Silica and borosilicate glass matrix composites

containing carbon nanotubes

Tayyab Subhani

A thesis submitted in partial fulfilment of the requirements for the degree of

Doctor of Philosophy

September, 2012

Department of Materials
Imperial College London

London, UK

1



Abstract

Due to their remarkable properties and unique dimensions, carbon nanotubes (CNTs)
are considered as an exciting nano-reinforcement in a variety of inorganic matrix composites.
However, published data is unable to clearly define the role of CNTs on the properties of these
composites, in particular, the mechanical properties including hardness, stiffness, strength and
fracture toughness. This lack of knowledge is due in part to manufacturing issues, such as the
dispersion of CNTs, densification of composites and microstructural changes during sintering.
Moreover, interest in the electrical and thermal properties of inorganic matrix composites
demands a comprehensive functional property evaluation. The still unexplored technological
properties of these composites, such as thermal shock, ageing, friction and wear resistance, also
deserve particular attention, in order to identify the extent of improvement that can be achieved
due to CNTs. The microstructural characterisation including the nature of CNT distribution and
their embedded morphology in brittle and amorphous matrices is still unclear, together with the
nature of the CNT/matrix interface. Finally, the effect of different CNT aspect ratios on
properties is yet to be investigated in order to choose the most suitable CNT sizes for desired

composite performance.

The present study is, therefore, aimed at developing a model composite system of
uniformly dispersed CNTs of different sizes and loadings in a dense, brittle and amorphous
matrix, and exploring the real effect of CNTs on physical, mechanical, functional and
technological properties of these composites together with their microstructural and interfacial

characterisation.

Indigenously synthesised and functionalised multiwalled carbon nanotubes (MWCNTSs)
of four different aspect ratios (~31-65) were used as reinforcement, up to 10wt% (13.2vol%)
loadings, while silica (SiO2) glass was chosen as an inorganic matrix. Heterocoagulation upon
colloidal mixing provided composite powders with homogeneously dispersed MWCNTs while

pressureless sintering produced dense (96-99%) composites. The randomly oriented MWCNTSs
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in the glass matrix showed a mechanical MWCNT /glass interface due to the interlocking of
MWCNTSs with the matrix. The indentation fracture toughness was improved, by up to ~100%,
but hardness and stiffness decreased by 21-38% and 20-37%, respectively. The electrical
conductivity increased by >11 orders of magnitude but the thermal conductivity showed limited

improvement, i.e. 41-48%.

The effect of different MWCNT sizes on the mechanical properties, such as hardness,
elastic modulus and indentation fracture toughness, could not be determined due to the
decrease in the densities of the composites containing higher aspect ratio MWCNTSs; however,
the functional properties, such as electrical and thermal conductivity, increased in proportion to

the MWCNT size.

The presence of MWCNTSs in the thermal shock resistant silica glass matrix did not
produce thermal cracking after a single quench to 20°C from 1200°C or multiple quenches from
1000°C; however, devitrification of the glass was observed. During the thermal ageing of
composites (up to 1000°C for up to 96h), no significant degradation was observed at lower
temperatures (500°C) except limited surface MWCNT oxidation. However, at 750°C,
considerable MWCNT oxidation was noticed, and at 1000°C, cristobalite was also formed
producing surface cracking on cooling. The decarburisation depth due to MWCNT oxidation
increased with time and temperature, and completely porous composites were obtained after
oxidation of all of the embedded MWCNTSs. The friction coefficient decreased with increase in
MWCNT content, while the formation of a stable graphitic layer in composites containing 10wt%

MWCNTSs reversed the otherwise increasing wear rate.

Finally, the established composite processing route was applied to a commercial
borosilicate glass system containing up to 10wt% (17vol%) MWCNTs. The microstructure along
with the resulting mechanical and functional properties ensured the applicability of the
developed model system, which is believed to serve as a guide in future for preparation of other

technically relevant inorganic matrix composites containing CNTs for improved properties.
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Structure of thesis

