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Abstract
The objective of this research was to improve alumina (Al,O3) mechanical and electrical
properties by reinforcement using multi-walled carbon nanotubes (MWCNTSs) and titanium
carbide (TiC). The objective of the study was achieved with interesting and challenging
difficulties along the way. The MWCNTSs were initially coated with boron nitride (hBN) in order
to improve the Alumina-CNTs interface which was previously discovered to be weak and also to
protect them from reacting with Al,O3 during sintering. The coating of CNTs with hBN was done
using nitridation method. This method was unsuccessful since it was not possible to coat each
CNT individually. Dispersing hBN coated CNTs proved to be impossible without pealing the off
the hBN coating. The “flaking off “of the hBN coating from the CNTs revealed that the CNT-

hBN interface was weak; therefore uncoated CNTs were used for this study.

The starting powders (Al,O3, TiC and CNTs) were individually dispersed before they were
mixed together. TiC and Al,O; were dispersed using an ultrasonic probe which was done
successfully. The CNTs were dispersed by an ultrasonic probe and then attritor milled with the
use of polyvinylpyrolidone (PVP) as a dispersant. The dispersed Al,O3; and TiC (30 wt%)
powders were mixed in a planetary ball mill. The composite powder was sieved and sintered
using SPS with temperature and pressure programmed to be /700°C, 35MPa respectively. In
making the Al,O3+CNT composite powder, the already dispersed Al,O3 and CNTs (1 wt%) were
mixed in a planetary ball mill, after sieving the powder it was sintered using SPS at 1600°C,
35MPa (programmed conditions). Lastly in making the Al,O3+CNT+TiC composite, the already
dispersed TiC, CNTs and Al,O3; were all mixed in a planetary ball mill, after sieving it was
sintered using SPS at 1650°C, 35MPa (programmed conditions). For comparison of properties,
dispersed monolithic Al,O3 was also sintered using SPS at 1600°C, 35 MPa. The density results
showed that the monolithic Al,O3; was 99.8% dense, , Al,O3+CNTs was 99.4%,
Al,O3+TiC+CNTs was 99.2% and Al,O3+TiC sample was 99.0%. The mechanical properties of
the samples were measured using the indentation method. The hardness and fracture toughness
of the samples were; Al,Os= 3.3MPaNm (17 GPa), Al,Os+CNTs = 4.2MPa\m (18 GPa),
AlLO3+TiC = 4.8 MPaNm (23 GPa) and Al,Os3+TiC+CNT= 5.0 MPa\m (23 GPa). The
electrical properties showed that incorporating CNTs and TiC into Al,O3; improved Al,O3

electrical conductivity. The measured electrical conductivity of the ceramic samples were; Al,O3



~0Sm™, Al,03+CNTs= 30 S.m™, Al,Oz +TiC + CNTs = 6855 S.m™ and Al,03+TiC = 9664 S.m’
! The CNTs improved Al,O3; mechanical properties slightly inhibiting grain growth by pinning
the grain boundary movement and also by crack bridging. The Al,O3 electrical conductivity was
increased by the CNTs network that was located along the alumina grain boundaries. The TiC
improved Al,O3; mechanical properties slightly inhibiting grain growth and through crack
deflection mechanism. The addition of TiC into Al,O3 increased the electrical conductivity by

serving as a conducting continuous secondary phase.

The results show that the CNT-hBN interface is weak. The addition of CNTs and TiC into
monolithic Al,O3 slightly improved its mechanical and electrical properties but it density was
slightly compromised. CNTs and TiC slightly improved monolithic alumina hardness by in
inhibiting Al,O3 grain growth and the fracture toughness through crack deflection and crack
bridging mechanisms. The CNTs network located at the Al,O3 grain boundaries not only aided in
improving Al,O3 hardness but also served as transport medium for electrons hence increasing
the Al,Os electrical conductivity. Addition of TiC into Al,O3 increased its electrical conductivity
by conducting electrons from one TiC grain to the adjacent grain. The large increase in
electrical conductivity upon addition of TiC is due to the presence of a continuous TiC phase
within Al,Os.
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Chapter One

1.0 Introduction

Alumina ceramics belong to the group of oxide ceramics which are the most commonly used
commercially today because of their thermal stability at high temperatures and their relative low
production cost. These ceramics are also chemically stable at high temperatures in an oxidizing
atmosphere (oxygen atmosphere). In this group of ceramics the oxygen ion (O™) has a filled shell
electron configuration (1s°s%p®), which makes electron transfer complete therefore making the
bonding in these ceramics mostly ionic rather than covalent ™. The group of ceramic oxides is
further divided into Traditional and Advanced ceramics. The traditional ceramics are those based
on natural raw materials such as clays. Alumina falls under the advanced ceramics group, which

requires careful attention of processing and higher purity and quality of the starting materials.

There are two main properties of alumina that limit its use commercially. It has a low fracture
toughness compared to other ceramics (between 3 — 5 MPaVm). The fracture toughness of
alumina depends on the densification obtained during sintering and the purity of the starting
powder . The other property that limits the use of alumina is its non conducting behavior [ref].
The high electrical resistivity of this material makes it impossible to cut alumina ceramic into
smaller pieces by electron discharge machining (EDM); but instead diamond blades are used.
This increases production cost and hence the final market cost. Several efforts have been made to
increase alumina fracture toughness by incorporating a second phase within this material’s

powder before sintering [ref].

Materials like zirconia, niobium carbide and titanium carbide have been incorporated into
alumina to try and increase it fracture toughness; this will be discussed in detail in Chapter 2.
Cutler et al. P! reported that reinforcement of alumina with TiC and hot pressing the powder
increased the alumina fracture toughness but compromised the other properties like density and
hardness. CNTs were also used to increase alumina’s fracture toughness and electrical
conductivity. Sun et al. ™ reported that the problems encountered after reinforcing alumina with
CNTs was that after hot pressing (temperature; 1300-1600°C, 30MPa) and pressure-less sintering
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(1600°C) the CNTs were destroyed by the sintering conditions and therefore could not serve as
reinforcement. Sun et al. ™ also reported that even if the CNTSs survived the sintering conditions
they had poor adhesion to the alumina matrix; this was confirmed by a large number of CNT
pull-outs as seen on the alumina fractured surface. These problems made it difficult to reinforce
alumina with CNTSs. Estilli et al. © reported that the addition of CNTs (1wt. %) to the alumina
sintered using SPS at 1600°C increased alumina fracture toughness by 67% and the samples were
99% dense.

1.1 Justification of the study

It has been reported by other researchers that the reinforcement of alumina with CNTs presents
challenges that are yet to be solved. The CNTs have a high potential of improving alumina
electrical properties so that it can be cut using electron discharge machine (EDM) as opposed to
diamond blades which are currently used to cut this material. EDM cutting is cheaper than using

diamond blades hence the cost of this material will be reduced if it can be cut using EDM.

The main focus of this study is to improve Al,O3; fracture toughness and its electrical
conductivity by reinforcement with CNTs and TiC. In this study the following approach will be

used to achieve this goal.

It will be attempted to solve the problem of poor adhesion of CNTs to the alumina matrix by
coating them with hexagonal boron nitride (hBN), which is chemically similar to graphite but
has superior properties comparatively. It is proposed to use hBN as an interface between CNTs
and the alumina matrix. Previously it has been proved that CNTs cannot withstand the high
temperature sintering conditions when a hot press is used (. This type of furnace heats up to the
sintering temperature at a very low heating rate this increases the chances of destroying CNTs
during sintering. It is proposed to use Spark Plasma Sintering (SPS) for this work. SPS heats up
to the sintering temperature at a high heating rate. This method will reduce dwelling time at high

temperatures thus reducing the risk of CNT destruction during sintering.

TiC will be used to mainly improve alumina hardness and fracture toughness properties since it

is harder phase than Al,O3 and have higher thermal expansion coefficient to alumina (TiC = 8.31
2



E-4 and 7.5 E-4) . The challenges that were previously experienced while reinforcing Al,Os
with TiC would be eliminated by using sub-micron TiC powder with a similar particle size to
that of the Al,O3 and sintering the composite powder using SPS. This would minimize the
thermal expansion mismatch effects of TiC and Al,O3, which are believed to reduce density.
Alumina with a high fracture toughness and high electrical conductivity, will allow it to be used

in most industries.

1.2 Obijective of the study

The main objective of the research is to improve the Al,O3 fracture toughness and electrical
conductivity that inhibit it wide use commercially and industrially. These properties will be

improved by reinforcing alumina with TiC and CNTSs through the following objectives:
v" Coating CNTs with hBN and dispersing them.

v' Dispersing Alumina, TiC and CNT’s individually with the aid of necessary dispersants

and mixing them through milling.
v Densifying the mixture of Alumina, TiC and CNT’s using SPS.
v Microscopy analysis and mechanical properties measurements of the sintered ceramics.

v' Measurements of electrical properties of the sintered ceramics

1.3 Scope of the research

This study was divided into three groups. The first group involved alumina and CNT’s, the
second group involved alumina and TiC and lastly the third group involved alumina + CNTs +
TiC. Alumina was dispersed by ultrasonication and CNT’s were dispersed by both
ultrasonication and milling. After mixing the alumina and CNTs mixture it was dried and sieved
and then sintered using SPS. Pure alumina was also sintered at the same sintering conditions as
the mixture of alumina and CNTs for comparison. The sintered pieces were analyzed by
microscope (Optical and SEM); then mechanical and electrical properties were measured. The
second part of the work was to study the Alumina and TiC system. TiC was dispersed using a

dispersant through milling and it was then mixed with already dispersed alumina. The mixture
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was mixed, dried and sieved then sintered using SPS. The sintered pieces were analyzed by
microscope (Optical and SEM), and then mechanical and electrical properties were measured.
After the first two systems were understood subsequently the third group was mixed and then

sintered. The mechanical and electrical properties were then measured.

1.4 Contribution to knowledge

The objective of this work is to improve fracture toughness and electrical properties of Al,O3 by
reinforcing it with TiC and CNT. By using the methodology proposed above the following
contribution to knowledge is expected:

v" Provide suitable sintering conditions for Al,03 + CNT system
v" Provide suitable sintering conditions for Al,O3 + TiC system

v Provide suitable sintering conditions for Al,O3 + CNT + TiC system from the sintering

conditions of the above mentioned systems.

v Study hardening mechanisms provided by TiC and CNTs in alumina through micro-

structural analysis.

v’ Study toughening mechanism provided by TiC and CNTs in alumina through micro-

structural analysis



1.5 Structure of the dissertation

The dissertation is sectioned into 6 chapters, starting with Chapter 2, which gives the
background information about the main materials that were used. Literature review (Chapter 2)
starts by discussing the background information about alumina (Al,O3), carbon nanotubes
(CNTSs), titanium carbide (TiC) and boron nitride (BN). Chapter 2 further describes how Al,O3
has been reinforced before by ZrO,, NiC, TiC and CNTs mainly trying to increase Al,O3 fracture
toughness.

Chapter 3 (Experimental details) starts by giving the list of materials to be used with their
supplier specifications. The equipment used with their suppliers and types/models are also listed.
This chapter gives details of all the experiments that were carried out. The findings that were
obtained from the experiments are given in Results sections (Chapter 4) with all the analysis
and detail of how the results were obtained. Chapter 5 (Discussion) describes in detail the
results that were obtained linking them to the findings that were obtained by other researchers as
reported in the literature review section (chapter 2). The dissertation ends with the Chapter 5
(Conclusion). This chapter gives conclusions that were drawn from the results; this chapter also

gives the recommendations for future work for this study.



Chapter Two

2.0 Literature review
For most of the “advanced” ceramics like alumina (Al,O3), Zirconium Oxide ZrO,, Titanium
oxide (TiOy), research was initially done for structural applications. However problems due to
the high production cost and reliability of these materials have made most researchers to pursue
applications utilizing different properties of these materials, such as optical, electrical and high
chemical inertness M. Therefore different methods have been employed in trying to improve the
mechanical, electrical and optical properties of these materials. In this work alumina was the

main focus.

This research was motivated by the potential that the multi-walled carbon nanotubes (MWCNTS)
can improve the mechanical and electrical properties of ceramics due to their superior properties.
Alumina is a ceramic material that is widely used commercially but its use it limited due to its
low fracture toughness and non electrical conducting behavor I”). Incorporation of MWCNTSs and
titanium carbide (TiC) into alumina has the potential of improving both mechanical and the

electrical conductivity of alumina.

This chapter begins by giving background information of each material that is used during the
course of the study, namely Al,O3, TiC and CNTs. It further describes how Al,O3; has been
reinforced with different materials previously to improve its mechanical properties. It also covers
the difficulties experienced and results obtained. This chapter is completed by describing the

methods for coating the CNTs with hexagonal Boron Nitride (hBN).



2.1 Alumina ceramic
Alumina is categorized as an advanced ceramic. This material is produced with controlled
quality and purity of the raw materials, and for which the processing conditions are carefully

controlled. Other advanced ceramic oxides include ZrO, and TiO, [

Alumina enjoys wide industrial use because of its combination of mechanical properties, high
corrosion resistance and low price 1. Representative properties of this material are given in
Table 1.

Table 1: Properties of Alumina ceramic ! #1101 121

Fracture Hardness | Thermal Flexural Modulus | Density | Poisson
toughness | (GPa) conductivity | strength of (g/cm™) | ratio
MPa Vm (W/ m. K) at elasticity
(MPa)
25°C
(GPa)
3-5 15-20 18 275-700 | 393 3.99 0.27-0.30

Alumina exists in different transitional oxide forms with the alpha (o) phase also known as
Corundum being the most stable at low temperatures. It has a mixture of covalent and ionic
bonding which gives rise to its properties ). The properties exhibited by alpha phase are
dependent on the starting particle size and processing conditions 2. The different transitional
alumina phases are denoted as vy, o, %, 1, k and n. These alumina meta-stable phases are
transformable to other phases by variation of temperature ). The most commercially used and
the most stable form of alumina is corundum (a). It is widely used for it properties; hardness,
high thermal conductivity, wear resistance, high strength and stiffness etc. One of the major
problems inhibiting use of this material is its low fracture toughness compared to other ceramics
[l Furthermore, alumina is electrically non conductive, and therefore finishing of parts made

with this material needs to be done by cutting as opposed to electron discharge machining .




Alumina is commercially used in wear pads, high temperature insulators, gas laser tubes, seal
rings etc % Improving mechanical properties of alumina has been continuously researched
during the past several decades. In terms of improving alumina properties, fracture toughness,
hardness and electrical conductivity are the most important in order to widen alumina uses
commercially and industrially. There are various methods of toughening alumina ceramics that
have been studied and utilised in the last decade without greatly compromising the other

properties like hardness and density. These will be discussed later in the chapter.

2.1.1 Sintering conditions of alumina
The particle size of the alumina powder directly affects the sintering temperature and the

densification rate !9 Different researchers have reported different sintering conditions to sinter
alumina and they are all affected by the particle size of the starting alumina powder. It was
reported that high density (99.9 % of theoretical) was reached after sintering at ambient pressure
at a temperature of 1577 °C and 1277 °C for 1 and 2 hours respectively for powder with particle
sizes 0.5 pm and 0.1 pm respectively %, S W Kim and W.S Chung sintered alumina at ambient
pressure and at a temperature of 1550°C for powder with 0.5 pum particle size. They obtained a
99.9 % density (Theoretical density 3.98 g cm™). It was concluded that the smaller the alumina
particle size the lower the sintering temperature to produce highly dense ceramic ™. Hot
pressing and SPS were also investigated and the results showed that 98 - 99.9 % relative density
was achieved with applied pressure ranging from 10 — 30 MPa and sintering temperature of
1500°C ¥,

2.1.2 Dispersion of alumina powder
Dispersing fine powders is generally difficult since the amount of dispersant used needs to be

proportional to the surface area of the powder 2. The most effective way of dispersing fine
particle sized alumina in deionised water is by pH adjustment to 4.4 with an acid ®. If an acid
cannot be used due to compatibility with the solvent being used or if it has negative effects on
the system being studied, other more aggressive methods like ultrasonication and milling have

been used M,



2.2 Carbon Nanotubes (CNTS)

2.2.1 Structure and properties
CNTs are an interesting new molecular form of carbon that belongs to the fullerene family **;
they were first discovered in 1991™. CNTs have played a significant role in both science and
engineering due to their combination of good properties. They are the first material to have a
combination of good thermal, electrical/electronic and mechanical properties . CNTs are
carbon allotropes that have sp? intra atomic bonds which are stronger than those displayed by
diamond, which are sp® %, The structure of carbon nanotubes can be described as a nanoscale
graphene cylinder with a very high aspect ratio. There are 3 different types of CNTs available
commercially; they are described according to the number of graphene sheets rolled to form a
cylinder with varying diameters. They are namely, single walled carbon nanotubes (SWCNTSs),
double walled carbon nanotubes (DWCNTSs) and multi walled carbon nanotubes (MWCNTSs) 61,
with the SWCNT and MWCNT being the most common ones. The difference between SWCNT,
DWCNT and MWCNT (Fig. 1) is mainly the number of graphene sheets within the tube which

give rise to the different properties.

