other engineering
ceramics, zirconia is still inferior compared to metals such as titanium and steel.
Several authors in the journal of “Zirconia surface modifications for implant
dentistry” suggested that currently zirconia is unable to replace titanium as first
choice material for dental or another medical implant application. This is mainly
caused by complications in mechanical strength of zirconia and resulted in
higher probability of failure over time (Schiinemann et al., 2019).

Another major issue to be considered is the hydrothermal aging effect of
zirconia. Hydrothermal aging refers to the spontaneous phase transformation of
zirconia from tetragonal (t) into monoclinic (m) phase when it is exposed to
humid condition at temperature around 65 °C to 300 °C. This transformation is

fatal to zirconia as it will lead to degradation of mechanical properties, known



as low temperature degradation (LTD) (Ramesh et al., 2016). After the
discovery of LTD, many researchers had put in effort to study the factors
governing the LTD, with the hope to eradicate this issue.

1.4 Aim and Objectives
In the current research, the aim is to investigate influence of graphene on the
mechanical properties and aging resistance of 3 mol% Yttria stabilised
Tetragonal Zirconia Polycrystals (3Y-TZP) at different sintering conditions. In
order to achieve the aim, the following aspects will be focused on:
1. To compare the dissimilarity between graphene doped and undoped 3Y-
TZP in terms of mechanical properties and grain morphology.
2. To study the effects of sintering holding time and temperature on the
mechanical properties of graphene doped 3Y-TZP.
3. To identify the sintering condition for 3Y-TZP with good hydrothermal

aging resistance.

1.5 Scope and Limitation of the Study

The type of zirconia that will be used is 3Y-TZP. The research is limited to the
use of only one type of dopant, which is graphene, at the concentration of 0.2
wt%. Two different shapes of samples will be produced, which are bar sample
and disc sample. The sintering temperature will be adjusted to a temperature
range of 1200 °C to 1400 °C. Meanwhile, the sintering holding time will vary
between 6 minutes, 1 hour and 2 hours. The sintered sample will be evaluated
in terms of mechanical properties, specifically the fracture toughness and
densification. Resistance of sintered samples to hydrothermal aging will be
measured in terms of the percentage of phase transformation to monoclinic with

respect to time.

1.6 Contribution of the Study

The study on 3Y-TZP zirconia is mostly favourable to medical field due to the
high demand of prosthetic. Other than that, zirconia has many other applications
in engineering industries. Over the years, researchers had been experimenting
with 3Y-TZP by adding various additives such as CuO, GO and SS316 with the

hope to further improve its mechanical properties and resistance to



hydrothermal aging. Current research is expected to study whether 0.2 wt%
graphene is a suitable additive which could be beneficial to 3Y-TZP, under
different sintering conditions.

1.7 Outline of the Report
As an overall view, this report consists of a total of five chapters which includes
introduction, literature review, methodology, results and conclusion.

Chapter 1 presents a glimpse to the engineering ceramic zirconia, which
is the main subject of this research. This chapter discusses about the rise of
zirconia in medical field, significance of zirconia in various application, the
problem faced by zirconia and finally the aim and scope of the research.

Chapter 2 reviews the introduction to ceramic, followed by the
introduction to engineering ceramic. The structure and properties of zirconia as
a part of engineering ceramic is also revealed, along with its weaknesses. In
addition, the potential and challenges of zirconia in medical field is also
discussed. This chapter ends with the effect of sintering on graphene-doped Y-
TZP.

Chapter 3 focuses on the procedures involved in preparing the samples
for the research. Furthermore, this chapter also elaborates the theoretical
methods for mechanical properties evaluation, as well as the methods for
microstructure and phase composition analysis.

Chapter 4 discusses the result obtained from this research. The
comparison between graphene doped and undoped 3Y-TZP is made in the
aspect of mechanical properties, phase analysis, hydrothermal aging resistance,
microstructure and average grain size. In the meantime, this section also
examines the behaviour of 3Y-TZP samples when it is subjected to various
sintering conditions.

Chapter 5 concludes the finding of the whole research as well as some

useful recommendation for the next research.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction to Ceramic

From the historical point of view, the word ‘ceramic’ was derived from Greek
word. Originally, it means ‘pottery’. It refers to domestic wares as well as art
objects which are clay-based and widely known by mankind as daily life object.
In today’s standard, the term ‘ceramic’ has evolved to include materials such as
glass, cement and advanced engineering ceramic (Shabalin, 2015).

According to the author Shabalin (2015), ceramic or ceramic materials
are known as solid compositions which are produced by involving the usage of
high temperature and high pressure. Ceramic consist of at least one non-metallic
chemical element. In comparison to other type of materials, ceramic can be
easily distinguished by having special characteristics of high melting point,
brittle and non-reactive nature.

In addition, ceramic is also a common term used to define materials that
are used in daily life such as glass, tiles, pottery, porcelain, bricks and cement.
This is due to the “refractory” characteristic of the materials. In other words,
they have the characteristic of being durable while performing in high
temperature, acids, wear and tear and other extreme condition. Similarly,

engineering ceramic also falls in the same category (Woodford, 2019).

2.1.1  Comparison with Metal and Polymer

Shabalin (2015) explained that there are different types of bonding mechanism
which normally co-exist in the same phases in ceramic, namely, ionic bond,
covalent bond, and metallic bond. These contributes to the unique properties of
ceramic. On the other hand, metal is only dominant in metallic bonding, while
polymer only prevails in covalent bonding. Table 2.1 shows the difference

between ceramics, metals and polymers in terms of properties.



Table 2.1: Comparison between Metal, Polymer and Ceramic (Shabalin, 2015)

Properties Metal Polymer Ceramic
Melting point Low to high Low High
Density Medium to high | Verv low Low
Elastic Modulus | Medium to high | Low Verv high
Plasticity Ductile Dugctile to brittle | Brittle
Chemical Reactive Very reactive Non-reactive
Stability

2.2 Types of Ceramic

Ceramic materials in general can be categorised into three groups, which are

summarised in Table 2.2 below:

Table 2.2: Classification of Ceramic (Martin, 2006)

Natural Ceramic

Domestic Ceramic

Engineering Ceramic

Available 1in the form

of stone such as

limestone and granite.

Created through clays.

Produced from nitrites,

oxides or carbides.

Oldest type of

construction matenal.

Examples are pottery,
porcelain, refractory

bricks and tiles.

Enhanced strength and

toughness.

Up to 20% porosity and

many microcracks.

Smaller microcracks.

As summary, engineering ceramics are engineered for highly specific

application due to their improved properties, unlike domestic ceramics which

are more on general purpose.

221

Application of Different Types of Ceramic

The application of ceramics mainly depending on their properties. For instance,

domestic ceramics such as glass ceramics are produced as cookware, bakeware

and cooktops due to their properties of low co-efficient of thermal expansion



and good resistance to thermal shock. On top of that, clay is a natural occurring
ceramic which consist of elements silicon, aluminium and oxygen. After a few
processing methods which include cutting, moulding, and firing, the clay could
be turned into hard bricks. These bricks are typically applied in two common
areas, which are building and refractory. These applications are correlated with
the durability and high temperature resistance properties of brick (Woodford,
2019).

Engineering ceramics are more advanced type of ceramics. Basically,
these materials tend to have a higher tier of properties compared to domestic
and natural ceramics. Engineering ceramic are well established in a more
specific application by engineers such as neutron moderator in fission reactor,
heating elements and electrodes for furnaces, high temperature furnace lining,
thermal protection for aerospace, anticorrosion protection for chemical
equipment (Shabalin, 2015). In medical field, engineering ceramics especially
alumina and zirconia play an important role as prosthesis for knee replacement,
dental implants and many other orthopaedic operations. They are chemically

inert and hard, which enable them to be the perfect material for the situation.