Chapter 1 introduces the subject of the present investigation with the underlying aim to
produce CNT reinforced inorganic matrix composites. Chapter 2 is a comprehensive literature
review on CNT composites containing inorganic matrices, i.e. glasses and glass-ceramics. The
first half of the chapter provides information on the preparation, properties, microstructure and
applications of CNTs and glasses/glass-ceramics. The second half gives a brief survey on the
current status of CNT-glass/glass-ceramic matrix composites. The existing composite powder
preparation techniques are discussed along with the densification processes commonly used.
Finally, the available mechanical and functional property data are critically reviewed. Chapter 3
clearly defines the aims and objectives of the present study in the light of the literature survey
(Chapter 2), and also provides the strategy to achieve them. Chapter 4 provides an overview of
the characterisation techniques used throughout the present study. Chapter 5 describes the
synthesis and characterisation of MWCNTs and their suspensions, used for composite
manufacture. Chapter 6 provides detailed information on the processing of a model MWCNT-
Si0O; glass composite system with emphasis on the preparation of composite powders and their
densification, which is followed by physical, microstructural, mechanical, functional and
technological property evaluation, together with the size effect of CNTs. Chapter 7 describes the
successful development and characterisation of borosilicate glass matrix composites containing
MWCNTs, as an application of the developed model composite system in Chapter 6. Finally,
Chapter 8 outlines the conclusions of the present investigation in relation to the initial aims and

also suggests future work.
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1. Introduction

1. Introduction

In the twenty years since carbon nanotubes (CNTs) have become an established topic,
extensive research has been devoted to exploit their applications in the field of science and
engineering. CNTs are one of the most intensively studied of all nanostructured materials, due to
a combination of their outstanding properties and unique dimensions. As a result, the subject of
nanocomposites also became broader and of greater importance after including CNTs as
nanofibrous reinforcing agent to develop a new class of low density nanocomposites with
enhanced properties. Research on these novel nanocomposites containing CNTs has considered
a range of matrix materials including polymers, metals and ceramics. However, comparatively
little attention has been paid to the use of ceramic matrices and even less to silicate glasses and
partially crystalline glass-ceramics. The limited development of CNT-glass/glass-
ceramic/ceramic matrix composites is due to many challenges, including good dispersion of
CNTs and the densification of composites to near theoretical densities without the oxidation of
CNTs after sintering. A good CNT dispersion avoids the presence of agglomerates and produces a
uniform microstructure across the composite providing homogeneous properties, while the
complete densification avoids porosity in composites leading to increased mechanical
performance. Moreover, the involvement of high temperatures in the processing of composites
encourages undesirable structural changes in the matrices, i.e. crystallisation in amorphous
glasses and grain size variation in crystalline ceramics, and also promotes degradation of the

CNTs.

Due to the aforementioned processing difficulties, research on CNT-glass/glass-
ceramic/ceramic matrix composites is still in its infancy. The limited available data is unable to
clearly describe the effect of CNTs on the properties of ceramic matrix composites (CMC) in
general and specifically in glass/glass-ceramic matrix composites (GMC). Although the primary
aim of incorporating CNTs in inorganic matrices is the improvement in the fracture toughness of

these brittle matrices, the observed toughening improvements merge with the associated matrix
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1. Introduction

microstructural changes. As a result, the solitary involvement of CNTs in toughening is difficult
to isolate. Similarly, the effect of CNTs on other mechanical properties including hardness,
fracture strength and elastic modulus requires further investigation, because it is still unclear
whether CNTs improve these properties of the composites or otherwise. Due to the high
electrical and thermal properties of CNTs, there is great interest in the functional properties of
these composites. However, the improvement in inorganic matrix composites in relation to the
CNT content, their percolating network and large interfacial surface area requires further
investigation. The interest in these composites also demands investigation of the technological
properties such as wear and thermal resistance. Moreover, the CNT structural morphology, their
dispersion level and the interface type, requires to be extensively investigated in relation to
composite properties. Finally, the size of reinforcement, i.e. length, diameter and aspect ratio,
strongly affects the properties of composites. Hence, the effect of different CNT sizes on the

properties of composites needs to be determined.

In the light of the above considerations and the comprehensive literature review
(Chapter 2), the present study was performed with an aim (Chapter 3) to develop a model
composite system of uniformly dispersed CNTs in an inorganic matrix, in order to explore the
true effect of CNTs on the properties of composites (Chapter 6). Glass was especially chosen as a
matrix material as it requires lower processing temperature and it provides an amorphous
matrix, which can avoid the CNT effects on the matrix microstructural changes. As-produced
composites were subsequently characterised (Chapter 4) for a wide range of physical,
microstructural, mechanical, functional and technological properties together with the CNT size
effects on composite properties. Finally, the processing route established for the manufacturing
of the model CNT composite system was applied to a commercial borosilicate glass matrix
(Chapter 7), in order to demonstrate its applicability on other technically relevant inorganic

matrices.
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2. Literature review