Figure 1: Illustration of different types of CNTs, (a) SWCNT (b) DWCNT and (c) MWCNT &



CNTs can also have different conformation namely zigzag, armchair and chiral (Fig. 2).

Figure 2: Models of three atomically perfect SWNT structures [*®!

These properties that CNTs display make them ideal for a wide range of applications ™. Their

properties are listed in Table 2.

Table 2: Properties that are displayed by different types of CNTs (12 141 [181[1°]

Properties Magnitudes
Young’s modulus (TPa) ~1
Tensile strength (GPa) 63

Thermal conductivity (W/m. K)

e SWCNTs 5800
e MWCNT 3000
Density (g/cm™) 1.3

CNTs have Young’s modulus that is up to 5 times higher than that of steel and tensile strength
that is up to 50 times higher than that of steel ™. Their thermal conductivities are significantly
higher than that of diamond and copper which are 2000 ™ and 400 W/ m. K ™ respectively.
The resistivity of SWNTs was found to be = 10 Q.cm at 300 K ' and MWNTSs are able to
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carry a current density of 10” — 10° Acm™ P thus making CNTSs the most conductive tubes than

any other known tubes/wires.

2.2.2 Synthesis

2.2.2.1  Carbon arc discharge
Carbon arc discharge is the earliest method used for production of CNTs ??. The reaction

furnace was equipped with two graphite electrodes (one being the cathode and the other the
anode). An inert gas was introduced into the furnace while there was a large current applied to
the two graphite electrodes. The applied current consequently creates a spark between the two
electrodes which instantaneously vaporised the tip of the anode and this carbon gas formed the
carbon nanotubes along the walls of the reaction chamber/furnace. The nanotubes produced
through this method are free of defects. However other forms of carbonaceous species are also
formed which are difficult to separate and the production efficiently is also considered as low.
The schematic presentation of carbon arc discharge is shown in Figure 3.

o et
ity

Graphite

rod ‘ ' /C-soot

Deposit/ Graphite
rod

Figure 3: Schematic representation of carbon arc discharge method 2!
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2.2.2.2  Chemical Vapour Deposition
CNTs can be produced by a process called chemical vapour deposition (CVD) . This process

uses a hydrocarbon gas as a carbon source (e.g. Acetylene) which is catalyzed by a transition
metal catalyst (e.g. Fe, Ni, Co) at high temperature between 400 — 1000 °C depending on the
type of CNTs needed, for example when MWCNTS are needed the furnace temperature will be
adjusted to 800°C and when a mixture of MWCNT and SWCNTSs is needed the temperature will
be set at 850 °C as published by Iyuke et al. ?*. The flow rate at which the carbon source enters
the furnace is important in determining which type of CNTs will be formed. The schematic

demonstration of the catalysis is shown in Figure 4.

1 2 3

'CKH!( H2 CKH'I" H2
AN N S

Catalyst Particle Active Site Active Site

4 5 cx'd:}”z 6
CxHy H,
N

CyHy Hs
N

Figure 4: Growth mechanism of carbon nanotubes through CVD !

This method of producing CNTs consists of a vertical heat reactor which can have a sensitive
microbalance at the centre of the heat reactor to monitor any mass changes. A mass between 5-
10 mg of iron based catalyst (e.g. ferrocene or Fe,053) is placed at the centre of the heat reactor
on a platinum container. The production first step is to decompose the iron compound at a
temperature ~ 700°C to form Fe?* ions which serve as the active sites during the production of the
CNTs. The heating reactor is connected to the gas pipe which contains a mixture of the
hydrocarbon and hydrogen. After the iron compound has been decomposed at a high temperature
the hydro carbon gas line is opened at a specific flow rate and the hydrocarbon will react with the

active sites of the catalysts to form CNTs 7 (Fig. 4).
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2.2.3 Purification
CNTs can be purified according to three different methods namely; chemical, physical and multi
steps technique 8. Chemical purification is the most commonly used technique where the CNTs
are purified using an acid which automatically induces some functional groups (-OH and -
COOH) on to the tubes (functionalization). During chemical purification the metallic impurities
are dissolved in an acid and the carbonaceous impurities get oxidized, reducing the amorphous
carbon content 8. Physical purification is a method used if the final CNT needed should have
less structural defects since with this method no oxidation takes place. Oxidation can create
structural defects as the walls of the CNTs. This method works on the basis of the physical size,
standard gravity and magnetic properties of the sample and does not involve oxidation ™. Multi

— step purification is basically the use of both chemical and physical purification methods ™!,

2.2.4 Dispersion of carbon nanotubes
CNTs are non polar, therefore they mix with non polar solvents (like dissolve like). After
fuctionalization the tubes contains alcohol (-OH) and carboxyl (-COOH) groups which makes
them CNTs slightly polar. Therefore functionalized CNTs were dispersed in continuously
ultrasonicated deionised water with small addition of polyvinylpyrrolidone (PVP) . MWCNTSs
were also dispersed in deionised water with the use of the dispersant polyethylene amine

(concentration of 300 ppm) then ultrasonicated .
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2.3 Titanium Carbide
Titanium carbide (TiC) is one of the transition metal carbides that is widely used commercially
for it unique combination of properties. It has a black appearance and a face centered cubic
(FCC) structure . Titanium carbide wide commercial use is due to its high melting point of
3065°C (3338 K) % high hardness, high strength even at high temperatures %, high thermal
conductivity, high wear and corrosion resistance and chemical stability % B2 B3t is mostly
used in tools bits, structural components that operate at high temperatures, in wear resistant

parts®! and also for tribological applications B*. Properties of TiC are listed in Table 3.

Table 3: Titanium Carbide ceramic properties 2° ¢
Properties Density Hardness Fracture Electrical Yield
(g.cm™) (GPa) toughness Resistivity Strength
(MPa \Vm) (Q*m) (GPa) for
single crystal
4.92 24 4-6 0.003...0.008 | 20

Titanium Carbide ceramic can be produced through different methods. Traditionally it was
synthesized by TiO, powder reduction using carbon black B% B! byt this method is unfavourable
since it requires high temperature (1700 - 2100°C) and high reaction time (10 - 24 hours) B4 32
331 1t has also been produced by sol-gel processes, self-heated sintering and carbothermal
reaction B8 but these methods have shown some drawbacks by producing non-stochiometric
composition, formation of TiC,O, and also formation of coarse sintered structure . A new
method called Magnesium Thermal Reduction (MTR) of producing TiC which eliminates all the
drawbacks of the other methods has been recently introduced . In MTR titanium and carbon
atoms are initially in the form of chlorides (TiCl, and CCl,) and are reacted in the presence of
liquid magnesium to produce TiC. Some of the properties of TiC ceramics are affected by the
starting powder purity and particle size. The higher the purity and finer the particles, the higher

would be the mechanical strength B,
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2.4 Reinforcement of Alumina

2.4.1 Zirconia reinforcement
D.S Patil et al. ! worked on transformation toughening method as a way of improving alumina
fracture toughness. The alumina starting powder had a particle size of 0.52 um and that of
zirconia was 0.2 um. The ZrO, content in alumina was 15 vol. %. The composite powder was
pressed at a pressure of 276 MPa to form a green compact which was sintered in air at 1450°C
for 90 minutes. The sintered piece was further hot pressed at 1450°C under 10.35 MPa pressure
for 2 hours in argon atmosphere. The density of the sintered piece was 98% of the theoretical
(TD; 4.235 g cm™). Zirconia was evenly distributed within the alumina structure (Fig.5) after

sintering.

Figure 5: Polished section of Al,O3 — ZrO, after sintering. Showing the distribution of ZrO,
within the Al,O3 matrix =

The hardness and fracture toughness of the sintered ceramic were measured using the indentation
method. Hardness and fracture toughness was determined to be 17.8 GPa and 4.8 MPaVm
respectively. Fracture toughness of zirconia reinforced alumina was above that of pure alumina
(3.35 MPaVm). This property was increased by the fine Zirconia particles (Fig. 5) present in the
alumina matrix after sintering. The presence of the fine zirconia particles in alumina gives rise to

transformation toughening during crack propagation £%.
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2.4.2 Niobium carbide reinforcement

Acchar et al. B¥ used niobium carbide (NbC) to increase alumina fracture toughness. The
starting alumina powder had an average particle size of 2.3 um and a specific surface area of 1.5
m?.g™. It was anticipated that reinforcing alumina with niobium carbide would improve the
mechanical properties and suppress grain growth by pinning grain boundaries during the
sintering process **. NbC was mixed with alumina powder and the mixture was milled for 5
hours in a planetary ball mill to achieve a 30 wt% of NbC in alumina. The NbC/Al,O3; powder
was hot pressed at 1650°C with 30 MPa applied pressure in flowing Argon gas. The NbC was

evenly distributed within the alumina powder (Fig. 6) during mixing.

Figure 6: SEM image showing microstructure of NbC/Al,O3; composite (polished surface) white
NbC grains within grey Alumina ¢,

The ceramic density was 99 % of the theoretical (Theoretical density = 3.99 g cm™), the hardness
was measured to be 19.7GPa and the fracture toughness was found to be 4.5 MPavm. A
comparison of mechanical properties between this reinforcement (NbC/Al,O3) and other

reinforcement was made (Fig. 7 and 8).
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Figure 7: Comparison of hardness and relative density of Al,O3 and Al,O3-NbC materials
investigated in this work with other Al,O3 composite systems B¢
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Figure 8: Comparison of fracture toughness and flexural strength of Al,O3 and Al,O3-NbC
materials investigated in this work with other Al,O3 composite systems B¢
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2.4.3 Titanium Carbide Reinforcement
Cutler et al. ¥ studied the reinforcement of alumina ceramics with TiC. Reinforcing alumina

with TiC has the potential of increasing fracture toughness by inhibiting grain growth during
sintering 1. The amount of TiC that is currently used to reinforce alumina commercially is 30
wt. %. They used the same composition for their alumina reinforcement. In this study Al,O3 and
TiC were processed with two different methods; the first method utilised titanium (Ti) as the

sintering aid; the second method used an exorthermic reaction to synthesize TiC [,

In the first method, alumina and TiC were milled with titanium hydride (TiH;) in hexane for 24
hours for dispersion and homogenous mixing. The composite powder was wet sieved through a
325 pm sieve and then dry sieved through 80 pum sieve. TiH, was added into the composite
powder to form as Ti liquid phase during sintering to further densify the ceramic ©!. The
composite powder was sintered at temperatures between 1860 and 1875°C, and a pressure of 35
MPa for 10 min. Parralel to this some composite powder was hot isostatically pressed at different
temperatures between 1300°C — 1600°C. Pressure was varied from 100-200 MPa. The results

obtained are shown in Tables 4 and 5.

Table 4: Effects of pressing pressure on densification of Al,O3 + TiC (30 wt. %) &,

Pressure (MPa) Green Shrinkage (%) | Density (% of the theoretical density)
Density (% ] .

For green of the Sintered

compaction .

P theoretical Hot isostatic pressed "

density

135 58.5 15.7 96.5 99.8

205 59.5 15.3 97.3 99.8

275 60.2 14.9 97.0 99.8

345 60.3 14.5 97.0 99.8

% Pressurelessly sintered at 1875°C for 10 min. in Argon
® Hot isostatically pressed at 1600°C and 200 MPa in Argon

Table 5: Comparison of properties of Al,O3 + TiC (26.3 wt. %) + TiH, (3.7 wt. %) sintered

in N, at 1840 °C. Subsequently hot isostatically pressed in Argon .
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HIP conditions | Density(g Density (% | Strength Hardness Toughness
cm®) of the (MPa) (GPa) (MPa\m)
theoretical
density)
As sintered 4.22 97.5 415+55 17.3+£0.2 4304
1300°C, 100 4.24 97.9 555 + 58 17.8+0.4 42+04
MPa
1600°C, 4.33 100.0 681 + 28 19.4+0.5 41+0.2
100MPa
1700°C, 200 4.31 99.5 717 +£10 19.7+0.2 42+0.3
MPa

Figure 9: Optical microscope images of Al,Oz + TiC (26.3 wt. %) + TiH, (3.7 wt. %) sintered at
1840 °C in N (a) as sintered (b) sintered and then hot isostatically pressed at 1300 °C and 100
MPa in Argon &

The second method involved the use of TiC synthesized via an exothermic reaction. In this route
alumina and TiO, were dispersed by milling in hexane. The composite powder was wet sieved
through a 325 sieve and dry sieved through an 80 sieve. It was then placed in a graphite foil and
reacted in the quartz tube at a temperature of 660°C; the powders spontaneously reacted to form
Al,O3 and TiC. The composite powder was ball milled again and hot pressed at 1650°C, 35MPa
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for 10 minutes in argon. The powder was alternatively sintered pressureless at a temperature
between 1875 and 1950°C for 10 min. as shown in Table 6.

Table 6: Properties of pressureless sintered Al,O3+TiC (30 wt. %) composites made by

reaction mentioned above and sintered in Argon ¥,

Sintering Density g (cm™) | Strength (MPa) | Hardness (GPa) | Toughness
conditions (MPaVm)
Sintered at 4.23 387 +80 220+1.3 44+0.3
1875°C

Hot pressed 4.25 548 + 113 22.8+0.9 49+0.8
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Figure 10: Optical microscope images of Al,O3; + TiC (30 wt. %) composites; (a) (b) milled and
hot pressed (c) (d) pressure less sintered (e) (f) pressure less sintered and hot isostatically pressed
[3
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2.4.4 Carbon nanotubes reinforcement
Kim et al. " reinforced alumina with MWCNTs to increase the material’s fracture toughness

hence increasing its industrial applications. It was also intended to use the same reinforcement to
increase the thermal and electrical conductivity of this material. The MWCNT used for their

experiments were purified up to 98 % purity and with dimensions shown in table 7.

Table 7: The MWCNTSs dimensions and density. [“*

Properties Values
Diameter (nm) 2-20
Length (um) 2-5
Density (g cm™) 1.3

The alumina powder used had 0.5 um grain size (Sumitomo chemical) containing 0.1 wt% MgO.
The MgO was used to prevent aggregation between the CNTs and also to improve their
distribution through the matrix “%. CNTs were ultrasonicated and dispersed in ethanol, and were
then poured into alumina powder which was also in ethanol. The volume fractions of CNTs
added were within the range of 0 — 3 vol. %. Homogeneous distribution of the CNTs through
alumina was achieved by further ball milling the CNT/Al,O3 mixture with ZrO, balls for 5 hours.
After drying the slurry in an oven the powder was compacted in a mold under pressure of 20
MPa and was further pressed in a cold isostatic press at 200 MPa pressure. The green compacts

were pressureless sintered at 1550°C in argon.

The results obtained from these experiments showed that the relative density, shrinkage and
electrical resistance of the sintered pieces varied with the volume % of the CNTs as shown in
Fig.11.
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Figure 11: Shrinkage, relative density and electrical resistance as a function of vol% of CNT in
CNT/Alumina powder

Relative density decreased as the vol. % of CNTSs increased and when 3 vol. % of CNTs was
used the density decreased by 8%. The reduction of density with increasing CNTs vol% is
possibly due to the poor packing of CNTs within the alumina powder during sintering; this
constantly increases the pore volume fraction with increasing CNT content. The decrease in
density could also be due to different densities of alumina (3.99 g.cm™) and CNTs (1.3 g.cm™).
The graph in Figure 11 shows that the electrical resistance of the ceramic decreases rapidly up to
1.5 vol. % of CNTs and then slightly decreases as amount of CNTSs increased from 1.5 to 3vol.%.
When more than 1.5 vol. % of CNT was added, the pore volume fraction increased (shown by
reduction of density) which decreased electrical conductivity. The electrical resistance slightly
decreased which means that the ceramic reached its electrical conductivity threshold with the
amount of CNTs added.