2.3 Review of Zirconium Dioxide
Zirconium dioxide (ZrO-), or more commonly named as zirconia, is a subset of
engineering ceramic and is the focus of this research. Zirconia is a product of
combination between zirconium element and oxygen element. Pure zirconium
has the appearance of white and ductile metal in crystalline form while it appears
as blue-black powder in amorphous form. This element Zr only occur in as
silicates oxides or as free oxides (ZrOz). Hence, it is nearly impossible to find
Zr element in its pure state. Zirconium dioxide, however, can be identified with
the appearance of white crystalline oxide (Abd EI-Ghany and Sherief, 2016).
As suggested by Garvie, zirconia was referred as “ceramic steel” due to
its properties which are similar to those of steel (Aragon-Duarte et al., 2017).
The origin of “Zirconium” name was derived from Arabic word “Zargon” which
bear the meaning of “golden in colour”. Meanwhile, Martin Heinrich Klaproth,
a German chemist, had accidentally discovered this compound ZrO; in 1789
during his work which involved heating of some gems. Ever since then, ZrO>

had been applied in various field, including medical field as biomaterials. The



first usage of ZrO> as biomaterial was in 1969. It was used in orthopaedic as an

alternative material for hip head replacement (Abd EI-Ghany and Sherief, 2016).

2.3.1  Structure and Composition of Zirconia
Zirconia is an engineering ceramic which exhibits three distinct crystal phases
with respect to temperature:
) Cubic crystal structure at temperature above 2300 °C,
i) Tetragonal crystal structure at temperature between 1150 °C and
2300 °C,
iii) Monoclinic crystal structure at temperature below 1150 °C.

The crystal phases are illustrated in Figure 2.1. It is worth to note that
the cubic phase (C) has the shape of square sides straight prism, while tetragonal
phase (T) appears in the shape of rectangular sides straight prism. Meanwhile,
monoclinic phase (M) is in the shape of a deformed prism with parallelepiped
sides. These differences in the shape are resulted from the huge temperature
differences. In terms of mechanical properties, tetragonal phase prevails with
the enhanced properties, followed by cubic phase with moderate properties and
lastly monoclinic phase with lower properties which may cause reduction of

ceramic particle cohesion (Abd EI-Ghany and Sherief, 2016).

(@ (b)

Figure 2.1: Three Distinct Crystal Phases: (a) Cubic (b) Tetragonal (c)
Monoclinic (Hannink, Kelly and Muddle, 2004)

Based on illustration in Figure 2.2, empty holes in the zirconia structure
are inhabited by oxygen ions. On top of that, zirconium ions are positioned in
face-centred cubic (FCC) lattice. Another fact to add is that zirconia experiences

volume expansion up to 3.5 % during cooling below 1000 °C. This is resulted



from the change in crystal structure when the temperature decreases and will

lead to failure of material (Martin, 2006).

Figure 2.2: Cubic Crystal Structure (Martin, 2006)

Furthermore, a journal article by Abd EI-Ghany and Sherief (2016)
suggested that change in volume from cubic (c) phase to tetragonal (t) phase is
approximately 2.31 % and roughly 4.5 % upon decreasing of temperature.
Volume changes on cooling from tetragonal (t) phase monoclinic (m) phase will
then contribute catastrophic failure. This causes the material to become
unpractical for applications which demand a durable and rigid structure.
Nevertheless, the transformation is reversible.

On the other hand, addition of CaO, Y203 or MgO to the zirconia will
enhance the stability of cubic crystal structure over the temperature range, and
the phase transformation will cease from occurring. This addition will result in
the formation of stabilised zirconia. Stabilised zirconia however, will have poor

resistance to impact as well as low fracture toughness. (Martin, 2006).

2.3.2  Different Types of Zirconia Ceramic

Zirconia in its pure state has infeasible application for structural ceramic since
it experiences phase transformation during cooling from high temperature to
below 1150 °C. The transformation is accompanied by expansion in volume
which will later on cause instability in structure. Hence, manufacturing of the
material is highly not recommended (Aragon-Duarte et al., 2017). In addition,
this fact is also supported by Abd EI-Ghany and Sherief (2016) in their journal
article which states that pure zirconia is unpractical for usage due to the

probability of catastrophic failure during volume expansion.
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Suggested solution to the problem above is to stabilise zirconia with
other oxides. Some examples of the oxides is yttria, which stabilises total or
partially with tetragonal and cubic phase of zirconia, and results in Yttrium
Tetragonal Zirconia Polycrystals (Y-TZP) (Aragon-Duarte et al., 2017). Other
types of zirconia ceramic and their terminology are listed in Table 2.3:

Table 2.3: Terminology Used to Describe Different Types of Zirconia (Hannink,
Kelly and Muddle, 2004)

Zirconia Type | Description

DZC Dispersed zirconia ceramics.

MPZ Monoclinic polyerystalline zirconia.
P&Z Partially stabilised zirconia.

Ca-P5Z Calcium-cation-doped PSZ.
Ca0-P5Z

Mg-PSZ Magnesium-cation-doped PSZ.
MgO-PSZ

TTA Transformation-toughened alumina
TIC Transformation-toughened ceramics.
TTZ Transformation-toughened zircoma.
TZP Tetragonal zirconia polyerystals.
Y-TZP Yttrium-cation-doped tetragonal zirconia polycrystals.
ZTA Zirconia toughened alumina

ZTC Zirconia toughened ceramics.

Y-TZP usually contain 3 mol% of yttria (Y203) as stabiliser, therefore it
is more common to be named as 3Y-TZP. This specific type of zirconia has been
used to fabricate femoral heads for the purpose of hip replacement prostheses.
Furthermore, it is also applied in dentistry for the manufacturing of dental
crowns. As good as it looks, it has mechanical properties of 900-1200Mpa
flexural strength as well as 9-10Mpa(m)*? fracture strength. Grain size plays
an important role in affecting the mechanical properties of 3Y-TZP. Other than
that, sintering is a method to alter grain size, thus, it can indirectly contribute to

both stability and strength of 3Y-TZP. Different sintering condition such as high



11

temperature and long sintering time will eventually result in larger grain size
and vice versa.

Meanwhile, ZTA is another type zirconia which has addition of alumina
matrix. It is produced through soft machining or slip casting, followed by
sintering. ZTA is a porous composite ceramic which comprise between 8 and
11 % in terms of porosity. ZTA has larger amount of porosity in comparison
with 3Y-TZP. As result, ZTA has lower mechanical properties compared to 3Y -
TZP.

Mg-PSZ in general has a large amount of porosity, in addition to large
grain size between 30-60pum which in turn leads to low overall mechanical
properties and low stability. Moreover, it is not an easy task to achieve Mg-PSZ
compounds free of silicone dioxide. This is because, the silicon dioxide will
react with the magnesium in Mg-PSZ to form Magnesium Silicates. If that
happens, the concentration of Mg in the Mg-PSZ will decrease and this will
encourage (T) to (M) transformation. This will further reduce the stability and
mechanical properties of Mg-PSZ (Abd EI-Ghany and Sherief, 2016).

2.3.3 LTD/ Hydrothermal Aging
Low Temperature Degradation (LTD) is a phenomenon where the mechanical
properties of zirconia deteriorate when the material is being exposed to
hydrothermal aging. Hydrothermal aging refers to humid environment at
temperature of 100 °C to 300 °C. This condition of hydrothermal aging results
in phase transformation of zirconia from tetragonal to monoclinic at low
temperature (Ramesh, Lee and Tan, 2018).