A comprehensive literature survey is presented based on CNTs, silica-based
glasses/glass-ceramics, and CNT-glass/glass-ceramic matrix composites. In the
first section, the structure, synthesis routes, properties and applications of CNTs
are discussed, which is followed by a section on their composites briefly
explaining the rationale of using CNTs as reinforcement. The third section
discusses the structure, properties, types, applications and making of silica-
based glasses/glass-ceramics, which is followed by a section on their composites
providing motivation for their development together with the types of matrices
and reinforcements, commonly used. The fifth section comprehensively reviews
CNT-glass/glass-ceramic matrix composites and highlights their manufacturing
and characterisation, including physical, microstructural, mechanical,
functional and technological properties. A summary, at the end, outlines the
critical issues and research areas related to CNT-glass/glass-ceramic matrix

comporsites, yet to be attended and investigated.

2.1 Carbon nanotubes

For centuries, graphite, diamond and amorphous carbon have been known as the
allotropes of carbon. However, recently additional forms of carbon have been recognised, i.e.
spherical ! and tubular 23 versions of fullerenes, and have attracted great interest. In particular,
the unique structure and properties of the tubular carbon, i.e. CNTs, has drawn more attention
than any other nanomaterials. As a result, in the last two decades, extensive research has
centred on exploring the potential use of CNTs in a wide range of scientific and engineering

fields.
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2.1.1 Structure

Carbon atoms are held together by sp3 hybrid bonds in diamond. The presence of four
strong sigma covalent bonds constructs a tetrahedral structure producing hard but electrically
insulating diamond. In contrast, graphite has a layered atomic structure, wherein carbon atoms
in each graphene layer are linked through three sp? hybrid sigma bonds 4 . The out-of-plane pi
bond is delocalised and distributed over the entire graphene layer making graphite conductive
and highly anisotropic 5. As a result, strong covalent bonding exists along the graphene layers
and weak Van der Waals forces are present between the layers. CNTs are related to graphite
because they are broadly sp? hybridised. However, graphene layers in CNTs are rolled up to
form seamless hollow tubes; an individual atomic layer forms a single-wall carbon nanotube
(SWCNT) while multiple layers rolled up concentrically constitute a multi-wall carbon nanotube
(MWCNT). A structure containing pentagons or half spherical fullerenes closes the tube ends.
The interlayer spacing of MWCNTs is close to that of graphite layers ¢, i.e. 3.35A°. The diameter
of the inner-most tube can be as small as 0.4nm and up to a large fraction of the outer diameter,
which can reach more than 100nm 5. SWCNTs are synthesised in bundles or ropes of up to
roughly 100 tubes, arranged in a hexagonal array. They are either metallic or semiconducting
depending on the chirality and diameter; armchair nanotubes are metallic, while chiral and
zigzag nanotubes can be metallic or semiconducting 4. Generally, a ratio of 1:2 is found between

metallic and semiconducting SWCNTs. MWCNTs are almost always metallic 7.

2.1.2 Synthesis

CNTs are commonly produced by three techniques: (a) electric arc discharge (EAD), (b)
laser ablation or evaporation (LAE) and (c) chemical vapour deposition (CVD). An even simpler

classification is the high temperature (EAD and LAE) and low temperature (CVD) techniques 8.

a. Electric arc discharge

EAD was the technique used by lijima 2, when CNTs were characterised for the first time.
Typically, a voltage of 20-40V and a current of 50-100A are passed through a pair of graphite
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electrodes of diameter 6-12mm acting as anode and cathode, and separated by a distance of
1-4mm in an inert atmosphere, usually helium. Carbon vaporises away from the anode and
arranges itself into MWCNTSs, which deposit on the cathode, as a soft and dark black fibrous
material 9. Introducing transition metal catalysts into the electrodes, such as Fe, Co, Ni, Cu, Ag, Al
Pd, Pt or a combination thereof, produces SWCNTSs, which deposit on the walls of the reaction
chamber. SWCNTs of diameter 1-5nm and length of up to 1pm are produced as well as MWCNTs
with large variation in their length and outer/inner diameter 10. These CNTs are highly
graphitised with few structural defects, and possess good electrical, thermal and mechanical
properties. The yield, however, is low due to the presence of other graphitic products,

particularly nanoparticles 11-12,

b. Laser ablation or evaporation

LAE was first introduced in 1995 to produce CNTs 13. This method is quite similar to EAD
except using a different heating mechanism, i.e. a high power laser to evaporate graphite, and
usually a more controlled heating regime ¢. The flow of an inert gas, such as argon or helium,
drives the vaporised carbon atoms away from the high temperature zone on a cold copper
collector, where CNTs deposit +. MWCNTSs can be synthesised by this technique 5, but it is more
often applied for the synthesis of SWCNTs after impregnating the graphite with transition metal
catalysts (1-2wt%) 6. The processing parameters, such as the type of inert gas, hydrocarbon
source, flow of inert gas, intensity of laser, and the reaction chamber temperature, influence the
morphology and properties of the CNTs produced. The use of a high power laser and high purity
graphite makes this technique very expensive, but it produces good quality SWCNTs at higher

yields, i.e. >70% e.