The flexure strength and fracture toughness of the sintered piece also varied with vol. % of the

CNT in alumina powder (Fig. 12).
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Figure 12: Flexural strength (a) and fracture toughness (b) vs. volume % of CNT in
CNT/Alumina powder 4%

Flexural toughness increased with addition of CNTs up to ~ 1.5 vol. %, this can be attributed to
the strengthening mechanism of CNTs. The alumina reinforced with 1.5 vol. % CNTs had
flexural strength approximately about 40 % higher than that of pure alumina. The decrease in
flexure strength when the amount of CNTs is above 1.5 vol.% was due to the increase in porosity
within the material. The fracture toughness increased with vol. % of the CNTs. The maximum
value reached was 4.68 MPa Vm at 3 vol. % of CNTSs as shown in Fig.12. The fracture toughness
improved upon addition of CNTs while hardness, flexure strength and stiffness decreased with
more CNTs added. The ambiguity was due to indentation method used for measuring hardness
and fracture toughness 121, The increase in fracture toughness was both due to crack bridging

and grain interface bridging, as they are both well-known toughening mechanisms.
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Figure 13: SEM micrograms of Alumina reinforced with 3 vol. % of CNTSs, showing (a) grain
interface bridging (b) CNT bridging (c) both grain interface and CNT bridging (d) fracture
surface showing CNT pull outs %!

The results obtained showed that an increase in CNTs volume fraction within the alumina matrix
beyond 1.5 vol. % increases the pore volume fraction (porosity) which negatively affects the
flexure strength, electrical conductivity and density of the ceramic. Therefore in order to achieve
both toughening and strengthening of alumina, the CNT volume fraction range that must be used
is 1.5 — 2.25 [0,

Sun et al. ™ worked on the similar system of reinforcing alumina with MWCNTSs but the

ceramic piece was formed by hot pressing. The CNTs used had an average length of 100 nm and

a diameter ~10 nm and the alumina powder had particle sizes ranging between 200 — 300 nm

(Taimei chemical). The CNTs and alumina powder were mixed using a colloidal route. CNTs

were dispersed in deionised water with the use of polyethylene amine (concentration of 300ppm)

as a dispersant, and alumina was dispersed in deionised water with polyacrylic acid as the
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dispersant ™. The suspensions were mixed together in a beaker with vigorous stirring using a
stirrer bar; the coated CNTs from the mixing were then transferred to another alumina
suspension with 50 wt% ethanol, and the final CNT composition was ~ 1wt% of the amount of
alumina. The final suspension was then dried and sieved to homogeneously distribute the CNTs
within the powder. The composite powder was then hot pressed to 30 MPa pressure under Argon
atmosphere at different temperatures for an hour (temperatures used were 1350, 1400, 1450 and
1500°C). Pure alumina was also hot pressed under similar conditions for comparison. The
measured densities of the sintered parts were 98.9 % for CNT reinforced alumina and 99.9 % (of

the theoretical density) for pure alumina.
The results obtained showed that the fracture toughness varied with temperature (Table 8).

Table 8: Fracture toughness of CNT reinforced Al,O3 and pure Al,O3z, measured at room
temperature [

Sintering temperature AlL,O3 Al,Oz3+ 1 wt% MWCNT’s
(°C)

1350 3.0+£0.28 4.0+0.50

1400 3.7+£0.45 3.7+041

1450 3.9+0.50 3.9+0.59

1500 3.7+0.34 2.2+0.15

The results showed that the fracture toughness increased for the reinforced alumina compared to
pure alumina at low temperatures. At high temperatures the fracture toughness of the reinforced
alumina decreased below that of pure alumina. This phenomenon can be explained by CNTs
instability at high temperatures ™! and poor adhesion of CNTs to the alumina matrix as it is
shown by the large number of pull out in figure 14 (b). A comparison between a piece sintered at
1450 and 1500°C was done to examine any changes in the alumina structure. It was observed
that at 1500°C the alumina grains became more rounded and porous as shown by the arrows
(Fig. 14).
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Figure 15: The SEM images of the fracture surface of the composite sintered at 1500°C 4

The sample sintered at 1500°C had more pores compared to the sample sintered at 1450°C but it
had density very close to the density of the sample sintered at 1450°C. The authors suspected
that the measured density was higher that the true density of the sample sintered at 1500°C, since
it is impossible to measure closed pores using Archimedes method .

Estili et al. ® also worked on alumina reinforcement with CNT but they used Spark Plasma
Sintering (SPS) instead of hot pressing or pressure less sintering. In their research, high purity
CNTs were used, which had a high aspect ratio and a wide range of diameters (20 — 70 nm). The

alumina that was used had an average particle size of 150 nm. CNTs were functionalized by
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refluxing them in a mixture of nitric (HNO3) and sulphuric (H,SO,) acid at 110°C for 10 — 20
minutes. Alumina suspension was prepared by adding alumina in deionized water and the pH
was adjusted to 4.4 using 35 % HCI. The CNTSs suspension was gently mixed with the alumina
suspension with vigorous mixing using a stirrer bar. The mixing of the two powders was such
that the final CNT content in Alumina was 3.5 vol. %. The resultant suspension was dried in an

oven at 80°C.

The CNT-AI,O3 composite powder was sintered using SPS, at a temperature of 1500°C for 10

minutes under 50 MPa compressive stresses.

The results that were obtained showed that the relative density obtained was 99 % of the
theoretical density. There was a 67 % increase in fracture toughness when SPS was used (from
3.12 MPavm of pure alumina to 5.20 MPaVm of the reinforced alumina) '*.. This means that
when SPS was used more CNTs survived high sintering temperature to improve fracture
toughness of the ceramic as opposed to hot pressing which destroys them. CNTs were effective

in crack deflection and bridging even at high temperature (1500°C) as shown in Fig. 16.

Figure 16: FESEM micrograms of the indentation crack of a SPS-consolidated 3.5 vol. % CNT
in Al,O3 ceramic composite !
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The CNTSs that were situated perpendicular to the crack planes were effective in crack bridging
and the ones situated parallel to the crack planes also contribute to crack bridging as shown in
Figure 16 (e) but they contribute mostly to crack deflection as shown in Figure 16 (c) by black
arrows. The CNT survive high sintering temperatures when SPS is used since minimum time is
spent at those temperatures. It was also observed that even the inner wall of the multi walled
CNTs contribute to crack bridging without complete pullout from the outer wall and therefore

they also carry a load %,

2.5 Boron nitride
Hexagonal Boron nitride (hBN) is also known as the “white graphite” due to the similarities it
has to graphite. hBN has the same hexagonal crystal structure as graphite but it has superior
properties comparatively 3. hBN can be prepared in variety of ways depending on the intended
applications. Commercially there are two grades being offered, namely the microcrystalline type
with low purity but good sinterability and pure crystalline grade which has good thermal
conductivity and mostly used as lubricant 4. The hBN crystal structure is shown in Figure 17.

Figure 17: hexagonal crystal structure exhibited by hBN !

hBN offers good lubricating properties due to its low thermal expansion and low coefficient of
friction*®). It has good thermal resistance properties; it is stable up to 1000 °C in the air, 1400 °C
in vacuum and 1800 °C in inert gases (e.g. Argon) [+,
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The properties exhibited by hBN are listed in Table 9.

Table 9: The hBN properties [**!

Properties Magnitudes
Density (g cm™) 2.3
Melting point (°C) 3000
Coefficient of friction 0.15-0.70
Young’s modulus (MPa) 20 -102
Thermal conductivity | 0.08
(cal/cm.sec.K) (at 20°C)
Thermal expansion coefficient | 1 x 10 (parallel to press direction)
(per °C) 5 : i
4 x 10™ ( perpendicular to press direction)

The properties exhibited by hBN make it a suitable material for the protection of CNT in the
alumina matrix, in-order to prevent CNTSs instability at high sintering temperatures and to reduce

CNTs frictionless sliding out of the matrix.
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2.6 Coating CNTs with hexagonal Boron Nitride (hBN)

2.6.1 Urearoute
The CNTs that were coated using this method were first functionalised. The process of

functionalization is an attachment of organic groups on the surface of the tube (Fig. 18). These

groups are usually attached by the use of an acid ¢!,

U U

MWNT

Acid

OH COOH OH OH

I I
T T

OH OH OH COOH

Figure 18: Schematic representation of functionalizing CNTs with nitric acid ©¢!

Gomathi et al. “® published a method of coating carbon nanotubes with hBN using Urea route.
In this route, boric acid (H3BO3) and urea (CO (NH,), mixture was made in a molar ratio of 6:1
431 This mixture was heated up to 70°C to obtain a viscous mixture. The carbon nanotubes were
then dipped into the viscous solution for 1 - 3 hours. The longer the time the MWCNTS are kept
in the solution the thicker will be the h-BN coating on the CNTs walls. When the temperature of

the solution was raised to 70°C, boric acid and urea will dissociate according to the Reactions:

2H;BO; —&—  B,03 + 3H50 Reaction 2.1
(NH.),CO —2—»  NH3 + HCNO Reaction 2.2

The crucial reaction is the one between B,03; and NH3 where they form hBN which then gets

deposited on the surface of CNT’s walls.
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After the soaking the CNTSs they were heat treated in a tube furnace at 1000°C for 3 hours. Then

the following reaction took place;

B,Os+2NH; —= % 2BN + 3H,0 Reaction 2.3

SEM and TEM were conducted on the coated CNTSs to examine the coating morphology and also

to measure the coating thickness.

Figure 19: FESEM images of h-BN coated MWCNTSs (a) heavily coated MWCNTSs and (b) less
coated MWCNTSs 7]

Figure 20: TEM images of hBN coated MWCNTs 7!

The hBN coating was achieved on the CNTs with the maximum coating thickness of ~10 nm

(Fig. 20). The maximum coating thickness was achieved when the CNTs were soaked in the
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Urea and boric acid mixture for 3 hours. The coating that was obtained was not uniform as

shown by FESEM analysis in figure 19.

2.6.2 Nitridation route
Chen et al. ¥ devised another method of coating CNTs with hBN. Nitridation method includes

two steps: boric acid infiltration and nitridation ™®. Saturated boric acid was infiltrated through
the preheated MWCNT’s at 100°C. Then the boric acid dissociation reaction took place
according to Reaction 2.1.

2H3BO; _Ay B,O3 + 3H;0 Reaction 2.1

The MWCNT’s were dried in air and then loaded into quartz boats and placed inside a tube
furnace. The furnace was first purged with argon gas for 30 minutes. The temperature was then
raised to a temperature between 1100 — 1200°C at a rate of 10 °C.min™; then 99.99% purity
ammonia was introduced into the furnace at a rate of 20 ml.min™. The thickness obtained for

hBN coating was an increasing function of ammonia purging time.
The h-BN coating would be formed on the CNT’s walls according to Reaction 2.3.
B,03; + 2NH; —£ 5 2BN + 3H,0 Reaction 2.3

During the acid infiltration at 100°C, boric acid would dissociate to H,O and B,03, water would
evaporate and B,O3; would proceed to the nitridation step where it would react with NH3 to form
hBN which would then be deposited on the surface of CNT’s.
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Figure 21: SEM images of heat treated MWCNTSs after coating (4"

Figure 22: TEM images of BN coated MWCNT’s ((a) and (b)), the solid lines indicate the line-
scan EELS analysis (b) and (d) are HRTEM images of the framed region in (a) and (c)
respectively (4]

The above literature survey has provided crucial and relevant information for this work. It has
revealed most of the difficulties that has been experienced by other researchers in the same field

of study. The previous work has revealed that reinforcing alumina with MWCNTSs was not
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successful because the CNTs had poor adhesion to the alumina matrix and also that CNTs are
destroyed at high sintering temperature therefore they cannot serve as reinforcements. It was
discovered that the dispersion of the CNTs is crucial for the densification of the Al,O3-CNT
composite power. It has revealed that reinforcing alumina with TiC can greatly increase the
fracture toughness of alumina without compromising the other properties like hardness and

density.

The approach to this study is slightly different to what has been done before in order to utilize
the full potential of the CNTs as reinforcements. An attempt to improve CNTs adhesion to the
alumina by coating them with hBN is going to be done. Therefore this method has a potential of
eliminating the adhesion problem of the CNTs to alumina. The CNTSs are to be dispersed using a
dispersant in two different methods (more aggressive and less aggressive) to fully disperse the
CNTs within the alumina matrix therefore utilizing their full potential. Al,O3-CNT composite
powder was formed by milling the alumina and CNTs together to thoroughly mix the two
components. The Al,O3-CNT composite was sintered using Spark Plasma sintering furnace
which heats up to the sintering temperature at a high rate (250°C.min™.). This high heating rate
has the potential to sinter the alumina powder without destroying the CNTs. Therefore
reinforcing alumina with well dispersed CNTs and sintering the composite powder at high
enough heating rate will promote effective reinforcement. Therefore it should be possible for
CNTs to improve both the alumina fracture toughness (through crack bridging) and electrical
conductivity. The fracture toughness of alumina will be further increased by addition of TiC
through crack deflection. Addition of CNTs and TiC to the alumina matrix would ensure
improved mechanical and electrical properties which are the main inhibiting factors for increased

use of alumina commercially.
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Chapter Three

3.0 Experimental Procedure

This section describes how the starting powders CNTs, TiC and Al,O3; were processed and
characterized. CNTs were characterized using transmission electron microscopy (TEM) to
examine their surface and also to check for any amorphous carbon. TiC and Al,O; were
dispersed and analyzed using particle size analyzer to check for particle size distribution. This
section further describes in details how the powders were dispersed and mixed together in
suspensions, and also how the suspensions were dried. It then describes how the composite

powders were sieved and the sintering conditions at which the composite powders were sintered.

3.1 Materials and Characterization

3.1.1 Materials used
The properties and suppliers of the materials that were used for this study are shown in Table 10.

Table 10: The list of materials used and their manufacturer’s specifications

Alumina Titanium Carbide

Average particle size: 200 nm Average particle size: 200 nm
Grade: TM-DAR Grade: AB 255320

Purity: 99.99 % Purity: 98 % + Nano
Supplier: Taimicron Supplier: ABCR

Carbon Nanotubes Polyvinylpyrolidone (PVP)
Average length: 1.5 um Molar Mass: 24 000 g mol™
Average diameter: 9.5 nm Particle size: 110 um

Carbon purity: 95 % Supplier: Sigma Aldrich
Supplier: Nanocyl

36




Hexane fraction Lubrizol 2155

Purity: 99.99% Viscosity: 13 000 — 23 000 cP at 25°C
Aromatics: 0.01 % Supplier: Carst and Walker

Sulphur content : 0.0005%

Boric Acid Ammonia Gas
Grade: B0252 Purity: 99.99 %
Purity: 99 % Supplier: Afrox

Supplier: Sigma Aldrich

Ferrocene
Purity: 99 %

Supplier: Sigma Aldrich

3.1.2 Equipment used
The following equipments were used in order to successfully finish this work.

Ultrasonic probe

The ultrasonic probe used to disperse pure alumina and titanium carbide was HD 2200 Max.
Power®, it was purchased from Bendalin Sonoplus Pty Ltd (Fig.23). It was also used for

dispersion of carbon nanotubes by breaking down CNT agglomerates.
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Figure 23: The ultrasonic probe, HD 2200®

Particle size analyzer

Particle size analyzer used to measure particle size distribution of the powders in suspension was
Mastersizer 2000® with hydro 2000 MU cell (Fig.24). This instrument was equipped with an

ultrasonication system and a propeller to suspend the powder in solution before it measured the

particle size distribution of the suspension.

N
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Figure 24: The particle size analyzer, Mastersizer 2000

Attritor mill

The attritor mill Reeves, Szegvari attritor system type B®, supplied by Union Process (Fig. 25)
was used to further disperse CNTs. The mixing vessel had a volume of 500 ml and was made of

alumina. The alumina balls that were used were 2 mm in diameter.

Figure 25: Attritor ball mill Szegvari attritor system type B®

Planetary ball mill
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The planetary mill Fritsch Pulverisette 6 ® (Fig. 26) was used for mixing the powders in
suspensions. The mixing vessel had a volume of 250 ml and made of stabilized Zirconia. The

alumina balls that were used had a diameter of 2 mm.