Swab (1991), suggested in his article that there are six characteristics of
LTD in zirconia which can be observed. The first characteristic explained that
LTD occurs frequently at temperature between 200 °C to 300 °C. The second
characteristics discussed that LTD will lead to lower mechanical properties of
zirconia (strength, toughness and density). The third characteristics suggested
that LTD is caused by tetragonal to monoclinic phase transformation along with
microcracking. The fourth characteristics talked about the phase transformation
which will commonly initiates at the surface. The fifth characteristic explained

that the higher rate of phase transformation is due to the presence of water, hence
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the term hydrothermal aging. The sixth characteristics involved the relationship
between LTD and grain size or stabiliser content.

Ramesh, Lee and Tan (2018) has further proven the article suggested by
Swab (1991) by pointing out that there are various factors governing
hydrothermal aging of zirconia (Y-TZP) which includes grain size, sintering
technique, starting powder, yttria content, addition of dopants or sintering
additives and ageing environment (humidity and low temperature).

Condition of LTD had brought a negative impact to development of
zirconia. For instance, steam sterilization of zirconia femoral heads had led to
failure of hip prostheses between 1999 to 2000. The presence of humid
environment through steam sterilization caused increased wear on acetabular
component. As consequence, usage of zirconia as hip prostheses in the market
had significantly reduced. On the bright side, researchers had been trying to
rectify the LTD condition in zirconia over the past decade by manipulating the
factors influencing LTD behaviour of zirconia (Ramesh, Lee and Tan, 2018).

2.3.4  Transformation Toughening of Zirconia
The term transformation toughening of zirconia was initiated by Garvie,
Hannink and Pascoe in their research paper. The fundamental principle of
transformation toughening involves controlled phase transformation of
tetragonal to monoclinic. This transformation allows zirconia to exhibit
enhanced mechanical properties (Hannink, Kelly and Muddle, 2004).

The mechanism of transformation toughening can be observed in Figure
2.3. Ramesh et al. (2016) had provided some insight regarding the mechanism
of transformation toughened zirconia. In their journal, they stated that
metastable tetragonal grain of transformation toughened zirconia will absorb a
stress created by a propagating crack. The metastable tetragonal grain will then
transform into monoclinic symmetry after absorbing stress. This phenomenon
will lead to a slight volume expansion that will produce compressive stress
around crack tip. In short, higher strength should be applied to allow the crack
to propagate further because transformation toughened zirconia inhibits the

crack propagation.
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Figure 2.3: Transformation Toughening Inhibits Crack Propagation in Zirconia
(Martin, 2006)

2.4 Zirconia as a Promising Material in Medical Field
Osseointegration concept was first discovered in 1908 by Branemark when
blocks of titanium was placed into the femur of rabbit. He made an impactful
discovery when he realised that the titanium could not be retrieved from the
rabbit and was tightly attached with the surrounding bone. From that moment
onwards, numerous clinical studies had been performed and proved that
titanium was a reliable biomaterial for prosthetic rehabilitation. Following the
success of titanium, various modification had been made to improve its physical,
optical and mechanical properties. This was done by reviewing the design of
implant, the structure as well as composition of the material.

Despite the continuous study and enhancement, a number of inherent
flaws still persisted in titanium. Titanium had been criticised for causing
undesirable allergic reactions, galvanic current formation, cellular sensitization
to the patient. Furthermore, the aesthetics gray hue of titanium did not look
appealing to the consumer. Following this matter, the search for more aesthetics
and biocompatible implant continued due to its demands (Sivaraman et al.,
2018).

The success of an implant material is depending on its mechanical
properties and aesthetic value. Zirconia is a ceramic-based material which has
been selected as a promising material for osseointegration and implant due to
its appearance (Naveau, Rignon-Bret and Wulfman, 2019). Coincidentally,
zirconia-based material is also claimed to have a high chemical stability which

would avoid the release of toxin to the surrounding tissue and cause
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inflammation or damage in tissue to the patient. In fact, 3Y-ZTP is able to
provide simulation of osteogenic cell on top of having high affinity to bone
tissue compared to most biocompatible ceramics. Recent studies had identified
both zirconia and titanium implants have similar results regarding
osseointegration indexes. In spite of the studies done, zirconia as implant still
prevails over titanium in the aspect of aesthetic, since corrosion and greyish
colour of titanium contributes to its disadvantages. In addition, zirconia is
shown to have the ability to decrease bacteria adhesion and biofilm
accumulation. These advantages enable zirconia to provide low risk of

inflammatory in surrounding tissues of implant (Schiinemann et al., 2019).

2.4.1  Challenges of Zirconia in Medical Field

Despite of all the advantages zirconia possesses, this material is not entirely
immune to failure over time. Prostheses such as bridges and crowns are
frequently subjected to high load under repeated condition in watery
environments. Under normal circumstances, bite force of an average human can
exceed 1000N of force, and it occurs continuously throughout the lifetime
contact event of 10, As shown in Figure 2.4, the probability of clinical failure
in zirconia is a crucial factor to be acknowledged given that new generation of
this material tends to be more translucent for the sake of aesthetic, but with

potentially limited strength and toughness (Zhang and Lawn, 2019).

Figure 2.4:Various Failure Modes in Zirconia Layers (Zhang and Lawn, 2019)
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Another challenge faced by zirconia is that it suffers from lack of
mechanical strength due to technical complications. This has demoted zirconia
as first choice implant material following its complication. Currently, the
leading material for dental implant is still titanium, due to it having higher
mechanical strength over zirconia for the dental or other implant application
(Schunemann et al., 2019). The problem is further confirmed by Naveau,
Rignon-Bret and Wulfman (2019) in their journal article, which also claimed
that titanium abutments had lesser mechanical complications than zirconia
abutments. In addition, mechanical complication of zirconia reported in the
study by Naveau, Rignon-Bret and Wulfman (2019) showed no changes over
the past five years.

In conclusion, studies had demonstrated that zirconia implants might be
a promising alternative to titanium with its advantage in biocompatibility,
osseointegration, aesthetic, as well as soft tissue response (Sivaraman et al.,
2018). However, thorough research should be conducted in the aspect of
structural and composition as well as the influence of additive on the properties
of zirconia in order to eliminate or reduce the mechanical complication, so that

it can be on par with titanium implants.

2.5 Effect of Different Additive on Y-TZP

To date, numerous researches had been conducted out in an effort to reduce the
weaknesses found in Y-TZP. Ramesh and Gill (2001) had carried out a research
by using copper oxide (CuO) as additive on Y-TZP. Chew, Matthew and
Ramesh (2018) conducted similar research by using SS316 stainless steel of 0.1
wt% to 1 wt% as dopant.

The usage of graphene-based dopant in Y-TZP had also been carried out
as a part of research. Boniecki et al. (2017) discovered that addition of 0.02 wt%
of graphene oxide (GO) to Y-TZP under sintering of 1400 °C for 1h would
increase the fracture toughness by 42 % compared to undoped Y-TZP. In
addition, Ramesh et al., (2016) conducted a research by using GO doped Y-TZP
at varying GO amount up to 1 wt%, as well as varying sintering temperature up
to 1500 °C in order to study densification, mechanical properties and effect on
LTD. The authors discovered that doped Y-TZP had improved densification and

high fracture toughness in comparison with undoped Y-TZP at low sintering
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temperature of 1200 °C. Unfortunately, GO additive was found to be ineffective
in supressing the LTD effect of Y-TZP.

Even though there are other journal reports by Liu et al. (2017),
Obradovi and Kern (2018) as well as Chen et al. (2015) which utilised graphene
platelets (GPL) and graphene nanoplatelet (GNP) as dopants, but the studies of
graphene dopant on 3Y-TZP at different sintering holding time had yet to be
explored.

25.1 CuO-doped Y-TZP
The usage of copper oxide (CuO) additives on Y-TZP was conducted by
Ramesh and Gill (2001) in their research entitled “Environmental Degradation
of CuO doped Y-TZP”. The main purpose of their research was to study the
benefits of adding CuO dopants on the LTD resistance and the mechanical
properties of Y-TZP, under sintering duration of 2 hours at 1300 °C.