C. Chemical vapour deposition or catalytic growth process

CVD has been known for a long time as a means to deposit carbon nanofibrils 3. However,
since 1998, the method began to be optimised for the synthesis of CNTs 1415, In this technique, a

source of carbon, usually a hydrocarbon or CO, is heated inside a quartz tube at an intermediate
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temperature range (500-1100°C) in the presence of a catalyst under an inert atmosphere of
argon or helium gas. The molecules of the carbon source catalytically decompose to provide
carbon atoms, which rearrange themselves into hexagonal networks on the metal catalyst to
grow CNTs 10, The hydrocarbon source may be a solid (camphor, naphthalene), a liquid
(benzene, alcohol, hexane) or a gas (acetylene, methane, ethylene); metal catalysts including Fe,
Co, Ni, Mo and other supports such as MgO, CaCOs3, Al,O3 or Si are used. Metallic catalysts can be
predeposited as particles or films on a ceramic substrate or injected as colloids or
organometallic vapour along the carbon feedstock. The diameter of the resulting CNTs roughly
matches that of the catalyst particle, while lengths up to millimeters can be obtained 6. CNTs
grow by two different methods: (a) tip-growth and (b) base/root-growth; a weak interaction
between metal and substrate allows the growth of CNTs by tip-growth, while a strong
interaction favours base-growth 17. Both horizontal and vertical furnaces are used as reaction
chambers; the former is more common in a laboratory setup, whereas the latter is more often
used for continuous mass production of CNTs. The advantages of the CVD-based fabrication
route include the large scale production at relatively low cost together with a control of CNT
growth by adjusting reaction parameters, such as temperature, time, catalyst, carbon source and
gas flow rate. However, CNTs tend to be highly entangled or aligned, depending upon the
parameters chosen. The application of plasma during growth is reported to enhance the

alignment and straightness of CNTs at low temperatures 18.

In summary, the chosen synthesis route and the adopted processing parameters control
the quality and yield of CNTs produced. Techniques using high temperature produce highly
crystalline CNTs but are costly and provide low yield due to the presence of undesirable
carbonaceous by-products including the other forms of fullerenes and amorphous carbon. Low
temperature synthesis techniques produce cheap CNTs in large quantities but these CNTs are

structurally defective.
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2.1.3 Properties

CNTs possess attractive physical, mechanical and transport properties. Moreover, the
tremendously increased surface area of CNTs up to 1000m2/g 19 due to their nanosize produces
novel effects. However, the properties of CNTs largely depend on their defect-free structure,
which is considerably lowered by the presence of structural defects. A few of the mechanical and

transport properties of CNTs in relation to the present work are discussed below.

a. Elastic modulus

Elastic modulus of CNTs has always been a controversial issue. Although, a similar elastic
modulus value of CNTs is expected as that of graphite (1.06TPa) 29, and theoretical calculations

21 also predicted comparable values, the experimental results demonstrated different values

Table 9.1) ranging from 1GPa to 4150GPa 2225, Highly crystalline CNTs, grown by high

temperature techniques, have always been the attractive choice for elastic modulus
measurements and have shown higher values than CVD-grown CNTs, which show lesser values
due to the presence of structural defects. For example, a decrease of an order of magnitude in
the elastic modulus has been observed, i.e. from 810GPa for arc-grown MWCNTs to 27GPa for
CVD-grown MWCNTs 26. In another study, a value of 300GPa for CVD-grown MWCNTSs reduced
to 100GPa with the presence of defects, which further reduced to only 3GPa in highly defective
MWCNTs 27, These studies indicate that CNTs grown by the same technique but with different
synthesis parameters show varied elastic modulus results. Recently, an average elastic modulus
value of 130GPa was observed for CVD-grown MWCNTs of diameter >20nm 28, while a similar

value (~100GPa) was obtained for MWCNTs of diameters ranging from 10-60nm 2.