Figure 26: Planetary ball mill, Fritsch Pulverisette 6°

Spark Plasma Sintering (SPS) machine

The Spark Plasma Sintering machine HP D 5/2® from FCT Systeme GmbH (Fig. 27) was used

for sintering of the samples. It uses graphite dies for pressing the powder sample. The same dies

act as electrical heating elements. A heating rate of 250°C.min™* was used in this work.
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Figure 27: The spark plasma sintering (SPS) machine, HP D 5/2®

Tube furnace

The tube furnace used in this work was Elite TSH17/75/150%, supplied by Elite Thermal
Systems Limited (Fig. 28) was used could reach maximum temperature of 1600°C. The tube that

was used throughout this work was made of mullite.
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Figure 28: The tube furnace, Elite TSH17/75/150®

Vickers hardness tester

The Vickers hardness tester, V-100-A2°, supplied by LECO (Fig. 29) was used for measuring

the hardness and fracture toughness of the sample. This instrument was equipped with a
microscope and a measuring device to measure the lengths of the indentation diagonals and that

of the cracks.
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Figure 29: Vickers hardness tester, V-100-A2

Electrical measurements

The DC 41-40 SMU, HC-2® from Air products (Fig. 30) instrument was used to measure the

electrical properties of the samples. It applies a voltage and measures the current passing through
the sample. This instrument then plots a graph showing the relationship between current and

voltage.
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Figure 30: The DC 41-40 SMU, HC-2®

Optical microscope

Optical microscope, Axiotech 25 HD®, from Carl Zeiss in (Fig. 31) was used to examine the
microstructure of the polished samples.
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Figure 31: Optical microscope, Axiotech 25 HD®

Scanning electron microscope

A Philips scanning electron microscope, XL30 series® (Fig. 32) was used for a more detailed
analysis of the sample microstructures.
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Figure 32: A Philips scanning electron microscope, XL30 series®

Transmission electron microscope (TEM)

The TEM, model 3000®, from Fischione Instruments Pty Ltd (Fig. 33) was used for CNTs
characterization.

Figure 33: Transmission electron microscope, model 3000°

3.2 Preparation of multi walled carbon nanotubes (MWCNT)
Carbon nanotubes were produced in the nano-technology laboratory, University of

Witwatersrand. The carbon nanotubes were produced by reaction of acetylene (C,H,;) and
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ferrocene [Fe (CsHs),] at a temperature of 800°C. Quartz wool was placed at the bottom of the
vertical tube furnace and a mass of 2 g of ferrocene was placed on top of quartz wool (which is
where the CNTs were collected). As the temperature was raised to 800°C ferrocene decomposed
and Fe®" particles were adsorbed onto the quartz wool. Then acetylene gas was pumped into the
tube furnace at different flow rates which were between 50 ml.min™ - 100 ml.min™ for 25
minutes. The variation of time and flow rate of acetylene was done to promote production of
MWCNTSs and also to produce MWCNTSs with smaller diameters. Acetylene served as the source
of carbon atoms, which with the aid of Iron ion (Fe?") as a catalyst produced carbon nanotubes.
The tube furnace was then left to cool down and carbon nanotubes were collected from the glass
wool. The CNTs were purified using a mixture of HNOj3 (55% concentrated) and H,SO, (98%
concentrated) and then analyzed using TEM. The preparations of MWCNTS yielded nanotubes
that had diameters between 40 — 200 nm (to be discussed later in Chapter 4). These MWCNTSs
could not be used for this study. The MWCNTSs that were used for this work were purchased
from Nanocyl Pty Ltd. They had an average length of 1.5 um and an average diameter of 9.5 nm
as measured by TEM. They were also specified to have carbon purity of 95 % measured using
thermogravimetric analysis (TGA).

The “as received” MWCNT were analyzed using TEM at the University of Witwatersrand,
Johannesburg. The TEM images showed that the “as received” MWCNTs had a smooth surface

and there was no amorphous carbon (Fig. 34).
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Figure 34: The TEM images of CNTs showing that the CNTs had no amorphous carbon (a)
and they had smooth surface (b)

3.3 Dispersion of pure alumina powder
Alumina powder that was sourced from Taimicron Pty Ltd was dispersed and analysed for
particle size distribution using a particle size analyzer. A mass of 20 g of alumina powder was
dispersed in 150 ml of hexane by ultrasonication using an ultrasonic probe for 30 minutes to
break down any agglomerates that may have formed. The particle size analyzer showed a

unimodal particle size distribution (Fig. 35) and the average particle size was 0.22 pm.
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Figure 35: Particle size distribution of pure alumina, it shows unimodal particle size
distribution with d(0.1)=0.14 um, d(0.5) = 0.22 pm and d(0.9)=0.33 um

3.4 Dispersion of pure Titanium Carbide powder
Titanium Carbide (ABCR Pty Ltd) was purchased with an average particle size of 0.2 um and
98% purity.

TiC was dispersed and analyzed using particle size analyzer to confirm the average particle size.
TiC was dispersed in hexane with the use of Lubrizol dispersant. Rheology studies were done to
determine the amount of Lubrizol dispersant to be used to disperse TiC powder. The weight
percentages of Lubrizol tested were 2, 4, 6, 8, 10 and 12. The suspensions that were made for
rheology study were all made had 40 % particle loading. A graph of viscosity against Lubrizol

content at constant shear rate (200 s™) was plotted (Fig. 36). The amount of Lubrizol that
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corresponds to the minimum viscosity on the graph shown in red is the amount of Lubrizol

sufficient to fully disperse the TiC powder (Fig. 36)
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Figure 36: A graph showing the variation of viscosity in suspensions as a function of the
Lubrizol content at a constant shear rate (200s™).

Figure 36 show that the minimum viscosity is in a range from ~ 6.5 — 8 wt% Lubrizol and that 2

wt. % of Lubrizol suspension had a very high viscosity (point not shown on the graph).

Therefore a mass of 8.6 g of TiC was dispersed in 100 ml of hexane using ultrasonic probe for 2

hours with different Lubrizol weight percentages namely: 6.5, 7, 7.5 and 8. After ultrasonicating

the suspensions, particle size analysis was done. The Lubrizol wt. % that yielded a unimodal

particle size distribution (distribution with a single peak) and an average particle size that

correspond to the powder specifications was 6.5 wt. % (Fig. 37).
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Figure 37: Particle size distribution of TiC with 6.5 wt. % lubrizol, it shows unimodal
particle size distribution with d(0.1)=0.14 um, d(0.5) = 0.18 um and d(0.9) = 0.23 um

The highest Lubrizol content (8 wt. %) produced a unimodal particle size distribution with a
larger average particle (dsg) size compared to the powder specification (Fig. 38). Therefore 6.5

wt % was used for all the other TiC dispersion that were done thereafter
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Figure 38: Particle size distribution of TiC with 8.5 wt. % lubrizol, it shows unimodal
particle size distribution with d(0.1) 0.51 pum, d(0.5)= 0.57 um and d(0.9)=0.64 um

3.5 Coating carbon nanotubes with hexagonal boron nitride
The method used for coating carbon nanotubes is called nitridation which comprises of two

steps: boric acid infiltration and conversion of boron oxide and ammonia into boron nitride.

Boric acid solution was formed by dissolving 5 g of boric acid powder (99.99% pure) in hot
distilled water at a temperature of 80°C in a beaker. The beaker was then placed inside an
ultrasonic water bath. A mass of 0.2g of CNTs were poured into the boric acid solution with
0.02g of polyvinylpyrolidone (PVP) as a dispersant. The mixture was ultrasonicated for 20
minutes while keeping the water bath temperature constant at 80°C. The mixture was dried in a
drying oven overnight with the oven temperature set to 80°C. Boron oxide was deposited on the
carbon nanotubes after drying according to the following chemical reaction;

2H,BO,—%—-B,0, +3H,0 Reaction 3.1
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The boron oxide (B,O3) covered CNTs were placed inside a tube furnace and it was purged with
argon gas for 60 minutes. The temperature of the tube furnace was raised to 1165°C, and
ammonia gas (99.99% pure) was pumped into the tube at a flow rate of 20 ml.min for 60
minutes. Ammonia gas reacted with boron oxide to form boron nitride onto the surface of CNTs
according to Reaction 3.2.

B,0, +2NH, —2->2BN+3H,0 Reaction 3.2

3.6 Suspension formation and mixing of the suspensions
Dispersion and mixing of the powders was divided into three sections. This sections starts by
describing the dispersion and mixing methods used to form Al,O3+CNTs suspension, it then
proceeds by describing the formation of Al,O3+TiC suspension and lastly the Al,O; + CNT +

TiC suspension,

3.6.1 AIl,O3; + CNTSs suspension formation
The CNTs + Al,O3 suspension was done using two methods, varying the degree of intensity.

Both the methods used alumina balls with a diameter of 2 mm.

3.6.1.1 High energy milling (more aggressive)
The high energy milling was done at Element Six Pty Ltd. A mass of 0.2 g of carbon nanotubes
were dispersed in 100 ml of hexane, attritor milled at a speed of 1500 rpm for 1 hour, with the
use of 0.02 g of PVP dispersant and 20 g of alumina balls (2 mm in diameter). After the CNTs
were dispersed they were poured into with already dispersed 20 g of alumina suspension (in 150
ml hexane) in a beaker under constant stirring using a stirrer bar to obtain 3 vol. % (1 wt%) of
CNTs in alumina. The resultant mixture was further stirred for 20 minutes. The mixture was then
transferred back into the attritor mill and milled for 2 hours at a speed of 1500 rpm and with 100
g of alumina balls. The ball to powder ratio that was used was 5:1 and total hexane volume was

250 ml. The mixture was dried using a rotary evaporator and sieved through 80 um sieve.
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3.6.1.2 Low energy mill (less aggressive)
The low energy milling was done at the University of Witwatersrand, Johannesburg. A mass of
0.2 g of CNTs were dispersed in 100 ml of hexane using an ultrasonic probe for 30 minutes and
they were milled for 2 hours in the attritor mill at a speed of 450 rpm, with the use of 0.02 g of
PVP dispersant and 20 g of alumina balls (2 mm in diameter). After the CNTs were dispersed
they were poured into an already dispersed alumina suspension containing 20g of alumina and
150 ml hexane. The mix was in a beaker under constant stirring using a stirrer bar to obtain 3
vol% (1 wt %) of CNTSs in alumina. The resultant mixture was further stirred for 20 minutes. The
mixture was then transferred into a planetary ball mill vessel and milled for 4 hours at a speed of
500 rpm and 100 g of alumina balls (2mm diameter). The ball to powder ratio used was 5:1 and
the total hexane volume was 250 ml. The mixture was dried using a rotary evaporator and sieved

through 80 um sieve.

3.6.2 Al,O3 + TiC suspension formation
A mass of 8.6 g of TiC was dispersed in 100 ml hexane using ultrasonic probe as described in

Section 3.4 and a mass of 20 g of alumina was also dispersed in 150 ml hexane using ultrasonic
probe as described in Section 3.3. The suspensions were mixed in a beaker by slowly pouring the
TiC suspension into the alumina suspension under constant stirring using a stirrer bar to obtain
30 wt. % (26 vol. %) of TiC in alumina. The mixture was further stirred for 20 minutes after the
suspensions were mixed together. The mixture was then milled using a planetary ball mill for 5
hours at a speed of 500 rpm with 100 g of alumina balls (2 mm in diameter). The ball to powder
ratio that was used was 5:1 and the total volume of hexane used was 250 ml. The mixture was
dried using a rotary evaporator and sieved through 80 um sieve. After the powder was dried,

Lubrizol was burned-off in a tube furnace under argon atmosphere at 600°C for 1 hour.

3.6.3 Al,O3; + TiC + CNTSs suspension formation
A mass of 0.2 g of CNTs was dispersed in 100 ml of hexane using ultrasonication and attritor
milling as described in section 3.6.1.2 (low energy milling) and a mass of 8.6 g of TiC was
dispersed in 100 ml of hexane using ultrasonic probe as described in section 3.4 and a mass of

20g of alumina was also dispersed in 150 ml hexane using ultrasonic probe as described in
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section 3.3. The already dispersed CNT, Alumina and TiC suspensions were mixed in a beaker
under constant stirring using a stirrer bar to obtain 2.1 vol. % (0.7wt%) of CNTs and 30 wt. %
(26vol %) TiC in alumina. The suspension was then milled using a planetary ball mill for 4 hours
at a speed of 500 rpm with 100 g of alumina balls (2 mm diameter). The ball to powder ratio
used was 5:1 and the total volume of hexane used was 250 ml. The mixture was dried using a
rotary evaporator and sieved through an 80 um sieve. Lubrizol was burned-off from the powder

before sintering in a tube furnace under argon atmosphere at 600°C for 60 minutes.

3.7 Compaction of Al,O3; + CNT sample
The [Al,03 + CNT (3 vol. %)] powder was compacted using a compaction die in combination
with a hydraulic press to examine whether the mixing method was sufficient and to examine the
distribution of CNTs within the alumina powder. The powder was pressed with a pressure of 220
MPa for 15 minutes. The green compact had a bulk green density of 2.11 g.cm™, which is 53%
of the theoretical.

3.8 Sintering of the composites powders
A mass between 5 - 6 g of each powder was weighted and sintered using a graphite die. The
graphite discs were coated with hBN to reduce any carbon diffusing into the samples. The
sintering conditions for each composite powder are shown in Table 11.

Table 11: Sintering conditions used for sintering different composite powders using SPS

Composite Sintering Sintering Dwell time | Heating rate
powders temperature ("C) | pressure (minutes) (C.min™)

(MPa)
Al,O; 1600 35 10 250
Al,O3+CNTs 1600 35 10 250
Al,03+TiC 1600 35 10 250
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Al,O3+TiC 1700 35 10 250

Al;O3+CNTs+TiC | 1650 35 10 250

3.9 Thermal Etching of pure Al,O; and [Al,O;+CNTs) samples
Polished alumina and [Al,O3+CNTs] samples were thermally etched to reveal the grain
boundaries. Thermal etching is a process where heat energy is used to etch the grain boundaries
of the sample hence revealing grains. This process was done using a tube furnace and an argon
atmosphere. After the furnace was programmed to heat up at 10 °C.min™, furnace was purged
with argon. The thermal etching was first done at 1200°C for alumina and at this temperature the
alumina grains were not fully revealed. Therefore a higher temperature of 1300°C was used for

both of the samples.

3.10 Density Measurements
After the samples were sintered they were sand blasted to remove hBN and any other particles on
the surface. The density and open porosity of the sintered samples was determined using the
Archimedes principle, taking the density of water to be 1 g.cm™. The samples were first boiled in
distilled water for 3 hours to displace any voids within the sample with water. After boiling the

samples, three measurements of mass were done for each sample; these were suspended mass

(Myg), wet mass (M, ) and dry mass (M ). Density was measured using Equation 1.

M .
p = —-0 X Puiater Equation 1
IVIW -M S
And the open porosity can be calculated by
M,y — M .
Popen = ———X Equation 2
I\/IW -M S
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3.11 Cutting, mounting and polishing the sintered samples
The samples were cut using a diamond blade into half so as to examine the cross sections. They

were mounted using Polyfast® resin and a sample mounting machine. They were then polished

using an automatic polishing machine according to the steps in Table 12.

Table 12: The grinding and polishing steps that were used to polish all the samples

Grinding

Step PG FG1 FG 2

Surface MD-Piano 220 MD-Piano 1200 MD-Largo
Abrasive type DP-Susp. P 9 um
Lubricant type Water Water Water

Speed [rmp] 200 150 150

Force [N] 10 10 10

Holder direction » » »
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Time [min.] 20 30 40

Polishing

Step PG FG1 FG 2

Surface MD-Dac MD-Nap MD-Chem
Abrasive type DP-Susp. P 3 um DP-Susp. P 1 um OP-S, P 0.04 pum
Lubricant type DP-Blue DP-Blue -

Speed [rmp] 150 150 150

Force [N] 10 10 10

Holder direction » » »<

Time [min.] 30 15 5

3.12 Fracture surface of Al,O; + CNTSs

The Al,O3 + CNT sintered piece was fractured using a steel bar and the fracture surface was

analysed using scanning electron microscope.