The results obtained were astonishing, as the mechanical properties of
CuO doped Y-TZP samples were generally higher compared to pure Y-TZP.
One of the results revealed that sintering 0.05 wt% copper oxide (CuO) doped
Y-TZP at temperature of 1300 °C for two hours had shown high fracture
toughness (>19 MPa m%?) while at the same time exhibited good aging
resistance compared to undoped Y-TZP. It was believed that addition of small
percentage of CuO was be able to tackle LTD issue of Y-TZP without
compromising with the mechanical properties, even though further studies were

still necessary.

2.5.2 SS316-doped Y-TZP

A research had been conducted by Chew, Matthew and Ramesh (2018) to
address the problem faced by Y-TZP in medical field. Prior to the research,
numerous cases which include failure of hip transplant had been reported and
discovered that the root of the problem was due to material Y-TZP. In this
research, Stainless Steel 316 (SS316) was selected to be doped with Y-TZP with
the purpose to study the changes in mechanical properties. Other factor such as
sintering condition was also taken into consideration during the research. At
the end of the research, this metal-doped zirconia material was expected to have

enhanced strength and durability compared to pure zirconia. This was because,
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stainless steel by itself had displayed excellent toughness and strength in
addition to high resistance to corrosion.

Figure 2.5 and Figure 2.6 show the results of the experiment in terms of
fracture toughness and LTD. As summary, 0.1 wt% SS316 produced promising
outcome due to having low monoclinic phase content with respect to aging hour.
In terms of mechanical properties, 1 wt% SS316 exhibited fracture toughness
of 6 MPa m‘2 under sintering temperature of 1300 °C and holding time of 2 hr,
which exceeded fracture toughness of undoped Y-TZP (5.5 MPa m*?).
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Figure 2.5: Fracture Toughness against Sintering Temperature for doped and
undoped Y-TZP ceramic (Chew et al, 2018)
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undoped Y-TZP ceramic (Chew et al, 2018)
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253 GO-doped Y-TZP

Over the years, several researches had been conducted by utilizing graphene-
based dopant on zirconia ceramic. Originally, graphene is made up of carbon
and its uniqueness lies in its thin layer, which is as thick as the size of one atom.
It is believed that the addition of graphene into ceramic will contribute to the
improvement of mechanical properties of Y-TZP. This is because, graphene by
itself is a material which has displayed great mechanical properties (Boniecki et
al., 2017). The type and composition of graphene should be considered
thoroughly in the research. The research conducted by Ramesh et al. (2016) can
be observed in Figure 2.7 below. All the samples were sintered via pressureless
sintering. It was discovered that 0.2 wt% graphene oxide (GO) doped Y-TZP
specimens achieved greatest fracture toughness at sintering temperature of 1400
°C.
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Figure 2.7: Fracture Toughness against Sintering Temperature (Ramesh et al.,
2016)

Aside from graphene dopant concentration, it was well documented that
sintering conditions were the other factors which will alter the properties of Y-
TZP. By observing Figure 2.7 shown above, the fracture toughness did not
remain constant upon changes in sintering temperature. Furthermore, the result
showed that at sintering temperature of 1400 °C, most of the Y-TZP samples
exhibited relatively high fracture toughness compared to other temperatures. On
the other hand, Table 2.4 provides another observation on how the sintering

temperature would affect the grain size of Y-TZP.
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Table 2.4: Average Tetragonal Grain Size (um) of Y-TZP of Different Graphene
Oxide Content at Different Sintering Temperature (Ramesh et al., 2016)

GO content Sintering temperature
1200°C 1300 °C 1400 =C 1500°C

Undoped 0.29 0.4 0.47 0.68
0.05 wti 0.28 0.36 0.48 0.66
0.1 wti 028 037 0.49 0.65
0.2 wti 03 037 0.48 0.65
0.5 wti 0.29 0.38 0.46 0.67
1wt 0.28 0.41 0.46 0.69

Sintering conditions can be either manipulated by temperature or time.
Most of the studies conducted involve the adjustment of temperature within a
range. Currently, there are not much research conducted to investigate on how
the sintering holding time will affect the condition of graphene doped and
undoped Y-TZP. Long sintering holding time will often result in Y-TZP
samples which are more susceptible to LTD effect because of the large grain
size being formed. Hence, it can be inferred that shorter sintering holding time

will results in smaller grain size with improved LTD resistance.

2.5.4  GNP-doped Y-TZP
Aresearch by Chen et al. (2015) was conducted by using graphene nanoplatelets
(GNPs) powder as additive to enhance the properties of 3Y-TZP. The sintering
method used was field assisted sintering technology (FAST), at the sintering
temperature of 1200 °C to 1400 °C. The uniqueness of FAST sintering lies
within the presence of uniaxial pressure, as opposed to pressureless sintering.
The outcome of their research is shown in Table 2.5. 3Y-TZP with GNP
content of 0.01 wt% exhibited highest relative density and fracture toughness,
but the values dropped as the GNP content increased to 0.05 wt%. This showed
that the increase in relative density and fracture toughness were not proportional
to the increase in GNP content. On the other hand, Table 2.5 also showed that
sintering temperature played a major role in affecting the relative density and
mechanical properties of 3Y-TZP. It was shown that 0.01 wt% GNP doped 3Y-
TZP at sintering temperature of 1200 °C had the highest hardness value, while
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at sintering temperature of 1300 °C, the sample had highest relative density and

fracture toughness.

Table 2.5: Relative Density and Mechanical Properties Results of GNP doped
3Y-TZP (Chen et al., 2015)

Graphene  Temperamre Relative Hardness  Fracture toughness
(wt. %) (°C) density (%) (GPa) (MPa-m"?)

0 1200 97.5 11.36 LA

0 1300 99,2 12.46 9.5

0 1400 991 10.95 .0

0.01 1200 9H.9 13.56 1.2

0.01 1300 99,4 12.33 153

0.01 1400 9493 12.69 93

0.03 1300 99,2 12.58 13.5

0.05 1300 9H.9 13.02 10.5

Furthermore, the research conducted by Chen et al. (2015) included
SEM analysis, as shown in Figure 2.8 below. The authors explained that the
GNPs were shown to be dispersed uniformly across the 3Y-TZP matrix from
the SEM images. The dispersion of GNP in uniform manner had indicated that
the grain boundary of 3Y-TZP was strengthened significantly by inhibiting the
propagation of cracks across the grain. In addition, the porosity of the 3Y-TZP
was reduced, leading to enhanced relative density.

Figure 2.8: Surface of 0.01 wt% GNP doped 3Y-TZP Sintered at 1300 °C [ (a)
Uniform Dispersion of GNP was Indicated by Arrows, (b) GNP was Shown to
be Embedded in Matrix ] (Chen et al., 2015)
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In conclusion, the authors claimed that the GNP doped 3Y-TZP showed
promising result in the aspect of fracture toughness. This statement had further
proven the necessity to conduct further researches with the intention to use
graphene-based material as additive for 3Y-TZP.

255 GPL-doped YSZ

The research by Liu et al. (2017) had provided some interesting insight
regarding the usage of graphene-based additive on zirconia composites. In their
research, the authors used graphene platelet (GPL) as dopant on yittria stabilised
zirconia (YSZ). Similar to Y-TZP, YSZ is another type of ceramic under the
subset zirconia engineering ceramic. The type of sintering used in the research
was spark plasma sintering, at temperature of 1450 °C.