MWCNTs are expected to be anisotropic in their elastic properties, as the radial elastic
modulus was calculated to be about one third of that observed in the axial direction 2¢6. Shear
modulus of CVD-grown MWCNTSs and ropes of SWCNTs have also shown a very low value, i.e.

0.1-0.8 30 and 0.7-6.5GPa 23, respectively.
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Molecular dynamic simulations show that the elastic modulus of SWCNTSs increases
slightly with a decrease in diameter due to an increase in torsional strain 31. A similar effect was
observed experimentally in MWCNTSs, where the elastic modulus decreased sharply from 1TPa
to 0.1TPa when diameter increased from 8nm to 40nm 32 Similarly, the bundles of double walled
CNTs (DWCNT) of diameter <5nm showed a high value of 1000GPa, which abruptly decreased to
<100GPa with an increase in the size of bundles 33. In contrast, MWCNTSs are considered to have

higher stiffness due to the presence of more than one nanotube arranged coaxially 5.

Techniques used to measure elastic modulus of CNTs include thermal vibration, electric
field induced resonance, tensile loading inside scanning (SEM) and transmission (TEM) electron

microscopy, and atomic force microscopy (AFM) 34,

b.  Fracture strength

Theoretically predicted tensile strength of the CNTs is relatively high, i.e. ~135GPa 34, as

compared to experimentally achieved maximum values, i.e. <110GPa (Table 9.2). Moreover, a

large variation exists in the strength values; for example, high temperature-grown individual
SWCNTs and MWCNTs showed values of 3.6-100GPa 2435-36 and 10-110GPa 3739, respectively.
The ropes/strands of SWCNTs and low-temperature grown MWCNTs demonstrated a further
decrease down to only 1.0-1.7GPa 4942, The compression strength values of low temperature-

grown MWCNTs are similarly low, i.e. ~2GPa 28.

Nanoloading devices attached with AFM tips are generally operated inside an SEM or
TEM to measure fracture strength of CNTSs. A brittle fracturing mode has always been observed
during tensile loading of SWCNTs, which is followed by the sword-in-sheath mechanism in the
case of MWCNTSs. The low experimental strength values and brittle fracture is related to the
defects (Section 5.1.5) present in the CNTs 34. A recent in-situ TEM test verified the breakage of
the defective CNTs from the defected sites showing low fracture strength, while defect-free CNTs

demonstrated values approaching that of theoretically estimated 3¢.
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C. Fracture strains

CNTs are known to deform under tension, compression, bending and torsion, leading to
the formation of structural defects such as buckling, folding, curling and kinking 43. A tensile
strain of ~20% is theoretically predicted for CNTs 44, which has been experimentally observed
up to 15% and 12% for SWCNTs 45 and MWCNTs 37, respectively. Axial compression followed by
buckling is also common in CNTs showing large elastic strains 3. In bending, CNTs are reported
to be fully reversible up to large angles, i.e. 110°, and show the remarkable flexibility of the
hexagonal network of carbon bonds in graphene tubes avoiding bond breakage up to very high
strain values, i.e. 16% 6-48. Furthermore, strains up to 7.6% have been theoretically calculated
under torsion 4. Radial compression is also reported to transform CNTs from circular to
elliptical /polygonal cross-sections 43 and produce fully reversible strain up to ~40% 59. Finally,
peanut-like shapes of SWCNTSs and radially corrugated cross-sections of MWCNTSs are observed
under hydrostatic compression 3. Superplasticity has also been observed stretching an
individual SWCNT up to 280% at high temperature of 2000°C due to the formation and motion
of kinks 45. This data indicates the presence of structural flexibility in CNTs, which may have an

effect on the properties of CNT-glass/glass-ceramic matrix composites.

d. Electrical conductivity

The room temperature electrical conductivity of metallic SWCNTs was found to be
105-106S/m but only 10S/m was noted for semiconducting SWCNTs 51. The bundles of SWCNTSs
show a range of electrical conductivity values: 1x104S/m to 3x106S/m 5254 , which approaches

the in-plane conductivity of graphite: 2.5x106S/m 55.