3.13 Analysis of materials

3.13.1 Optical Microscopy and Scanning electron microscopy
Optical microscope Axiotech 25 HD® from Carl Zeiss and Philips scanning electron microscope,
XL30 SERIES® fitted with a field emission gun operating between 5 and 30 kV were used to

examine the microstructure of the polished samples, the fracture surfaces of the samples and to
examine the path taken by cracks when they are propagating through the sample. Optical
microscopy was used as the starting analysis before scanning electron microscopy so as to obtain

an idea whether the polishing process was successful.
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3.13.2 Hardness and Fracture toughness measurements using
indentation method
Hardness and fracture toughness were measured using an indentation method, where an indent
was made on the surface of the polished sample under a 5 kg constant load for both hardness and
fracture toughness measurements. The load was kept on the sample for 10 seconds. The

diagonals and crack lengths that were induced by an indent (Fig. 39).

Figure 39: Indication of how the diagonals of the Vickers indentations and the crack
lengths were measured

d = diagonals and ¢ = crack length

Vertical and horizontal diagonals and crack lengths were measured and an average was taken for
the calculations.

P
Hv = 1854'4F Equation 3

Equation 3 was used for calculating the Vickers hardness of the samples (HV), where P = the

applied load in Newtons (N) and d is the average of the two diagonals in micrometers (um).

E 12 P
Kic ZS{WJ (CgTj Equation 4
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Equation 4 was used for the calculation of the fracture toughness of the samples (K,c), where &

the calibration constant (0.016), E is the Young’s Modulus of Elasticity (GPa) and ¢ the average
crack length (um).

3.13.3 Electrical conductivity measurement
The electrical conductivity was measured using DC 41-40 SMU which applied a voltage of
different magnitudes to the samples depending on the conductivity of the sample and the
resultant current was measured. The samples that were used to measure electrical conductivity

were cut into the dimensions shown in Table 13.

Table 13: The dimensions of the samples and the calculated area

Sample Length (mm) | Width (mm) | Breadth (mm) Cross sectional
Area (m?)

Al,O3 1.80 0.43 0.40 1.7 x 10"

Al,O;3 + CNTs 1.90 0.30 0.28 8.4x 107

Al,O3 + TiC 1.95 0.38 0.30 1.1x10”

Al,O3 + CNTs + TiC | 1.80 0.40 0.38 1.5x 10"

The shape of the cut samples is shown in Fig. 40. The DC 41-40 SMU instrument applies a

voltage to the sample though two wires and measures the current passing through.
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Figure 40: Images of the (Al,O3, [Al,O3+ CNTs (3 vol. %)] and [Al,O3+TiC (30 wt. %0)]
samples, the black samples being the conducting samples.

Chapter Four

4.0 Experimental findings

This section of the dissertation describes the results obtained from the experiments conducted.
Firstly the results that were obtained from the production of the nanotubes and the coating of the
sourced CNTs are described. Subsequently analysis and properties of pure Al,03, Al,O3+CNTSs,
Al,03+TiC and Al,O3+CNT+TiC are reported. The powders were mixed a systematic way so as
to fully understand the system as described in chapter 3; therefore the results that were obtained
are presented in a sequence corresponding to the way the powders were mixed. The results
section starts with the comparison between pure alumina and mixture of alumina with CNTSs, the
pure alumina and mixture of alumina with TiC and lastly the comparison of all the results

obtained from each sintered ceramic.
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4.1 Preparation of the Carbon nanotubes
The CNTs production experiment was done at the University of Witwatersrand, showed that
carbon nanotubes were formed (Fig. 41). The variation in acetylene flow rate had little effect on
the amount of MWCNTSs produced; therefore the results discussed here are for a flow rate of 60
ml/min and a time of 25 minutes. The MWCNTSs that formed had diameter between the range of
40-150 nm (Fig. 41 and 42).

Nano-fibre

Figure 41: TEM images of multi walled carbon nanotubes in a mixture with amorphous
and nano-fibres carbon as pointed by the red arrows.




Figure 42: TEM image of carbon nanotube showing that it had a diameter of 42 nm

4.2 Coating and dispersion of Carbon nanotubes with hBN
The hBN coated CNTs were analyzed using TEM. The samples were first ultrasonicated for 20
minutes. The images in figure 43 show that the carbon nanotubes were possibly coated with
hBN, but it could not be confirmed by EDX since the TEM used was not equipped with such an

instrument.

61



Figure 43: TEM images of hBN coated CNTSs ((a), (c)) and uncoated CNTs ((b), (d)) the
hBN coating is shown by the interface pointed by the arrows which is only present on the
coated CNTs but not the uncoated CNTSs.

The hBN coating was “flaking off” of the CNTs after ultrasonicating them for 20 minutes. The
“flaking off” is evident by the uneven CNT walls. The images (Fig 44) show the “flaking-off” of
the hBN coated CNT.

Figure 44: TEM images of CNTs coated with hBN, the uneven surface of the CNTs shows
that the coating was flaking off due to the ultrasonication.

The major problem with the hBN coated CNTs was that boron oxide melts at ~ 450°C forming a
carbon nanotube matte, so even if it was possible to coat single carbon nanotube during the
reaction with ammonia it would be surrounded by excess hBN. The hBN coated CNT increased
the difficultly of dispersion. The hBN coated CNTs were dispersed using ultrasonication for 20
minutes and the TEM results shows that the coating was “flaking off”. The “flaking off” of hBN
coating reveals that the CNT- hBN interface was weak.
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4.3 Compaction of Al,0; + CNT sample
The [Al,O3 + CNT (3 vol. %)] green compact was analyzed using optical microscope to examine
the CNTs distribution within Al,Os;. The CNTs were well distributed within the alumina
(Fig.45).

Figure 45: Optical microscope images of [Al,O3 + CNT (3 vol. %)] green compact

4.4 Sintering curves of the samples
The SPS sintering curves give information about the SPS machine status and information about
the behavor of the material during sintering. For example from the SPS data after sintering, if
there is a shift in the graph of temperature, density and time for the same sample that could mean
there was a fault with the SPS machine itself. This section of the dissertation focuses on the

behavor of the material during sintering more then the status of the SPS machine.

4.4.1 Al,O3sample
The programmed sintering temperature for Al,O3; sample was 1600°C. The recorded temperature

profile and piston travel was plotted against sintering time (Fig. 46 (a)) and piston speed was
plotted against sintering time (Fig. 46 (b)).
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Figure 46: Relationship between temperature and piston travel (a) and temperature and

piston speed (b) during sintering of Al,O3 sample

The sintering curves show that the sample was initially compacted at 400°C and the sintering of
the sample occurred at 1600°C and dwelled for 10 minutes.
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4.4.2 [Al,O;+CNTs] sample
The programmed sintering temperature for [Al,O3 + CNTs] sample was 1600°C. The
temperature and piston travel against sintering time (Fig. 47 (a)) and piston speed against
sintering time (Fig. 47 (b)).
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Figure 47: Relationship between temperature and piston travel (a) and temperature and
piston speed (b) during sintering of [Al,O3 + CNTSs (3 vol.%)] sample

The sintering curves show that the addition of the CNTs into alumina did not change the
compaction process (Fig. 47(b)) which occurred at 400°C. The sintering of the sample occurred
at 1600°C and dwelled for 10 minutes.
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4.4.3 [Al,O5+TiC] sample
The programmed sintering temperature for [Al,O3 + TiC] sample was 1700°C. Temperature and
piston travel against sintering time (Fig. 48 (a)) and piston speed against sintering time (Fig. 48

(b)).
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Figure 48: Relationship between temperature and piston travel (a) and temperature and
piston speed (b) during sintering of [Al,O3 +TiC (30 wt%o)] sample

The sintering curves show that the addition of TiC into alumina did not change the compaction
process (Fig. 48(b)) which occurred at 400°C. The sintering of the sample occurred at 1700°C
and dwelled for 10 minutes.
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4.4.4 [Al,O3+CNTs +TiC] sample
The programmed sintering temperature for [Al,O3 + CNTs + TiC] sample was 1650°C. The
temperature and piston travel was plotted against sintering time (Fig. 49 (a)) and piston speed
was plotted against sintering time (Fig. 49 (b)).
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Figure 49: Relationship between temperature and piston travel (a) and temperature and
piston speed (b) during sintering of [Al,O3 +CNTs +TiC] sample

The sintering curves show that the addition of both TiC and CNTs into alumina did not change
the compaction process (Fig. 49(b)) which occurred at 400°C. The sintering of the sample
occurred at 1650°C and dwelled for 10 minutes.
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4.1 Density measurements of the sintered ceramics
The density of the samples was measured according to the method described in Chapter 3 and the

results are given in table 14.

Table 14: The density results for all the samples, with their theoretical densities and the
sintering temperatures

Material Theoretical Measured Density (%) Sintering
density (g.cm™) | Density (g.cm™) temperature

(O

Pure Al,O3 3.98 3.97+£0.04 99.8 1600

Al,O3+CNT (3 vol. | 3.90 3.88 £ 0.06 99.4 1600

%)

AlL,O3+TiC (30 wt. | 4.23 4.04 £0.08 95.5 1600

%)

AlL,O3+TiC (30 wt. | 4.23 4.18 +0.03 99.0 1700

%)

Al,Os+CNT (31]4.17 4.14 £ 0.06 99.2 1650

vol.%) +TiC (30 wt.

%)

The theoretical densities of the composite powders were calculated according to Equation 5. The
calculation for theoretical density of [Al,O3 + CNT (3 vol. %)] is shown and for the other

composite powders, the calculations are shown in Appendix A.
pf=p1 (f) + (1- 1) p2 Equation 5
pr = Final density of the mixture and f = volume fraction

p1and p2= Density of monolithic powder
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Calculation of theoretical density of [Al,O3 + CNT (3 vol. %)] sample

p1 (Al,03) = 3.98 g.cm™ p2 (CNTs) = 1.3 g.cm™
f (CNTs) = 0.03

pr=23.98 (0.97) + 1.3 (0.03) = 3.90 g.cm™®

4.2 Microstructural analysis of the sintered samples
After the samples were polished their microstructures were analyzed using optical and scanning
electron microscopy. They were first analyzed using optical microscopy to determine whether

the polishing was successful; they were re-polished if necessary.

4.2.1 Alumina sample
The images of pure alumina in figure 50 that was taken using an optical microscope shows that

the sample was dense with no pores on the cross section (Fig. 50).

Figure 50: Optical microscope images of pure alumina showing that the sintering was
successful since there are no pores showing on the polished cross section.
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4.2.1.1 Thermal etching
Alumina samples were thermally etched according to the procedure described in chapter 3.
Thermal etching was carried out at two different temperatures to determine which one gave

better results. The results of samples thermally etched at 1200°C and 1300°C are shown in Fig.

51 and Fig. 52 respectively.

-

AccV Spot Magn Det WD 1 10um
5.00kv 5.0 2000x SE 8.0 AI203

AccV Spo‘r Magn  Det Wi
5.00kV 5.0 5000x SE 8.0 AI203

Figure 51: SEM images of alumina thermally etched at 1200°C for 60 min., showing
alumina grain size between 2 — 4 pum

AccV SpotMagn Det WD Exp F— 2um
5.00kv 3.0 10000x SE 100 1 Al203

Figure 52: SEM images of alumina thermally etched at 1300°C for 60 min., showing
alumina grain size between 2 — 4 pum
The results obtained from the thermal etching of the samples showed that the sample etched at
1300°C revealed the grains more clearly than the sample etched at 1200°C. Therefore thermal
etching of [Al,O3 + CNTs (3 vol. %)] samples was done at 1300°C for 60 min.
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4.2.2 [Al,O3 + CNTs (3 vol. %)] sample
A sintered sample of [Al,O3 + CNT (3 vol. %)] was analyzed using optical microscopy. The
CNTs were evident as black spots pointed by the red arrows (Fig. 53 and Fig. 54). The CNT
distribution dispersed using a high energy attritor mill at 1500 rpm (Fig. 53) was similar to the
one operated at 500 rpm (Fig. 54) as described in chapter 3. The CNT were distributed within the
alumina matrix even though it still had some agglomerates. The black bold arrows on the images

show the sintering direction.

Figure 53: Optical microscope image of [Al,O3 + CNT (30 wt. %0)] dispersed at 1500 rpm,
sintered at 1600°C, 35 MPa

Figure 54: Optical microscope image of [Al,O3 + CNT (30 wt. %)] dispersed at 500 rpm,
sintered at 1600°C, 35 MPa
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The [Al,O3 + CNTs (3 vol. %)] samples were further analyzed using SEM. The SEM images
show that the CNTs were distributed within the alumina matrix (Fig. 55 and Fig. 56). The black
spots were analyzed using EDS and it was confirmed that they were carbon from CNTs (Fig.56).

cchHé‘piou‘r M'.agir] Det WD Exp 1 500 um S lAccV SpotMagn Det WD Byp F—— 10pm
50kv50 3%x CL 1080 Al203+cNT : 150kvb0 2000x CL 11.00 AlI203+CNT (E)

Figure 55: SEM images of [Al,O3 + CNTSs (3 vol. %)] sample that was milled at 1500rpm,
showing a distribution of carbon nanotubes (as black spots) within alumina.
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Figure 56: SEM images of [Al,O3 + CNTSs (3 vol. %)] sample that was milled at 500rpm,
showing a distribution of carbon nanotubes (as black spots) within alumina.
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The SEM results obtained from the dispersion and distribution of CNT within alumina show that
there was no difference observed between the aggressive milling method and the less aggressive
milling method (Fig. 53 and Fig.54). Therefore the less aggressively dispersed samples were

used for all other analysis.

4.2.2.1 Thermal etched sample
After thermally etching [Al,O3 + CNTs (3 vol. %)] sample, the grains revealed had a grain size

were between 0.2 — 0.5 um (Fig. 57).
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Spectrum 2

Spectrum 3

Figure 57: SEM images [Al,O3 + CNTs (3 vol. %)] sample, thermally etched at 1300°C
under argon atmosphere, showing grain size between 0.3 — 0.5 um. the EDS shows that
carbon atoms are mostly found along the cracks and grain boundaries (as pointed by the
arrows).
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4.2.2.2 Fracture surface of the sample
The [Al,03+CNTs (3 vol.%)] sample fractured surface was analyzed using SEM to show CNTs

“sticking-out” of the alumina matrix. The fractured surface SEM results showed the CNTSs pull-
outs (Fig.58) revealing that CNTs survived the sintering conditions and therefore they can act as

Al,O3 reinforcement.

" J00kV 80008x 59mm SE

Figure 58: SEM images of [Al,O3 + CNTSs (3 vol. %0)] fractured surface showing CNTs
sticking out of the alumina matrix as shown by the arrows.
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4.2.3 [Al,O3+ TiC (30 wt. %)] sample
The Al,O3+TiC (30 wt. %) samples were sintered at 1600°C and 1700°C to determine which
temperature was sufficient to densify the sample to highest density. The samples were both
examined using optical microscopy. The results obtained show that TiC was well distributed
(Fig. 59 and Fig. 60), but from the optical microscopy images it was not easy to determine which

temperature was sufficient in densifying the sample.

Figure 59: Optical microscope image of [Al,O3 + TiC (30 wt. %)] sintered at 1600°C, 35
MPa

Figure 60: Optical microscope image of [Al,O3 + TiC (30 wt. %)] sintered at 1700°C, 35
MPa
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In order to determine which temperature was sufficient to densify the sample, SEM analysis was
done on the cross section of the sample (Fig. 61 and Fig. 62). The white particles are TiC and the

grey matrix is alumina.
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Figure 62: SEM images of [Al,O3 + TiC (30 wt. %0)] sintered at 1700°C, 35 MPa

The SEM images of the samples sintered at 1600°C and 1700°C both show that the TiC was well
distributed within alumina matrix. The sample sintered at 1600°C was porous as shown by the
arrows (Fig.61), the sample sintered at 1700°C showed little porosity (Fig. 62). Therefore the

sample sintered at 1700°C was further analyzed.
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After it was determined that the sample sintered at 1700°C had well distributed TiC grains and

was nearly completely densified, crack propagation was examined using SEM (Fig. 63).

2.l4a3
:qifr &
. ’ﬂ‘&u’.

A.‘a- -l [ & = . - J-‘
AccV SpotMagn Det WD Exp 1 2um AccV SpotMagn Det WD Exp 1 1pm

il50kV50 10000x CL 121 0 Al203- TiC 150kv 50 20000x CL 121 0 Al203- TiC
v W w T —_—e iy )

Figure 63: SEM images of [Al,O3 + TiC (30 wt. %)] sample, showing the path of a crack
propagated through the surface of the polished sample. The TiC grains deflect the crack
therefore changing the crack path.