Figure 2.9 below shows the relative density of the samples against the
content of GPL. At low percentage of GPL content, the samples showed
remarkable result in relative density. On the other hand, Figure 2.10 and Figure
2.11 show the graph of samples’ hardness and fracture toughness respectively.
As an overall view, the authors concluded that there were noticeable
enhancements of 7 % in hardness and 60 % in toughness in doped samples
compared to the pure YSZ samples. Liu et al. (2017) claimed that the presence
of small amount of GPL in YSZ had introduced the reinforcing effect as well as
pull out and crack bridging to the zirconia composite, hence improving both

hardness and fracture toughness significantly.
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Figure 2.9: Relative Density (%) against GPL Content (Vol%) (Liu et al., 2017)
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Figure 2.11: Fracture Toughness (MPa m'/?) against GPL Content (Vol%) (Liu
et al., 2017)

The research by Liu et al. (2017) had opened up numerous possibilities
of future research on the subject of graphene additive to zirconia ceramic. It
would be interesting to work on different sintering conditions such as sintering
temperature and sintering holding time, for a more in-depth study. On the other
hand, the study on the resistance of doped YSZ samples to LTD effect would
definitely provide another understanding on this topic. The contribution of these
researches would most likely fall on engineering application, as claimed by the

authors themselves at the end of their journal.

2.6 Summary
The successful research on graphene-based material by several

researches had established a clear foundation on the benefits of graphene
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additive in zirconia ceramic. This is especially highlighted in the significant
improvement of fracture toughness, such as in the recent study of Liu et al.
(2017). However, most of their studies stressed on the variation of additive
amount rather than sintering condition.

In present work, the research would focus more on the differences of
sintering conditions, especially sintering temperature and sintering holding time.
Meanwhile, the graphene additives content in this research will be fixed at 0.2
wit%, because it could be observed from the research of Ramesh et al. (2016)
that graphene doped Y-TZP at 0.2 wt% had been proved to achieve remarkable

fracture toughness.
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CHAPTER 3

METHODOLOGY AND WORK PLAN

3.1 Experiment Preparation
The samples preparation is divided into four major segments, which include
powder preparation, powder mixing, green body preparation and sintering.

3.1.1 Powder Preparation

For this research, 3 mol% Yttria-Stabilised Tetragonal Zirconia Polycrystalline
(3Y-TZP) was prepared in powder form. The 3Y-TZP powder was obtained
from TOSOH, Japan. As for the dopant, 0.2 wt% of graphene powder was used.
Graphene-based additive of 0.2 wt% had been proven to be the optimum weight
percentage for achieving high fracture toughness when it was doped in 3Y-TZP
under sintering temperature of 1400 °C (Ramesh et al., 2016). There were two
types of samples formed from these powders, namely undoped 3Y-TZP and
graphene-doped 3Y-TZP. Table 3.1 summarised the weight composition of
doped and undoped 3Y-TZP for one sample.

Table 3.1:Weight Composition for Doped and Undoped for One Sample

Bar (3g) Disc (2.59)
Sample Weight of Weight of Weight of Weight of
3Y-TZP (g) | Graphene | 3Y-TZP(g) | Graphene
(9) (9)
Undoped 3 0 2.5 0
Y-TZP
0.2 wt% 2.994 0.006 2.495 0.005
Graphene-
doped
Y-TZP

3.1.2  Powder Mixing
Powder mixing between graphene and 3Y-TZP is a necessary step to produce a

graphene-doped 3Y-TZP sample. Before the process of mixing, an adequate
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amount of 3Y-TZP and graphene powders were prepared, as shown in Table 3.2
and Table 3.3. The mass of each powder was weighted precisely using electronic
balance. Then, the graphene powders were subjected to supersonic bath in a
beaker, followed by addition of 3Y-TZP powder into the same beaker. Stirring
was required so that the powders did not stick to the bottom of beaker. After
that, the mixtures were milled for about 1 hour. The next step was to dry the
mixtures in a drying oven under 70 °C for 24 hours approximately. The dried

mixture was then sieved into powders.

Table 3.2: Calculated Amount of 3Y-TZP and Graphene Powders Used for

Mixing
Bar Disc Total
Number Mass Number Mass Number | Weight
Powder of Required of Required of of
Samples (o) Samples (o) Samples | Samples
@)
3Y-TZP 26.946 22.455 49.401
9 9 18
Graphene 0.054 0.045 0.099
Grand 18 49.5
Total

Table 3.3: Actual Amount of 3Y-TZP and Graphene Powders Used for Mixing

Powder Total Mass () Actual Mass (g)
3Y-TZP 49.401 59.88
Graphene 0.099 0.12
Total 49.5 60

3.1.3

After the mixture had been dried and sieved, it was pressed with the pressure

Green Body Preparation

about 70kgf/cm?, using 5 Tonne Moulding Press. On the other hand, undoped
3Y-TZP was pressed without the need to perform powder mixing procedure.

There were two types of die being used to prepare green body of samples, which
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were rectangular and circular shape die. These dies will mould the samples into
desired shapes accordingly. After that, both disc and bar samples were sent to
IC-Innovation in Nanotechnology, SIRIM Berhad for cold isostatic pressing.

3.1.4  Sintering
Sintering is a process which apply heat below melting point to encourage
bonding of particles. At the end of sintering process, the material is expected to
have denser matrix with finer grain size. There are different sintering types such
as hot isostatic pressing, spark plasma sintering, as well as pressureless sintering.
In present work, pressureless sintering was conducted with the temperature at
1200 °C, 1300 °C and 1400 °C with 10 °C/min ramp rate. This temperature range
was deemed to be appropriate for densification and mechanical properties
improvement, according to one of the studies by Ramesh et al. (2016), with the
holding time fixed at 2 hours.

In contrast with the research by Ramesh et al. (2016), this research
revolved around three different parameters of sintering holding time, which
were 6 minutes, 1 hour, and 2 hours respectively. Carbolite furnace of Constance,

Germany was used for sintering of samples.

3.1.5  Grinding and Polishing (Disc Samples)

This step ensures the disc samples to have better surface finish for the sake of
testing and analysis. Samples with good surface finish will improve the accuracy
of the results obtained, especially in Vickers hardness test and scanning electron
microscope (SEM). Firstly, the grinding of samples was done using silicon
carbide sandpapers of distinct grade (180, 400, 600, 1000, 1500). Then, the
surface of the samples was polished by using diamond compound (1um and

5um).

3.1.6  Thermal Etching (Disc Samples)

After grinding and polishing process, the disc samples were thermal etched in
carbolite furnace (Constance, Germany) for 30 minutes. The thermal etching
temperature was 50 °C lesser than the sintering temperature of that particular
sample. For instance, if the sintering temperature was 1400 °C, then the thermal

etching temperature would be 1350 °C.
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3.1.7  Hydrothermal Ageing (Bar Samples)

The bar samples were firstly taken to XRD analysis in order to identify the
monoclinic contents before aging period. After that, the samples were inserted
into autoclave. The autoclave was then filled with distilled water until it could
cover all the surface of samples. Then, the autoclave was heated up inside an
oven under 180 °C for 12 hours. This allowed the hydrothermal aging to occur
on the samples. Finally, the samples were taken out and dried, followed by XRD
analysis for the second time to determine the changes in monoclinic contents of

the samples.

3.2 Measurement of Results

After preparation of 3Y-TZP samples, they were tested in different aspects by
utilising various equipment. As an overall view, bar samples were subjected to
XRD analysis while disc samples were subjected to SEM analysis and
mechanical properties analysis. At the end of measurement, the data obtained
were analysed and discussed to make a logical conclusion. Sections below

discuss the theoretical calculation of the data.

3.21  Measurement of Densification

The bulk density of both doped and undoped 3Y-TZP was identified via method
of immersing the samples in water. A densification measurement kit was
attached to an electronic balance for the quantification of density of samples.
The relative density of each sample was calculated based on equation 3.1 and

equation 3.2:

_Wa 3.1)

Where,

p = bulk density of samples

w, = weight of sample in air
w,, = weight of sample in water

p, = Weight of distilled water
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P (3.2)
Pr =00 <100

Where,
p, = relative density
The value of 6.09g/cm? indicates the theoretical density of 3Y-TZP.

3.2.2  Measurement of Vickers Hardness

Measurement of hardness of polished samples was carried out using Vickers
Hardness Test, Eseway model. An indentation was performed to every sample
by applying a load of 2kgf or up to 4kgf from pyramidal diamond indenter. After
detaching the load, two impression diagonals were observed from the surface,
known as Dy and D». These values were measured by utilising Vickers Hardness
equipment with a filar micrometer scaled to the nearest 0.1um. By taking an
average value of both D1 and D2, Vickers hardness was computed through
equation 3.3:

1.854P (3.3)
Hy = ——3

Where,
H,, = Vickers hardness
P = applied load

D = average value of D1 and D>

3.2.3  Measurement of Fracture Toughness

Aside from impression diagonals, the indentation from Vickers hardness test
also produced four crack lines known as Li, Lo, Ls and Ls. These values were
used to calculate mean crack length, Lmean. There are three methods that can be
used to calculate fracture toughness, namely, Niihara, SWMC and Kaliszewski.
The equation used in present work was from SWMC. The fracture toughness,

Kic, was then obtained by using equation 3.4:

H,P )0-5 (3.4)

K;- = 0.0899 x
¢ (4Lmean

Where,
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H,, = Vickers hardness
P = applied load

Lmean = mean length

3.24  Measurement of Monoclinic Content

Monoclinic content could be used to indicate the aging resistance of samples,
since hydrothermal aging is spontaneous phase transformation of (T) to (M)
under lower temperature (Ramesh, Lee and Tan, 2018). Hence, the higher the
amount of monoclinic content, the lower the aging resistance of samples. X-Ray
diffraction (XRD) is a type of equipment that can be used to analyse the phase
of 3Y-TZP samples. In current research, the XRD equipment used was
Shimadzu Lab X, XRD-6000 from Japan.

The scan speed for the XRD analysis is 2 min/step (or 0.5 ° /min), with
the scan range of 27 °to 36 ° (20). The reason for choosing the following scan
range is that the peak of tetragonal (t) can be found at ~30.37 ©, while the two
peaks of monoclinic (m) can be found at both ~28.2 ° and ~31.4 ° respectively.
Every sample went through an equal amount of scan time of 5 min. As for the

calculation, there were two equations involved:

(1(111)m + I(lll)m) (3-5)

X =
m (I(lll)c,t + I(11T)m + I(lll)m)

Where,

Xm = integrated intensity ratio

l11ym = peak intensity at (111) plane, monoclinic
l(111)ct = peak intensity at (111) plane, tetragonal

I(117ym = peak intensity at (111) plane, monoclinic

v 1.311 x X,, (3.6)
™ (140311 X X))

Where,
Vm = volume fraction of monoclinic

Xm = integrated intensity ratio, calculated from equation 3.5
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VVolume fraction can be expressed in percentage value through equation
3.7 below:

V% = V., X 100% (3.7)

3.3 Research Flow Chart

The work plan of the research is summarised Figure 3.1.
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e N
Mechanical Properties
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< J

Figure 3.1: Research Methodology Flow Chart
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 XRD Phase Analysis (Pre-Aging)

The main purpose of XRD in this research is to identify the amount of
monoclinic phase content with respect to tetragonal phase. Having a large
amount of monoclinic phase content only shows that the sample would have
suffered from hydrothermal aging process compared to those with fully
tetragonal phase. On this research, the XRD analysis conducted on both 0.2 wt%
graphene-doped 3Y-TZP and undoped 3Y-TZP samples showed that all of the
samples exhibited fully tetragonal phase after sintering. These results correlated
with the XRD analysis conducted by Ramesh et al. (2016), which discovered
that the Y-TZP powder contained about ~17 % of monoclinic phase content,
while Y-TZP sample after sintering contained fully tetragonal phase.

From Figure 4.1, 4.2 and 4.3, it can be observed that both graphene and
pure 3Y-TZP has similar XRD pattern, in which all of the samples has peak
intensity at ~30.37 °. This indicated that addition of 0.2 wt% of graphene dopant
did not affect the stability of tetragonal phase of 3Y-TZP.

Intensity

28°

Undoped, 6min 0.2wt%, 6min Undoped, 1hr 0.2wt%, 1hr = Undoped, 2hr 0. 2wt 2hr

Figure 4.1: XRD Plot of Graphene Doped and Undoped 3Y-TZP at 1200 °C

Sintering Temperature
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30
28°

Undoped, 6min 0.2wt3, 6min Undoped, 1hr 0. 2wt%, 1hr = Undoped, 2hr ——0.2wt%, 2hr

Figure 4.2: XRD Plot of Graphene Doped and Undoped 3Y-TZP at 1300 °C
Sintering Temperature
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28"

Undoped, Bmin 0.2wi%, Gmin Undoped, 1hr 0.2wi%, 1Ihr —— Undoped, 2hr ——— 0 2w, Zhr

Figure 4.3: XRD Plot of Graphene Doped and Undoped 3Y-TZP at 1400 °C

Sintering Temperature

4.2 XRD Phase Analysis (12 hrs Hydrothermal Aging)

Development of monoclinic content of 3Y-TZP samples after 12 hours of
hydrothermal aging under 180 °C is shown in Table 4.1. Generally, a large
amount of monoclinic content would disturb the stability of tetragonal structure,
which in turn leads to further deterioration in mechanical properties (Ramesh,
Lee and Tan, 2018) . A research by Ramesh and Gill (2001) unveiled that the
increase in monoclinic content was proportional to the ageing duration until it
reached a saturation level. In their study, undoped Y-TZP samples under

sintering conditions of 1300 °C / 2 hr experienced increase in monoclinic
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content up to ~80 % at the aging period of 50 hr. The percentage remained
unchanged after 50 hr until 200 hr.

Looking into present study, it is undeniable that the aging of 12 hours
would provide little changes to the monoclinic content. At low sintering
temperature of 1200 °C, it was observed that there was 0 % of monoclinic
content on both graphene doped and undoped 3Y-TZP even after 12 hours of
hydrothermal aging duration. The result was almost similar at the sintering
temperature of 1300 °C, except for the undoped 3Y-TZP sample at 2 hr sintering
holding time. For this particular sample, it was noticed that there was a 4.66 %
increase in monoclinic content. At the same time, its graphene doped 3Y-TZP
counterpart remained at 0 %.

Furthermore, at sintering temperature of 1400 °C, the monoclinic content
after 12 hr aging for undoped 3Y-TZP had risen to 4.45 % and 4.71 % at
sintering time of 1 hr and 2 hr respectively. Both of the percentages were slightly
higher than the graphene doped 3Y-TZP. In fact, almost all of the graphene
doped 3Y-TZP remained undisturbed by 12 hr of hydrothermal aging. In a
nutshell, addition of 0.2 wt% of graphene was proven to provide better
hydrothermal aging resistance (up to 12 hr) to 3Y-TZP through this research.