The [AlO3 + TiC (30 wt. %)] sample was fractured, and the fractured surface was analyzed with
SEM, the results shows that the TiC grains were attached to A1203 matrix in a “ball and socket”
mechanism (Fig. 64).

Figure 64: SEM images of [Al,O3 + TiC (30 wt. %)] sample fractured surface, the curved
spaces could be where the TiC were attached to the alumina matrix.
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424 Al,O3+ CNT +TiC
The sintered [Al,O3 + CNT (2.1 vol. %) + TiC (26 vol. %)] sample was analyzed using optical
microscopy (Fig. 65) to determine the TiC and CNT distribution within the alumina matrix. The

sample was further analyzed using SEM for a more detailed study of the sample cross section
(Fig. 66).

Figure 65: Optical microscope images of [Al,O3 + CNT (3vol. %) + TiC (30 wt. %0)]
sintered at 1650°C, 35 MPa

Figure 66: SEM images of [Al,O3 + CNT (3vol. %) + TiC (30 wt. %)] sintered at 1650°C, 35
MPa, showing that the TiC and CNTs (shown by the arrows) were well distributed within
the alumina matrix.
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4.3 Mechanical Properties
The mechanical properties that were measured were fracture toughness and hardness. These

properties were measured using an indentation method and they are given in Table 15.

Table 15: Mechanical properties of alumina with different reinforcements

Material Hardness (GPa) Fracture toughness (Mpavm)
Pure Al,O3 18+0.2 3.3+£0.2
Al;O3 + CNTs (3 vol. %) 19+£0.3 42+0.3
Al,O3 + TiC (30 wt. %) 22+04 4.8+0.3
Al,O3 + CNTs + TiC 23+0.2 5004

4.4 Electrical Properties
The DC 41-40 SMU instrument applied a voltage through the sample and measured the current

passing through. The measured current was then plotted against voltage. The gradient of the

trend line is equal to the resistance of the sample.

4.4.1 Pure Alumina
Alumina sample cut into the dimensions shown in Table 13 in Chapter 3 was used for measuring

electrical resistance using a voltage up to 10 Volts.

The pure Al,O3 sample showed a resistance higher than the measurement range of the equipment

(resistance was higher than 5 x 10 Q).
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4.4.2 Al,O;+CNTs

The relationship between voltage and current measured for Al,O3; + CNTs sample (Fig. 67).
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Figure 67: Relationship between voltage and current on the Al,O3 + CNTs sample

443 Al,O;+TiC

The relationship between voltage and current measured for Al,O3; + TiC sample (Fig. 68).
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Figure 68: Relationship between voltage and current on the Al,O3 + TiC sample
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444 Al,0O3+ CNTs +TiC

The relationship between voltage and current measured for Al,O3 + CNTs + TiC samples (Fig.
69).
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Figure 69: Relationship between voltage and current on the Al,O3 + CNTs + TiC sample
The resistance of all the samples was determined from the slope of the voltage and current
graphs. According to equation:

R=VI/I Equation 5

Once the resistance is derived from the graph, resistivity (p) of each sample can be calculated

according to the equation;

p=([R.A)I Equation 6
Where,

R = resistance

A = Area of the sample

| = length of the sample

Electrical conductivity (&) of each sample can be calculated from the resistivity values according

to the equation;

o=1/p Equation 7
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Calculation for Al,O3; + CNTs

R = slope of the curve =709.3 Q

p=(RAY I

6=1/p=3175Sm*

= (709.3 x 8.4x10®)/1.90x107® = 3.15x10 Q.m

The electrical conductivity of all the samples are shown in Table 16, and the calculations are

shown in Appendix B.

Table 16: Electrical properties of the different samples

Material Resistance () Resistivity ((2.m) Conductivity (S.m™)
at 25 °C
Al O -- -- --
2 3
ALO_+ CNT 709.3 3.15x10 31.75
AlLO, +TiC 2.64 2.26 x10™ 4431
ALO_+TiC + CNT 2.55 1.44 x10™* 6944
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Chapter Five

5.0 Discussion

This chapter gives a detailed discussion of the results obtained in this study in comparison with
the results obtained in the literature. The results are divided into the following sections:
dispersion, densification, microstructural analysis, mechanical properties and electrical
conductivity properties. The interpretation of the results of each section is then integrated with

each other.

5.1 Preparation of carbon nanotubes

In this study the MWCNTSs were prepared by reaction of acetylene with Iron (Fe?* ion) catalyst
at 800°C according to the procedure described in chapter 3. The TEM images of the MWCNT
presented in Chapter 4 (Fig. 41) confirm that MWCNTs were formed within a mixture of
nanofibres. The TEM analysis done on the MWCNTSs revealed that they had a wide range of
diameters; between 40 — 150 nm and also that amorphous carbon was present within the them
(Fig 41). The nanofibres that were formed in abundance compared to the MWCNTSs (Fig. 41).
The formation of MWCNTSs using this approach depends on the process parameters used, such as
reaction temperature, carbon source flow-rate and time which the acetylene gas flows into the
system (lyuke et al. ). The literature results showed that the optimum conditions to produce
MWCNTSs were: 1 g of ferrocene, acetylene flow rate and time of 100 ml/min for 20 minutes
respectively and reaction temperature of 800°C 251 In this study the reaction temperature was
800°C, and the C,H, flow rate was varied from 50 ml/min — 150 ml/min for 25 minutes. The
flow rate was varied with the aim of reducing the diameter of the MWCNTSs so that they would
be suitable for this study. The flow-rate of C,H, that yielded MWCNTSs with a smaller diameter
range was 60 ml/min. The reduction of the acetylene flow rate reduced the size of MWCNTSs
formed and increasing the flow rate to from 100 ml/min. to 150 ml/min. had no effect on the
MWCNTSs diameter, as shown in Table 17.

Table 17: The comparison of MWCNTS properties obtained in this study and in the
literature
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Author Temperature C,H, gas flow rate and | Diameter  range
time (nm)
lyuke et al. *! 800 100 ml/min for 20 min 100 - 200
In this study 800 150 ml/min for 25 min 80 - 200
800 100 ml/min for 25 min 80 - 200
800 60 ml/min for 25 min 40 - 150

The smallest diameter range of MWCNTS obtained in this study was 40 — 150 nm. The size of

these MWCNTSs and the presence of amorphous carbon made these MWCNTSs unsuitable for this

study. Therefore for this study the MWCNTSs were purchased.

5.2

Coating of CNTs

In this study there were two methods that were considered for coating the MWCNTSs with hBN:

Nitridation method and Urea route as described in the literature. Due to time constraints only one

method could be used for coating of the MWCNTSs. Therefore these two methods were compared

to find out which one would yield better results for this work. The results obtained by other

authors (Gomathi et al. ¥* and Chen et al. ")) are given in table 18.
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Table 18: Comparison of the results obtained after coating MWCNTSs using Nitridation
and Urea route

Author hBN thickness produced (nm)

Chen et al. *7T[19

(Nitridation route)

Gomathi et al. ™[ 10

(Urea route)

The nitridation method was chosen for this work because it was simple to conduct and it
produced thicker coating. The crucial reaction in both the methods is Reaction 3.2
(B20O3 + 2NHj3 2 52BN+ 3H,0). In the nitridation method ammonia (NHs) can be introduced
in excess to consume the entire boron oxide (B,O3) hence forming a thicker coating, whereas in
the Urea method ammonia is formed in-situ. In this case the ammonia formed may not be
sufficient to react with the entire boron oxide. The nitridation method has no byproducts as
opposed to Urea method’s reactions (reaction 2.1 and 2.2) and the nitridation method was less

time consuming. Therefore this method was theoretically the better of the two.

The nitridation method was used on the MWCNTSs and after TEM analysis some MWCNTS were
coated with hBN. However the coating of the CNTs with hBN using nitridation was regarded as
unsuccessful, since the CNTs could not all be coated individually. Those CNTs that were
successfully coated had a layer on their surfaces which was approximately ~ 20 nm thick, which
is not present on the uncoated CNTs (Fig. 43). However the layer could not be confirmed to be
hBN by EDX since the TEM used was not equipped with such an instrument. The presence of
the layer on the CNTSs surface was further confirmed by the “flaking off” which was observed
when the CNTs were ultrasonicated for 20 minutes (Fig. 44). This was not observed when the
uncoated CNTs were treated similarly. These results were in accordance with the literature
findings by Chen et al, 2004 ") These authors reported that they formed homogenous hBN
coating onto the surface of CNTs which was approximately 19 nm in thickness (Fig. 22). The
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coating of the CNTSs results obtained in this study were comparable with those obtained in the

literature (Chen et al. 1.

Table 19: Comparison of the results obtained after coating MWCNTSs with the results from
the literature

Author HN3 dwell time (min.) hBN later thickness (nm)
Chen et al. 1*") 60 19
In this study 60 ~ 20

The CNTs were coated using the same conditions used in the literature (Chen et al. ), and the
resulting hBN coating thickness was almost the same. In this study it was revealed that CNTs
could not be coated individually using this method, therefore the hBN coating thickness reported
above are not an average but the thickness of the hBN coated on the portion of the CNTs
observed. The selectivity of the TEM also does not reveal the fact that it is difficult to coat all the
CNTs individually.

The coating process will be briefly revisited while discussing the steps that made it difficult to
coat CNTs individually. The coating process included depositing B,O3 onto the CNTs surface
(Reaction 2.1). The B,O3 on the CNTSs surface was heated to 1165°C before introducing NH3
into the system. During the heating process B,O3; melted at 600°C forming a matte. When the
reaction temperature was reached and NHs introduced into the system it reacted with the B,O3
matte which covered CNTs because of this it was difficult to coat each CNT individually but
instead a bundle of CNTs was coated. The difficulty of coating each CNT individually was a
challenge for this study since a bundle of CNTs coated with hBN will serve as stress raiser

within an alumina ceramic.

87




In this study a further step of dispersing hBN coated CNTs was conducted which had not been
reported in the literature before. The dispersion of the hBN coated CNTs was done by water bath
ultrasonicating the sample and then analyzing it with TEM. The TEM analysis revealed that the
hBN coat on the MWCNTs was “flaking off” the surface of the MWCNTSs. The dispersion of
hBN coated CNTSs is a challenge yet to be overcome since the “flaking off” of the hBN coating
revealed that hBN-CNT interface is a weak interface. The hBN-CNT interface is regarded as
weak since it could not withstand water bath ultrasonication which is regarded as a least
aggressive method of dispersion. The weak CNT- hBN interface was not ideal for this study
since dispersion is crucial when these hBN coated CNTs are to be incorporated within a ceramic

material, so as to eliminate agglomerates.

5.3 Relationship between microstructure and densification
The relationship between microstructure and densification of the samples is described
systematically, starting with alumina and the effects of addition of CNTSs into alumina, secondly
with a comparison of alumina and the effects of adding TiC into it and lastly the addition of both
CNT and TiC into alumina. The results obtained are compared with work done by other

researchers.

5.3.1 Addition of CNTs into Alumina
In this study Al,O3; powder was dispersed in hexane and dried before sintering (as described in
Chapter 3). The measured average particle size was 0.22 um. This shows that the method used to
disperse the alumina was effective since the particle size measured was close to the actual
particle size (supplier specification). The dispersion results obtained in this study were in

accordance with the literature Muchtar et al. ¥

. Different methods of dispersion were
investigated (Muchtar et al. [*®!) and the results revealed that the colloidal method of dispersing
powder was the most effective in eliminating agglomerates in the starting powders. The mono
dispersed powders yield ceramic materials with higher densities, due to particle packing
efficiency during compaction (Muchtar et al. 8. The mono dispersed powder has almost no
permanent agglomerates, those that were formed were destroyed during drying of the powder

and most of them were destroyed during the sieving process (150 pum sieve was used in this
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study). Almost each powder particle was placed individually in the green compact therefore

theoretically increasing the potential of the green body to be sintered to higher density.

In this study Al,O3 powder was sintered at 1600°C, 35 MPa under vacuum using SPS. The
measured density was 3.97g.cm™ (99.8% of the theoretical) for theoretical density of Al,O5 =
3.98 g. cm™ (Appendix A). The Al,O3 used in this study was submicron (average particle size:
200 nm) and had a purity of 99.99 %, with some trace element impurities (Ca, Mg, Si etc.). The
presence of trace elements gives rise to the formation of a glassy phase of the sintered ceramic
thus increasing the densification. Since these trace elements have low lattice solubility into
alumina they segregate at the alumina grain boundaries during densification and they form
intergranular amorphous film which effectively increases the density of the final sintered
alumina piece. The sintering conditions used for sintering Al,O3; powder were sufficient to
reduce the system energy (surface energy) which is the driving force for densification, thus
producing a highly dense Al,O; sample (99.8%). The optical micrograph of the sintered Al,O3
reveals that the sample was highly dense with few pores observed on the examined surface. The
densification results in this study were compared with the results obtained by other authors (Zhan
et al. ¥ and Estili et al. ) who also sintered Al,O3 and obtained highly dense samples using the
conditions included in table 20. The few pores that were observed using SEM (Fig. 51) seemed

to be distributed homogeneously throughout the examined surface of the specimen.
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Table 20: Comparison of the results obtained after sintering monolithic Al,O3; and the
results from the literature

Method of | Sintering Conditions Particle size | Density (%)
sintering (nm)

Zhan et al. ™ SPS 1150°C, 50 MPa 350 100

Estili et al. ! SPS 1500°C, 50 MPa 150 99.5

This study SPS 1600°C, 35 MPa 200 99.8

The results obtained in this study are close to the results obtained by other authors 7. They
revealed that finer powders can be sintered at a lower temperature to densify compared to the
coarser powder. The results by Estili et al. ™ shows that a submicron powder (150nm) can be
sintered to 99.5% density at a temperature to 1500°C. Whereas a coarser powder (350 nm) can be

sintered at a lower temperature (1150°C) and the samples can reach high density (Zhan et al. [*).

The sintered Al,O3; sample was thermally etched for the purpose of measuring grain size. The
Al,O3 sample that was thermally etched at 1300°C for 60 minutes gave better results than a
sample thermally etched at 1200°C, as it revealed the Al,O3 grains more distinctly. The grain
size was measured to be between 2 — 4 um. The results from the thermal etching revealed that
the Al,O3 sample didn’t experience great amount of abnormal grain growth during sintering
since the grains are equiaxed. The Al,O3 grain size was measured so that it could be compared

with the grain size of the sample sintered with CNTSs.

After fully densifying Al,O3 powder, the SPS conditions that were used were also used for the
mixture of Al,O3 + CNTSs. In this study [Al,O3 + CNTs] powder was sintered at 1600°C, 35 MPa
under vacuum using SPS. The density was measured to be 3.88 g.cm™ (99.6 % of the
theoretical). The theoretical density of [Al,O; + CNTs] was calculated to be 3.90 g.cm™
(Appendix A). Therefore an addition of 1 wt% of CNTs into alumina slightly decreased the
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alumina density from 99.8 % to 99.4 % of the theoretical. The results obtained in this study were

compared to the results obtained by other authors (Sun et al. i), Estili et al. ) in table 21.

Table 21: Comparison of the results obtained after sintering Al,O3+ CNTs and the results
from the literature

Author System CNTs Dispersion | Densification Density (%)
method
Sunetal. ¥ Al,O3; + CNTs (3 | Ultrasonication + | HP;1500°C,30MPa, | 100
vol. %) Dispersant (PEA) | Argon Atm

Estilli et al. ™! AlL,O; + CNTs | Alteration of | SPS;1500°C,50MPa | 90.0

(3.5 vol. %) water pH to 4.4
This study Al,O3 + CNTs (3 | Ultrasonication + | SPS;1600°C,35MPa | 99.6
vol. %) planetary ball mill

+dispersant (PVP)

The effect of CNTs on the Al,O3 density largely depends on the dispersion of CNTs and the
mixing of the two components (Al,O3 and CNTSs). The more dispersed the CNTs would have less
negative effects on the Al,O3; density. Dispersion of CNTs is problematic since the more
aggressively they are dispersed the higher the chances of their destruction, while a less
aggressive approach risks producing agglomerated CNTs. The results obtained in this study were
in accordance with the results obtained in the literature (Table 21), it was reported that full
density was achieved for a mixture of Al,O3 + CNTs when the sample was hot pressed at
1500°C, 30 MPa in argon (Sun et al. ™). Full density was achieved when the MWCNTS were
dispersed using poly ethylene amine (PEA) as a dispersant and dispersed Al,O3; was dispersed
using poly acrylic acid. The Al,O3 and CNTs suspensions were both vigorously stirred
(Ultrasonication) and dried. The high density obtained was ascribed to the effectiveness of the
PEA dispersant (Sun et al. ™). Sun et al. ™ reported that full density was achieved but also

reported that hot pressing a sample of Al,O3 + CNTs caused destruction of CNTs. This
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compromised the mechanical properties (as described in the Literature review section). In this
study SPS was used to reduce the risk of damage of the CNTs by dwelling at high temperature
for a very short period of time, also by heating up to the sintering temperature at a high heating
rate.