Another point which should be taken into account from Table 4.1 is that
all 3Y-TZP samples had excellent hydrothermal aging resistance up to 12 hr at
short sintering holding time of 6 min. This result remained similar at the

sintering temperature range between 1200 °C to 1400 °C.
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Table 4.1: Monoclinic Content Percentage (%) of 3Y-TZP Samples at Different

Sintering Conditions Under Hydrothermal Aging at 180 °C

Sintering Ageing Time | Monoclinic Monoclinic
Temperature/ Content of 0.2 Content of
Sintering Time wt% Graphene- | Undoped 3Y-
doped 3Y-TZP TZP
1200 °C /6 min 0 hr 0 0
12 hr 0 0
1200°C /1 hr 0 hr 0 0
12 hr 0 0
1200°C /2 hr 0 hr 0 0
12 hr 0 0
1300 °C /6 min 0 hr 0 0
12 hr 0 0
1300°C /1 hr 0hr 0 0
12 hr 0 0
1300°C /2 hr 0 hr 0 0
12 hr 0 4.66
1400 °C / 6 min 0 hr 0 0
12 hr 0 0
1400°C /1 hr 0 hr 0 0
12 hr 3.92 4.45
1400°C /2 hr 0 hr 0 0
12 hr 0 4.71
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4.3 Mechanical Properties Analysis

4.3.1 Relative Density
The relative density of graphene doped and undoped 3Y-TZP at different
sintering temperature and time is shown in Figure 4.4 below.

As an overall view, the relative density of undoped 3Y-TZP samples
were at an increasing trend from 1200 °C to 1300 °C sintering temperature.
Above 1300 °C, the relative density of undoped 3Y-TZP did not show any
significant improvement. The undoped 3Y-TZP samples had the highest relative
density at sintering conditions of 1400 °C, 1 hr, with the percentage of 98.49 %.
In contrast, it had the lowest relative density at sintering conditions of 1200 °C,
6 min, with the percentage of 70.74 %. This showed that at higher sintering
temperature, the relative density of the samples was generally higher.

On the other hand, the relative density of graphene doped 3Y-TZP
showed similar trend as undoped 3Y-TZP. It had the highest relative density of
97.83 % at condition of 1400 °C, 2 hr, and had the lowest relative density of
72.09 % at condition of 1200 °C, 6 min.

As for the sintering holding time, both doped and undoped samples had
higher relative density at 1 hr and 2 hr holding time, compared to 6 min holding
time. However, the difference was much apparent at lower sintering temperature
of 1200 °C. The only exception to such trend was found at 1400 °C sintering
temperature of graphene doped 3Y-TZP, in which the sample at 6 min holding
time had slightly higher relative density (97.54 %) compared to sample at 1 hr
holding time (96.50 %).

By comparing both doped and undoped 3Y-TZP, it was determined that
at lower sintering temperature of 1200 °C, addition of 0.2 wt% graphene to 3Y-
TZP could yield better results of relative density compared to pure 3Y-TZP. The
results were similar at 1300 °C, but the increase was less noticeable. On the
contrary, at 1400 °C, undoped 3Y-TZP yielded better relative density compared
to graphene doped 3Y-TZP. As such, addition of graphene dopant to 3Y-TZP at
higher sintering temperature was found to be less beneficial for the relative

density.
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Figure 4.4: Relative Density against Sintering Temperature and Sintering Time
for 3Y-TZP

4.3.2  Vickers Hardness
Figure 4.5 shows the graph of Vickers hardness of doped and undoped 3Y-TZP
at different sintering conditions. Some authors proved that undoped Y-TZP
samples achieved the maximum Vickers hardness at 14.1 GPa at sintering
condition of 1300 °C, 2 hr (Ramesh et al., 2016). Result in present work showed
resemblance to previous research, in which undoped 3Y-TZP sample attained
highest Vickers hardness (14.58 GPa) at similar sintering condition.

At low sintering temperature of 1200 °C, 0.2 wt% graphene doped 3Y -
TZP samples were found to be higher than undoped 3Y-TZP in terms of Vickers
hardness. Similar trend was observed at high sintering temperature of 1400 °C.
In fact, the sintering condition which produces maximum Vickers hardness of
14.81 GPa was found at graphene doped 3Y-TZP, at 1400 °C, 6 min. The only
case in which undoped 3Y-TZP samples were found to have higher Vickers
hardness was at sintering conditions of 1300 °C, 1 hr and 1300 °C, 2 hr
respectively. Generally, addition of 0.2 wt% graphene to 3Y-TZP at 1200 °C
and 1400 °C did help to improve the Vickers hardness.

Another trend which was observed was that at sintering temperature of
1200 °C and 1300 °C, longer sintering holding time was observed to produce
much higher Vickers hardness in both doped and undoped 3Y-TZP samples,
with the only exception at holding time of 1 hr at 1200 °C. Even so, at 1400 °C

sintering temperature, prolonged sintering holding time produced opposite
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effect to the Vickers hardness of both type of samples, with the decreasing trend
observed.

Both crystal structure and porosity are factors which contribute to the
hardness of a material. Considering that the graphene doped sample at 1400 °C,
6 min sintering conditions had achieved fully tetragonal phase as well as
considerably high relative density compared to other samples, it is undoubtedly
that this sample appeared to have highest Vickers hardness value.

e e
Fa =

Hardness (GPa)

-
=

1200°C, 6min 1200°C, 1hr 1200°C, 2hr 1300°C, 6min 1300°C, 1hr 1300°C, 2hr 1400°C, 6min 1400°C, 1hr 1400°C, Zhr

Sintering Temperature (°C), Sintering Tir

—a—Graphene-doped 3YTZP Pure 3YTZP

Figure 4.5: Vickers Hardness against Sintering Temperature and Sintering Time
for 3Y-TZP

4.3.3  Fracture Toughness
Fracture toughness results of both doped and undoped 3Y-TZP samples are
summarised in Figure 4.6. From the study of Turon-Vinas and Anglada, (2018)
fracture toughness was said to be related to transformation toughening. Other
factors that may manipulate the fracture toughness were grain size and sintering
condition. Commonly, the fracture toughness value ranged from 4 MPa m'2 to
8 MPa m'? for a pure Y-TZP. Another research revealed that the fracture
toughness of Y-TZP was around 8 MPa m*? to 10 MPa m*? (Sivaraman et al.,
2018). The difference of values from both studies may be resulted from the
origination of the Y-TZP powder. In this research, the 3Y-TZP power used was
originated from TOSOH, Japan.

At first glance, the fluctuating trend was observed in the undoped 3Y -

TZP samples, with the highest peak of 9.01 MPa m*? at sintering condition of
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1300 °C, 6 min. From the trend, it also showed that the fracture toughness of
undoped 3Y-TZP samples were typically higher at 1300 °C sintering
temperature, far exceeding graphene doped 3Y-TZP counterparts.

Addition of 0.2 wt% of graphene to 3Y-TZP resulted in a more stable
trend of fracture toughness. The maximum fracture toughness for graphene
doped 3Y-TZP was observed at sintering condition of 1400 °C, 6 min, with the
value of 6.83 MPa m'2, higher than undoped 3Y-TZP at similar sintering
condition. In addition, another trend was shown in which lower sintering
holding time at 6 min produces graphene doped 3Y-TZP with higher fracture
toughness compared to long holding time, irrespective of the sintering
temperature. Nevertheless, addition of 0.2 wt% graphene was only effective in
improving fracture toughness of 3Y-TZP at high sintering temperature of 1400
°C, with slight difference in values.

Fracture Toughness [MPa m12)

é
(

1200°C, 6min 1200°C, 1hr 1200°C, 2hr 1300°C, 6min 1300°C, 1hr 1300°C, 2hr 1400°C, 6min 1400°C, 1hr 1400°C, 2hr

Sintering Temperature (°C), Sintering Time (min & hr)

=g raphene-doped 3YTZP Pure 3YTZP

Figure 4.6: Fracture Toughness against Sintering Temperature and Sintering
Time for 3Y-TZP

4.4 SEM Analysis

Scanning Electron Microscope (SEM) analysis is conducted in this research
with a sole purpose to study the microstructure development and grain size of
3Y-TZP samples. By looking into differences in microstructure and grain size,
a better comparison could be drawn between graphene doped and undoped 3Y -
TZP. On top of that, the effect of sintering condition on microstructure

development and grain size could also be studied.
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Figure 4.7 shows microstructure images of selected 3Y-TZP samples
obtained from SEM analysis. In Figure 4.7, (a), (b) and (c) represents undoped
3Y-TZP samples at 6 min, 1 hr and 2 hr sintering holding time respectively.
Similarly, (d), (e) and (f) represents 0.2 wt% graphene doped, in ascending order
of sintering time. Prior to SEM analysis, all the samples had been polished and
thermal etched.