It was also reported that addition of 3.5 vol. % (=1 wt. %) of CNTSs in alumina reduced density
of the material from 99.5% to 90.0% when SPS was used at 1500°C, 50 MPa (Estili et al. ).
These authors dispersed the CNTs in distilled water with a pH of 4.4. The alteration of the water
pH caused CNTSs to be attracted to alumina particles through the induction of opposite charges
(Estili et al. ®)). It was also reported that the higher CNTs volume fraction within Al,Os resulted

to significantly increased porosity (Kim et al. 2009 %)),

The results obtained in this study and the related literature shows that the dispersion of CNTSs is
crucial in obtaining a dense sintered composite. The results obtained by Estili et al.’®! shows that
the alteration of the pH was not a successful method of dispersing CNTSs, since it drastically
reduced the density of the sintered composite. Therefore in this study the CNTs were dispersed
more aggressively with a dispersant to counter the Van der Waals forces acting between the
CNTs. The other factor that determines the densification of Al,O3 + CNT is the sintering method
and conditions. The conditions that were used in this study were sufficient to reduce the surface

energy of the system and therefore yield a highly dense sample.

Since in this study the addition of CNTs reduced the density of monolithic alumina, it follows
that the densification of the Al,03-CNTs depended on the dispersion method used. The density
results obtained by other researchers are different to ours because different CNTs dispersion
methods were used. A more effective dispersion method used, would reduce the occurrence of

agglomerates, leading to higher ceramic densities.

The results obtained from microstructural analysis of the cross section of Al,O3-CNTSs specimen
shows that the CNTs were agglomerated to a small extend as denoted by the arrows as shown in
Figure 53, 54 and 55). These agglomerates decreased in number through aggressive dispersion
but they were not entirely eradicated as revealed by SEM analysis (Fig. 55). This shows that the

dispersion of CNTs is a challenge still to be overcome. Hilding et al. ®® reported that high
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impact mixing of CNTs can generate a large amount of amorphous carbon, which means the
CNTs would be largely destroyed. Therefore it seems that with CNTSs there is a choice of either
dispersing them less aggressively and obtaining a not well dispersed CNTs or dispersing them
more aggressively thus obtaining well and uniform dispersion but risking destroying them. In
this study these two methods were investigated, the results obtained indicated that similar
dispersion was obtained in both cases; therefore the less aggressive dispersion method was

selected in order to reduce the risk of causing damage to the CNTs.

Since the carbon of the CNTs is soluble in the alumina lattice, they would be expected to be
present within the matrix and also segregated along the grain boundaries. The CNTs
concentration would also be expected to increase at the interface as the alumina grains grow
during sintering, which causes the total area of the interface to decrease therefore reducing the

density of the material.

5.3.2 Addition of TiC into Alumina
The sintering conditions used to densify Al,O3, namely 1600°C at 35 MPa, were also used to

sinter Al,O3 + TiC powder. The results showed that density of Al,O3 + TiC sample had a density
of 4.04g.cm™ (95.5% of the theoretical). Theoretical density of a mixture of Al,O; + TiC was
4.23 g. cm™ (Appendix A). Due to the low density achieved when Al,Oz + TiC was sintered at
1600°C at 35MPa, this material was then sintered at 1700°C and the density obtained was 4.18
g.cm™ (99.0% of the theoretical). The low density of the sample sintered at 1600°C was in
agreement with large pores observed when the specimen’s cross section was analyzed by SEM
(Fig. 61). The sample sintered at 1700°C had few pores (Fig. 62). The highest density obtained
when TiC was added into Al,O3 was 99.0% which is lower than the density of the monolithic
ceramic sintered at 1600°C, 35 MPa, therefore the addition of TiC into Al,Os; decreased the

density of the monolithic ceramic.

Densification of powders to form ceramics is dependent on particle size and particle size

distribution of the starting material, as well as the particle packing. The smaller the particle size

the higher will be the speed of sintering. The powders (both TiC and Al,O3) used in this study

were submicron, with particles size ~ 200 nm. These powders were unimodally dispersed (Fig.

35 and Fig. 37). TiC was well distributed within the alumina as shown by SEM (Fig 62). The
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composite powder of Al,O3-TiC had lower density than monolithic alumina sintered under the
same conditions. This is caused by the presence of TiC particles in the green compact. In the
presence of a secondary phase, the surface activity of the submicron powder is reduced therefore
the sintering process is prolonged. In order to sinter a composite powder it is necessary to either
increase dwell time or the sintering temperature Y. In this study in order to densify Al,Oz+ TiC
composite powder the temperature was increased, with a resultant increase in density from
95.5% t0 99.2%.

The results found in this study were compared with the results obtained by other authors i.e. You
et al. ®™ and Cutler et al. ™! as shown in Table 22

Table 22: Comparison of the results obtained after sintering Al,O3;+ TiC and the results
from the literature

Author Particle size | Densification method Density (%)
(AL,O5/TIC)

You et al. P! (312/0.32)um | HP; 1700°C,30 MPa, 1h 99.8
(312/1.36)um | HP; 1750°C,30 MPa, 1h 99.6

Cutler et al. ! Not reported | HIP;1600°C,200MPa 95.3

In this study (200/200) nm | SPS;1600°C,35 MPa 95.5
(200/200) nm | SPS;1700°C,35 MPa 99.0

You et al, 2005 BY reported that the addition of TiC into alumina slightly compromises the
density of the sintered ceramic. You et al. 2005 BY reported that if the TiC particle size is smaller
than that of alumina the sintering process is further facilitated and the resultant density increases
as shown in table 22. The Al,O3+TiC ceramic which had a smaller TiC particle size size had a
higher density (X.Q You et al, 2005 B™). The results obtained by Cutler et al. ¥ shows that
1600°C sintering temperature was not sufficient to produce a highly dense ceramic. The results

obtained in this study are in accordance with the results obtained by these authors.
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5.3.3 Addition of CNTs and TiC into Al,O;
The addition of CNTs into alumina decreased the monolithic alumina density from 99.8% to 99.4
% and the addition of TiC decreased the alumina density from 99.8% to 99.0%. The addition of
both CNTs and TiC reduced the monolithic alumina from 99.8% to 99.2%. The effect on
densification observed when the mixture of CNTs and TiC was added into Al,O3 was mostly due
to the TiC particles. The reason TiC had a more pronounced effect on densification can be

ascribed to the relative amounts added; 30wt% of TiC was added to the Al,O3, compared to only
1 wt. % of CNTs.

A comparison of ceramics measured densities are illustrated in Fig.70. The results show that
monolithic Al,O3 had the highest density of them all.
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Figure 70:Variation of Al,O3 density when it is reinforced with CNTs and TiC and the
mixture of TiC and CNTSs
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5.4 Relationship between microstructure and hardness

5.4.1 Addition of CNTs into Alumina
In this work Al,O3 powder was sintered using SPS; 1600 C, 35 MPa for 10 minutes. The Vickers

hardness of Al,O3; sample was 18+ 0.2 GPa for a 5 kg load. The results obtained in this study
were compared with the results obtained by other authors (Zhan et al. ' and You et al. ) as

given in Table. 23.

Table 23: Comparison of the mechanical properties obtained after sintering Al,O3 + CNTSs
and the results from the literature

Author Densification method Hardness (GPa)
You et al. P4 HP; 1650°C,30 MPa, 1h 17
Zhan et al. [*! SPS;1150°C/50 MPa 20
This study SPS;1600°C,35MPa, 18

The hardness obtained in this study seems to be lower than that of the samples sintered at a lower
temperature using SPS (Zhan et al. ). The lower temperature used by these authors might have
caused higher hardness through reduced grain growth. The sample sintered at a lower
temperature is less likely to have experienced grain growth to an extend comparable to the
samples sintered in this work. The hardness is expected to have increased with decreasing grain
size. Therefore the Al,O3; + CNTs sample sintered at 1150°C had smaller grains then the sample
analyzed in this study. The results obtained by You et al. were close to the results obtained in
this study. This is because the sintering temperature used for both these studies were close to
each other. In this study a higher hardness was obtained compared to You et al. ®Y. This might
be caused by the fact that the samples sintered in this study experienced milder sintering
conditions since SPS was used as opposed to hot pressing which exposes samples to higher

temperatures for much longer time intervals.
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The addition of CNTs (3 vol. %) increased the hardness of monolithic Al,O3. The hardness
increased from 18 GPa to 20 GPa (11% increase).

SEM showed that the CNTs were well distributed within the alumina matrix (Fig. 57). Fracture
surface of Al,O3-CNT sample shows that the CNTs survived the sintering process (Fig. 59) as
they can be seen to be “sticking” out of the fracture surface. Sun et al. ! reported that the CNTs
were destroyed during the sintering process and therefore were not effective in improving the
mechanical properties of monolithic alumina. The destruction of the CNTs was noticed when the
samples were hot pressed, pressure less sintered and hot isostatic pressed. In this study SPS was
employed for the sintering of all the samples. This machine was programmed to increase to the
sintering temperature at a heating rate of 200°C.min™". This heating rate and dwell time of 10

minute at the sintering temperature minimized the CNTs destruction.

The thermally etched Al,O3-CNT sample shows that the CNTS were also situated along the
cracks and possibly Al,O3 grain boundaries as detected by the EDS (Fig. 57). The CNTs along
the grain boundaries are capable of inhibiting the alumina grain growth, which will effectively
improve the hardness of this ceramic. The grain size of monolithic alumina was between 2 - 4
pum (Fig. 52) and the sample Al,O3-CNTs showed a grain size between 0.2 — 0.5 um (Fig. 57).
The reduced alumina grain size accounts for the 11% increase in hardness (from 18 GPa to 20
GPa) when CNTs are added to the sample.

5.4.2 Addition of TiC into Alumina
In this study a composite powder of Al,O3 + TiC was sintered using SPS (1700°C, 35 MPa) and

the Vickers hardness measured by indentation was 22 + 0.4 GPa. Addition of TiC improved the
hardness of monolithic alumina by 22% from 18 to 22 GPa. The results obtained in this study
were compared with the results obtained in the literature (You et al. and Cutler et al.) as shown in
Table 24.
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Table 24: Comparison of hardness property obtained after sintering Al,O3; + TiC and the
results from the literature

Author Densification method Hardness
You et al. PU HP; 1700°C,30 MPa, 1h 21.7
Cutler et al. P! HP; 1700°C,35 MPa, 10 min. | 20.1
This study SPS:1700°C, 35 MPa 22.0

The observed 22% increase in the hardness of monolithic alumina by the addition of TiC can be
attributed to the pinning effect that these nano particles have when they are within alumina grain
boundaries. The TiC pinning effects is beneficial for inhibiting alumina grain growth. The
reduced alumina grains will contribute in increasing the hardness. The addition of TiC into
alumina had superior effects on the hardness compared to the addition of CNTs. This can be
because of the different amounts and shape of each powder introduced into the system, TiC
particles are cubic in shape which is similar to those of Al,O3 as opposed tubes of CNTs. Also
since 3 vol.% of CNTs was used while 26 vol. % of TiC was used.

5.5 Relationship between microstructure and fracture toughness

5.1.1 Addition of CNTs into Alumina
In this work Al,O; powder was sintered using SPS; 1600 C, 35 MPa for 10 minutes. The

measured indentation fracture toughness was 3.3 MPaVm using a load of 5 kg. The measured

fracture toughness was between the correct ranges as reported in the literature ..

In the light of the sintering conditions used for monolithic Al,O3 as given above, Al,O3 + CNTs
sample was sintered using SPS; 1600°C, 35 MPa for 10 minutes. The fracture toughness achieved
was 4.2 MPaVm. The results obtained in this study were compared with the results obtained by

Zhan et al. " and Sun et al. ™ as seen in Table 25.
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Table 25: Comparison of the fracture toughness and density obtained after sintering Al,O3
+ CNTs and the results from the literature

Author Densification method Density (%) Fracture toughness
(MPavVm)

Sunetal. [ HP:1500, 30 MPa 100 2.2

Estilli et al. ™! SPS;1500°C, 50 MPa 90 5.2

This study SPS;1600°C,35MPa, 99.4 4.2

The fracture toughness values obtained in this study seemed to be lower than those reported in

the literature by Estilli et al. ©, as shown in Fig. 71 below.

¢ Estilliet al. (SPS)

This study . (SPS) &

Sunetal (HP) &

Fracture Toughness (MPavm)
Jd

88%

90% 92% 94%

96%

Density (p) g.cm3)

100% 102%

Figure 71: The comparison of fracture toughness and density obtained in the study with

other authors
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The reason for this difference in fracture toughness can be ascribed to the differences in densities
obtained in this work as compared to work reported in the literature. Estilli et al. obtained a
density which was 90% as opposed to 99.4% obtained in this work. Porosity affects the fracture
toughness of a material. The higher the porosity of the ceramic the more inaccurate is it.
Therefore the fracture toughness results obtained by Estilli et al. ™! are inaccurate, since they are
influenced by the high porosity of the sample. The low fracture toughness obtained by Sun et al.
4 can be attributed to the destruction of CNTs during sintering. The results obtained by Sun et
al. ™ confirm that CNTSs are responsible for increasing Al,Os fracture toughness if they survive

sintering conditions.

The CNTs situated in the alumina matrix are capable of bridging any propagated cracks and
restrain any further crack opening and growth. The CNTs deflecting the crack can only be
detected by high resolution SEM (unavailable for this study) as reported by Estilli et al. I\ The
increase in fracture toughness upon addition of CNTs means that these additives were involved
in crack deflection and bridging which are known toughening mechanisms. Figure 58 shows
clearly CNT pull out. Such an event will cause crack bridging with it concomitant toughening
effect. The work required for the pulling out of the CNTSs increases the work of fracture and
therefore helps reinforce the ceramic. The compressive stresses applied by the Al,O3; matrix onto
the CNTs during cooling down after sintering enhances the frictional forces associated with the
CNT pull outs which will effectively increase the reinforcing efficiency these additives . Since
the composite ceramic was highly dense (99.0% dense) the interfacial contacts were tight.

5.1.2 Addition of TiC into Alumina
In this study a composite powder of Al,O3 + TiC was sintered using SPS at 1700°C and 35 MPa.
The fracture toughness measured by indentation was 4.8 MPavVm. Addition of TiC increased
Al,O3 fracture toughness by 42 % from 3.3 MPaVm to 4.8 MPaVm.

The results obtained in this study were compared with the results obtained in the literature (You
et al. " and Cutler et al. ! as shown in Table 26.
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Table 26: Comparison of fracture toughness obtained after sintering Al,O3 + TiC and the
results from the literature

Author Densification method Density (%) | Fracture  toughness
(MPaVm)

You et al. HP; 1700°C,30 MPa, 1h 96.8 6.48

Cutler et al. ! HP; 1700°C,35 MPa, 10 min. | 95.3 5.25

In this study SPS;1600°C,35MPa, 99.4 4.80

The fracture toughness obtained in this study is lower than the fracture toughness achieved by
You et al. ®¥and Cutler et al. ®.This could be due to the different sintering technique used and
the densities obtained. These authors used hot pressing which may have given rise to grain
growth, thus causing decrease in fracture toughness. The low density of the ceramic material

causes a concomitant increase in fracture toughness.

The results obtained in this study were comparable to the results obtained by other researchers
since the samples show the presence of intergranular carbide particles in their microstructures.
The crack deflection around the white TiC grains through grey alumina matrix is illustrated in
figure 63. Addition of TiC secondary phase in alumina is recognized for its role in crack
deflection and divergence as a form of toughening mechanism to increase fracture toughness.
The difference in thermal expansion coefficient between alumina and TiC induces internal
residual stresses which cause propagating cracks to be deflected. TiC grains appear white in the
micrograph (Fig. 63) and they were well dispersed within the alumina matrix with a size between
0.2 — 0.5 um. Figure 63 shows a crack propagating on the surface of the composite ceramic. The
crack path was investigated using SEM. It can be seen from this micrograph that the TiC grains

are responsible for crack deflection. The TiC grains are also responsible for pinning the alumina
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grain boundaries, thus inhibiting grain growth. This effect will help increase the strength of this

ceramic.