In general, there was no observable difference in the average grain size
and grain morphology at different sintering holding time. By comparing the
average grain size to the 2.00um scale in figure, it was revealed that both doped
and undoped 3Y-TZP had average grain size ranging from ~0.2 um to ~0.3 pm.
Typically, the average grain size of doped and undoped 3Y-TZP at sintering
temperature of 1200 °C did not exceed 0.3 pum, regardless of the type and
amount of dopants, as proven by both Ramesh et al. (2016) which used GO and
Ramesh et al. (2011) which used MnO. Hence, addition of graphene additive
did not produce changes on the grain morphology and average grain size of 3Y-

TZP at sintering temperature of 1200 °C.
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UTAR-SEM 15.0kV 6.3mm x25.0k SE

U UTAR-SEM 15.0kV 6.2mm x25.0k SE 2:00um

UTAR-SEM 15.0kV §.4mm x25,0k SE UTAR-SEM 15.0kV 6.3mm x25.0k SE

Figure 4.7: Microstructure Development for 3Y-TZP Samples at Sintering
Temperature of 1200 °C [ (a) Undoped 6 min, (b) Undoped 1 hr, (c) Undoped 2
hr, (d) 0.2 wt% Graphene Doped 6 min, (e) 0.2 wt% Graphene Doped 1 hr, (f)
0.2 wt% Graphene Doped 2 hr ]
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

51 Conclusions

For this research, the effect of 0.2 wt% graphene additive on 3Y-TZP under
various sintering conditions were examined. Firstly, addition of 0.2 wt% of
graphene dopant did not affect the stability of tetragonal phase of 3Y-TZP. It
was proven that all samples exhibit fully tetragonal phase after sintering process
of various temperature. Besides, sintering holding time also did not affect the
tetragonal phase of 3Y-TZP.

Secondly, addition of 0.2 wt% of graphene was discovered to provide
lower monoclinic content percentage to 3Y-TZP through this research. In
addition, both doped and undoped 3Y-TZP samples were found to have 0 %
monoclinic content percentage at sintering holding time of 6 min.

Thirdly, this study of 3Y-TZP mechanical properties involved relative
density, Vickers Hardness and fracture toughness. At sintering temperature of
1200 °C, addition of 0.2 wt% graphene was found to be effective in improving
the relative density of 3Y-TZP. However, all 3Y-TZP samples had higher
relative density at sintering conditions of 1300 °C to 1400 °C, irrespective of
sintering holding time.

Furthermore, graphene doped 3Y-TZP at 1200 °C and 1400 °C showed
higher value of Vickers hardness compared to undoped 3Y-TZP. The highest
recorded value was 14.81 GPa, which was found at graphene doped 3Y-TZP at
sintering condition of 1400 °C, 6 min. On top of that, the data of fracture
toughness showed fluctuation on both type of samples. The undoped samples
fluctuated at the range of ~4.5 MPa m‘?to ~9 MPa m'2, while the graphene
doped samples fluctuated at the range of ~5 MPa m%? to ~7 MPa m?
Nonetheless, addition of 0.2 wt% graphene resulted in slight increase in fracture
toughness of 3Y-TZP at sintering temperature of 1400 °C.

The maximum fracture toughness for graphene doped 3Y-TZP was
observed at sintering condition of 1400 °C, 6 min, with the value of 6.83 MPa
m*2. This critical finding revealed that graphene doped 3Y-TZP at 1400 °C, 6
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min sintering conditions showed promising result in terms of mechanical
properties and resistance to hydrothermal aging. SEM microstructure images
revealed that addition of 0.2 wt% graphene showed no impact on the average
grain size of 3Y-TZP at temperature of 1200 °C.

5.2 Recommendations for Future Work

Even though the research had been conducted successfully, there are some
rooms for improvements which could be taken into consideration for further in-
depth studies. First and foremost, one of the essential experiments of sonic
resonance could be carried out in future work to determine the value of Young
Modulus for all samples. The data is not only useful in identifying and
comparing the stiffness between 3Y-TZP samples, but also necessary in
computing the fracture toughness of the samples via Niihara and Kaliszewski
method. Hence, the effect of addition of graphene dopant and sintering
condition on Young Modulus could be an interesting approach to discover more
about the mechanical properties of 3Y-TZP.

Moreover, the hydrothermal aging for present work is only conducted at
12 hr period. It is highly recommended to extend the hydrothermal aging period
up to 200 hours to study the percentage of changes in monoclinic contents. This
approach would provide a bigger picture on how well a 3Y-TZP sample could
cope with hydrothermal aging. It is important to note that the experiment of
hydrothermal aging may require proper time management and planning, since
it is a time-consuming process.

Addition of 0.2 wt% of graphene dopant on 3Y-TZP seems to show
promising result in terms of structure stability and mechanical properties under
sintering condition of 1400 °C, 6 min. Another study could be done by varying
the weight percentage of graphene dopant under same sintering condition to
determine the optimum amount of dopant required to achieve enhancement in
mechanical properties. Besides that, an alternative viewpoint for the case is by
using different sintering method such as hot isostatic pressing and spark plasma
sintering, instead of the pressureless sintering method used in this research. It is
appealing to compare the result of 3Y-TZP samples from different sintering

method.
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APPENDICES

APPENDIX A: Experiment Apparatus

Figure A-1: Ultrasonic Cleaning of Powders Mixture (Graphene and 3Y-
TZP)

Figure A-2: Ball Milling Process for 1 Hour to Evenly Distribute the
Graphene in 3Y-TZP
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" Drying Oven

Figure A-3: The Mixture of Powder is Dried in Drying Oven for 24 hours
under 70 °C

Figure A-4: An Electronic Balance is Used to Measure the Precise Amount
of Undoped 3Y-TZP Powder for Disc Sample
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Figure A-5: Crushing and Sieving the Mixture Powder after Drying
Process to Form Fine Powder

&

Figure A-6: 5 Tonne Moulding Press Used for Compacting the Powder in
Green Body Preparation Process
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Figure A-7: Preparation to Insert the Undoped 3Y-TZP into Die in
Laboratory

Figure A-8: 0.2 wt% Graphene Doped 3Y-TZP Powder Packed in

Container
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Figure A-9: Carbolite Furnace Used for Sintering and Thermal Etching of
3Y-TZP Samples

Figure A-10: Size of Undoped 3Y-TZP Samples Before (left) and After
(right) Sintering
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Figure A-11: Densification Measurement Kit Attached on Electronic
Balance to Measure the Relative Density of 3Y-TZP Samples

R
Figure A-12: Grinding Machine Used for Grinding and Polishing of 3Y-
TZP Samples
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Figure A-13: Diamond Compound Applied for Polishing of Samples

Figure A-14: Vickers Hardness Tester Equipment Used for Vickers
Hardness and Fracture Toughness Measurement



52

Figure A-15: Indentation on 3Y-TZP Sample by Vickers Hardness Tester

Figure A-16: Undoped 3Y-TZP Bar Sample Attached on Sample Holder
for XRD Analysis



Figure A-17: Autoclave Used for Hydrothermal Aging of 3Y-TZP Samples

Figure A-18: Oven Used for Heating the Autoclave under 180 °C for 12
Hours
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APPENDIX B: Density Chart of Water (g/cm®) at Temperature of 0 °C to 39.9

°C

Reference:

Mass, Weight, Density or Specific Gravity of Water at Various Temperatures.

Available at: <https://www.simetric.co.uk/si_water.htm>
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