5.1.3 Addition of CNTs and TiC into Al,O3
The addition of both TiC and CNTs (3 vol. %) increased the monolithic alumina hardness and

fracture toughness (Fig. 71 and 72). Monolithic alumina hardness was 18 GPa and the addition
of TiC and CNTs increased it to 23 GPa (22.5% increase). The fracture toughness was increased
by 44% from 3.3 MPaVm to 5.0 MPaVm. The addition of both TiC and CNTs only slightly
increase the hardness of monolithic alumina compared to the Al,O3-TiC or Al,O3-CNT
composites. This is due to the fact that both these additives operate in the same way in the
ceramic during sintering, to pin grain boundaries and inhibit grain growth. The 44 % increase in
fracture toughness is due to both crack deflection mostly from TiC particle and crack bridging
from CNTSs.
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Figure 72: Variation of Al,O3 fracture toughness after reinforce with CNTs and TiC and
the mixture of TiC and CNTs
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Figure 73: Variation of Al,O3 hardness when it is reinforced with CNTs, TiC and the
mixture of TiC and CNTSs

5.6  Electrical properties measurements
It is well known that Al,Os is an electrical insulator. Alumina electrical insulating properties

limit its wide use commercially. For instance because of its low electrical conductivity, it is not
possible to Electron Discharge Machine (EDM) alumina; instead a diamond wheel cutting is
employed. This approach is more expensive than EDM. The processing cost of alumina is a
major component of it final cost. CNTs are well known for their high electrical conductivity of
100 Q.m (Coleman et al. !y which is dependent on the formation of the nanotube (Zigzag, arm

chair and chiral).

In this study addition of 1 wt. % of CNTSs into the alumina matrix increased alumina electrical
conductivity from 0 S.m™ to 31.75 S.m™. The location and distribution of CNTs within the
ceramic matrix determines their efficiency in increasing it electrical conductivity. During the
mixing and sintering process of Al,03-CNTs composite powder, the CNTs are either located
along the grain boundaries or within the grains. The increase in electrical conductivity when

CNTs were introduced into alumina was attributed to the presence of these additives along the
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alumina grain boundaries (Fig 57). When the CNTs are well dispersed in the matrix, they form a
network along the grain boundaries where they efficiently conduct electrons. The results

obtained from this study are in agreement with the results obtained by other researchers.

Lee at al. ®¥ reported that the electrical conductivity of Al,0s-CNTs is related to the alumina
grain size and the distribution of CNTs within the matrix. The same authors also reported that
increasing the amount of CNTSs into the alumina matrix and fixing its grain size will also increase
the electrical conductivity of the ceramic. Inam et al. B reported that the Al,05-CNTs electrical
conductivity can be increased by reducing the ceramic grain size and keeping the CNT content
fixed. In both these studies it is shown that the electrical conductivity of the Al,O3-CNTSs is
related to the density of CNTs along the grain boundaries which are said to be the CNT network
electron conductive paths. Therefore the CNTs located along the grain boundaries are
responsible for increasing the Al,O3-CNTs composite electrical conductivity. Lee et al. ¥ also
reported that there is a threshold amount of CNTs that can be incorporated into Al,O3 to
effectively increase the electrical conductivity; this was found to be 3 vol. %. A large increase in
electrical conductivity was found when 1 wt. % (3 vol. %) of CNTs was added. When an amount
exceeding 1 wt. % was added the electrical conductivity only slightly increased as shown in
literature review Chapter 2 (Fig.11).

The other important factor that is directly related to the electrical conductivity of Al,03-CNTSs is
the dispersion of CNTs within the matrix. The more agglomerated the CNTSs the less will be the
electrical conductivity increase. The CNTs are responsible for the electrons transfer within
alumina to increase it electrical conductivity, therefore they have to form a CNT network that
will transfer the electrons efficiently. Therefore the CNTs have to be well dispersed so that they
occupy most of the grain boundaries but yet still be in contact with each other along the grain
boundaries for an effective electron transfer. The increase of electrical conductivity show that 1
wt. % of CNTs was sufficient to provide enough CNTs network along the alumina grain

boundaries.

The electrical conductivity results reported in this study and those reported by other authors were
measured from a highly dense AIl,O3-CNTs composite sample. Therefore the electrical
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conductivity results presented (Table 16) were not affected by porosity of the sample. The results

found in this study are related to the results reported by Inam et al. ®2 and Lee et al. 2.

In this study the Al,O3-CNTs composite powders were sintered using SPS; 1600°C and 35 MPa.
A high density was achieved. Therefore the effect of porosity on electrical conductivity is
insignificant. The difference in the electrical conductivities between this study and the results
reported by other authors was due to the difference in particle size of Al,O3 used, which give rise
to different grain size after sintering. Such a difference in microstructure will affect the density
and length of conduction paths available for the passage of electricity. Other factor that made the
results to be different was that the CNTs would differ in their properties as well as differences

ion processing approach used by the different authors.

TiC is a metallic conductor with an electrical conductivity between 125 — 333.33 Q.m Lee et al.
(531 When it is incorporated into alumina which is an insulator it has a potential of increasing
alumina electrical conductivity. Incorporation of 30 wt. % of TiC into alumina increased alumina
electrical conductivity up to 4431 S.m™, which was measured from a sample that was highly
dense therefore the porosity effects on electrical conductivity was considered insignificant. Lee
et al. B reported that the electrical conductivity increased with the TiC volume fraction and that
there is a rapid increase in the electrical conductivity when the TiC content was between a range
of 20 — 23 wt. %. This implies that within this range there was the formation of continuous TiC
networks within the ceramic, which increased the electrical conductivity of Al,O3-TiC ceramic.

In this study the TiC content that was used was 30 wt. % and it increased the electrical
conductivity up to 4431 S.m™. The 30 wt. % of TiC content provided enough continuous TiC
phase within alumina, which were responsible for conduction of electrons hence increase
electrical conductivity. The distribution of TiC has an effect in the electrical conductivity of
Al,O3-TiC sample. The TiC powder was well distributed within alumina matrix (Fig. 62 and 63)
which contributed to a large increase in the electrical conductivity of Al,Os-TiC composite

ceramic.
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Addition of both TiC and CNTSs increased the electrical conductivity of monolithic alumina up to
6944 S.m™. The mixture of TiC and CNTs increased the conductivity of monolithic alumina
better then CNTs or TiC individually. The reason for this large increase in conductivity is due to
the fact that TiC and CNTs increase electrical conductivity by different mechanisms. TiC
increased it by forming a continuous secondary phase within alumina and CNTSs increase the
conductivity by being along the grain boundaries of the alumina. When CNT and TiC are both
present within the alumina matrix both mechanisms are combined to increase electrical
conductivity. Since there were more boundaries therefore there were more CNTs in the

conductive paths which lead to a larger increase in the electrical conductivity.
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Chapter Six

6.0 Conclusions and Future Work

The reaction of acetylene with Fe?* produced the MWCNTSs which were then collected onto
quartz wool. The MWCNTSs that were formed were by this method had a diameter of 40 -150 nm
as analyzed by TEM. The production of MWCNTSs using this method is in agreement with what
has been done previously (lyuke et al. 251 since they also obtained similar results. In this study
the variation of acetylene flow rate was done in-order to favor the production of MWCNTSs with
smaller diameters. However the results from TEM showed no difference in the amount of
MWCNTSs and only small difference in their size. Therefore this MWCNT production method
can only be used if the MWCNTSs with diameter ranging from 40-150 nm are required.

The MWCNTSs that were prepared at the University of Witwatersrand were not used for this
study because they had big diameters and they were formed within nanofibres; therefore the
MWCNTs were purchased from Nanocyl Pty Ltd, which had defined specifications. These
MWCNTSs were then coated with hBN. The results obtained from TEM revealed that the hBN
coating was ~ 20 nm. The results obtained from this study are in agreement with the result
previously obtained (Chen et al. ¥™). The MWCNTSs that were formed were surrounded by
excess hBN and also that coating every CNT separately was impossible. Boron oxide melts at =
450°C which then formed a matte around MWCNTS therefore making it impossible to coat every
CNT separately. Those MWCNTS that were separately coated with hBN were analysed by TEM,
and it was discovered that after 20 minutes of ultrasonication the hBN coating was “flaking-off”
the surface of the MWCNTS. The flaking off of hBN coating implies that the hBN-CNT interface

is weak.

The variation of ammonia gas flow rate and the temperature at which it is reacted with boron
oxide are two parameters that can affect the thickness of the hBN coating. In the future the
variation of these parameters can be tested in order to improve hBN-CNT interface strength. If
the coating parameters that improve the hBN-CNT interface can be found then CNTs can be

coated with hBN. This would eliminate their destruction during sintering, using cheaper sintering
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methods like hot pressing and pressureless sintering etc. The CNTs destruction during sintering

is currently minimized by using SPS which is an expensive sintering method.

Ultrasonic probe ultrasonication for 30 minutes was an efficient way of dispersing Al,O3
submicron powder (particle size 200nm) in hexane as confirmed by particle size analyzer. The
Al,O3 powder was sintered at 1600°C, 35 MPa and a densification of 99.8% was obtained as
measured using Archimedes principle, showing that the sintering conditions were sufficient to
densify the powder. The incorporation of CNTs into the monolithic Al,O3 slightly reduced
densification from 99.6% to 99.4%. The effects of CNTSs to the densification is dependent onto
the method used to disperse them, as more dispersed CNTs will have a less negative effect onto
the densification process. The CNTSs in this study were dispersed by both ultrasonication and
milling using a PVP dispersant; this method was regarded as aggressive enough to counteract the
Van der Waals forces present within the nanotubes. The CNTs in this study were still
agglomerated to a certain degree, meaning the problem of CNTs agglomeration is yet to be
solved. The challenge with CNTs is that dispersing them less aggressively will leave
agglomerates but dispersing them more aggressively will destruct them and they will have less
positive effects within the ceramic. Despite the CNTSs slightly reducing the monolithic Al,O3
they improved the Al,O3; mechanical properties like fracture toughness and hardness, which was
the main objective of the study. Incorporation of CNTs increased the monolithic Al,O3; hardness
from 18 GPa to 20 GPa (11% increase) and fracture toughness from 3.3 MPavVm to 4.2 MPaVm
(27% increase). The 11% increase in hardness was explained by the reduction of the Al,O3 grain
size upon addition of CNTs and 27% increase in fracture toughness was explained by the crack
bridging and crack deflection mechanisms which were observed upon addition of CNTs. CNTs
are well known for their high electrical conductivity properties, therefore incorporating them into
a non-conducting like Al,O3 ceramic had the potential of increasing the electrical properties.
Incorporation of 1 wt% of CNTSs into non conducting Al,O3 increased the electrical conductivity
to 30 S.m™. The increase in electrical conductivity was explained by the CNTs which were
observed along the Al,O3 grain boundaries, since the grain boundaries are electron conducting
paths, the CNTs located along the Al,O3 grain boundaries were useful in increasing the electrical

conductivity and pinning the grain boundaries during sintering hence increasing Al,O3 hardness.
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In this study only one CNT content (3 vol. %) was investigated due to the time constrains of the
project. In future work the CNT content can be increased to investigate whether electrical
properties will also be increased proportionally. Other methods of dispersing CNTs can also be
investigated to see whether they improve the CNT agglomeration, which is still a challenge to be

overcome.

Ultrasonication for 2 hours was successful in dispersing TiC nano powder (particle size = 200
nm) as it was confirmed by particle size analysis. The mixture of Al,O3 and TiC was made using
a planetary ball mill which produced a well mixed composite powder. This powder was sintered
at 1600°C and 1700°C to investigate which temperature would be sufficient for sintering it. The
sample sintered at a lower temperature of the two was 95% dense of the theoretical while the
density of the one sintered at 1700°C was 99% dense of the theoretical. Therefore 1700°C was
considered a better temperature at which to sinter the composite powder. The incorporation of
TiC (30 wt. %) into monolithic Al,O3 reduced the densification from 99.6% to 99.0%. The
reduction of density was attributed to the presence of the second phase (TiC) within the Al,O3
matrix. The fact that TiC and Al,O3 have difference thermal expansions coefficient implies that
during cooling after sintering they will contract at different rates, with TiC contracting less than
Al,Os. Therefore Al,03 matrix will be constrained from achieving the density it could have if the
TiC phase was absent. Despite the reduced density, the addition of TiC improved both the
mechanical and electrical properties. The hardness was increased from 18 GPa to 22 GPa (22%
increase) and the fracture toughness from 3.3 MPaVm to 4.8 MPaVm (42% increase). The 22%
increase in hardness was explained by the reduced Al,O3 grain size because of grain boundary
pinning effects as well as by the fact that TiC is much harder than Al,O3. The 42% increase in
fracture toughness was explained by crack deflection around the TiC grains and the fact that
different thermal expansion between TiC and Al,O3 induces internal stresses which interferes
with the propagation of micro cracks in the material, thus increasing fracture toughness. Addition
of TiC phase into a non conducting Al,Os increased the electrical conductivity up to 4431 S.m™.
This increase attributed to the presence of the conducting continuous TiC phase within Al;Os;
the TiC phase was responsible for conducting electrons. The conduction of electrons from TiC
grain to another TiC was possible since 30 wt% of TiC produced enough contiguity of this
electrically conducting phase. The addition of both TiC and CNTs into Al,O3; reduced the
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densification from 99.6% to 99.2%. With addition of both TiC and CNTs also improved
hardness from 18 GPa to 23 GPa (22.5% increase) and the fracture toughness from 3.3 MPaVm
to 5 MPaVm (44% increase). It was observed that when both TiC and CNTSs phases were present,
the mechanical properties of Al,O3 increased i.e. hardness only increased within the same error.
This was due to the fact that CNTs and TiC increased the hardness by the same mechanism of
inhibiting Al,O3 grain growth. Addition of TiC and CNTs phases increased the electrical
conductivity up to 6944 S.m™. The large increase in electrical conductivity when both the TiC
and CNTs phases were present was attributed to the fact that these two phases do not conduct
electrons in the same way. CNTs conduct electrons along the grain boundaries which are
conducting paths and TiC grain conduct electrons by passing them to the next adjacent TiC

grains within the ceramic.
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8.0 Appendix

APPENDIX A: THEORETICAL DENSITY OF THE COMPOSITE POWDERS
CALCULATIONS

pr=p1 (F) +(2-1) p2 Equation 5
p = density and f = volume fraction

Calculation of theoretical density of [Al, O3 + CNT (1 wt%0)] sample

p1 (Al,03) =3.98 g cm™ p2 (CNTs)=1.3gcm™
f (CNTs) = 0.03
pr=23.98 (0.97) + 1.3 (0.03) =3.90 g cm

Calculation of theoretical density of [Al,O3; + TiC (30 wt. %)] sample

p1 (Al,03) =3.98 g cm p2 (TiC) =4.93gcm™
f (TiC) = 0.258
pr=4.93 (0.258) + 3.98 (0.742) = 4.23 g cm

Calculation of theoretical density of [Al,O3; + CNT (0.96 wt. %) + TiC (30 wt. %] sample

p1 (Al,03) =3.98 gcm™ p2 (CNTs)=13gcm™  p3(TiC)=4.93gcm™
f (Al,0;) = 0.73 f (CNTs) = 0.022 f (TiC) = 0.25

pr=13.98 (0.73) + 1.3 (0.022) + 4.93 (0.25) =4.17 g cm™
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Appendix B: ELECTRICAL CONDUCTIVITY CALCULATIONS OF
THEORETICAL DENSITY OF THE COMPOSITE POWDERS CALCULATIONS

Calculation for Al,O3+ TiC

R = slope of the curve =2.639 Q
p=RXA)1=(2.639 x 1.50E-07)/1.8E-03 = 2.26E-04 Q.m

6=1/p=14431S.m*

Calculation for Al,O3+ CNTs + TiC

R = slope of the curve = 2.548 Q)
p=(RXA)1=(2548 x 1.10E-07)/1.9E-03 = 1.44E-04 Q.m

6=1/p=6944 Sm*
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APPENDIX C: RAW DATA OF
ELECTRICALPROPERTIES
MEASUREMENTS
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