The electrical conductivities of individual MWCNTSs have been found in the range of 20
and 2x107S/m 7. The helicity of the outermost tubes 56, ballistic effects 57, and the presence of
defects 58 significantly affect the measured electrical conductivity of CNTs. Moreover, CNTs can
transport currents up to 109A/cm?, which is higher than obtained in conventional metallic wires:

104-105A/cm? 59-60,
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e. Thermal conductivity

High thermal conductivity values have been theoretically predicted for individual
SWCNTs, i.e. 6600W/m.K 6163, although, yet to be proved experimentally. Bulk specimens of
disordered and aligned SWCNTs have, however, demonstrated considerably lower values, i.e.
<36W/m.K ¢ and ~200W/m.K 6465 respectively. Individual MWCNTs have experimentally
shown high thermal conductivity values, i.e. ~3000W/m.K 66, which are reported to be greater
than that of diamond and the basal plane of bulk graphite, i.e. 2000W/m.K 29, but their bulk
forms also show values ranging from 25W/m.K 67 to 200W/m.K 68. A report on randomly-
oriented MWCNTs, consolidated by SPS, demonstrated a very low value of only 4.2W/m.K ¢°. The
bundles, ropes, nests and mats of CNTs similarly show considerably lower values, sometimes as
low as 0.7W/m.K 61, This sharp decrease in thermal conductivity of bulk CNT specimens can be

associated with the interfacial resistance.

2.1.4 Applications

The notable physical and mechanical properties of CNTs suggest numerous scientific and
engineering applications such as supercapacitors, transparent electrodes for organic light
emitting diodes, lithium ion batteries, nanowires, field-effect transistors, molecular switches,
sensors and filters. The conductivity, robustness, high surface area, accessible network
formation, and facile functionalisation of CNTs are promising features for use as electrochemical
electrodes and catalyst supports. Catalytically active sites can be used in fuel cells,
immobilization of biomacromolecules and for organic reaction catalysis. In addition, CNTs can

be used in the fields of catalysis and biomedical applications 7°.

For mechanical and structural applications, which are of relevance in the context of the
present work, individual CNTs can be used as nanoscale reinforcing elements in composites to
achieve improved properties. Moreover, CNT-arrays can be shaped into bundles, ropes and
strands, or two-ply yarns, which can be assembled into sheets for subsequent use as

reinforcement 79,
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2.2 Composites containing carbon nanotubes

Ideal CNTs possess extraordinary physical and mechanical properties in combination
with unique geometrical features, i.e. high aspect ratio and diameter in the nanoscale. Such
outstanding characteristics along with the low density make CNTs an attractive reinforcement
for advanced composites. This new class of materials, i.e. CNT-reinforced composites, aims at
exploiting the high strength of CNTs in the absence of macroscopic defects, due to their small
size leading to high quality structural materials, although atomic scale defects exist 71, such as

pentagon-heptagon defects in otherwise perfect hexagonal carbon network.

CNTs have been used extensively as reinforcing agents in metals 72, polymers 8, and
glasses/ceramics 73, in order to exploit their remarkable features and to overcome the intrinsic
limitations of these materials. For example, CNTs are usually introduced in polymeric and
metallic matrices to increase strength and stiffness along with other functional properties.
Glasses/ceramics incorporated with CNTs, can exhibit reduced brittleness to become
structurally more reliable materials 73. In addition, CNTs can offer improvements in thermal and

electrical properties of inorganic matrices.

2.3 Glasses and glass-ceramics

Glasses and glass-ceramics are sub-classes of ceramics. The term “ceramics” captures a
wide array of inorganic and non-metallic materials ranging from traditional monolithic
ceramics, i.e. bricks, tiles and pottery, to high performance ceramics, i.e. oxides, nitrides, borides
and carbides of silicon, boron, aluminium, titanium and zirconium 74 Ceramics can have
crystalline and/or amorphous structure with either ionic or covalent bonding. Glasses are
amorphous, whereas ceramics other than glasses are crystalline. The crystalline ceramics have
long range order of atomic arrangement in three dimensions while glasses lack such a regular

atomic pattern, but their structure contains random clusters of short-range ordered atoms.

“Glass” is a term used for ceramic materials, which are cooled rapidly from their melts

into solids without crystallisation. In precise words, glasses includes all materials, which are
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structurally similar to a liquid but which have a viscosity so great at normal ambient

temperatures that they can be considered as solids 75. [Figure 2.1|displays a typical plot showing

the variation of specific volume with temperature for glasses and crystalline ceramics.
Crystalline ceramics show a sudden drop in volume at the melting point (Tm) on cooling while
glasses show a gradual change in the slope of the curve at the glass transition temperature (Ty).
Below Tg, glasses behave like a rigid solid material and show resistance to a shear force by
obeying Hooke’s law 7¢. Silica (Si0O2) is a good example that exists in both crystalline, i.e. quartz,

tridymite and cristobalite, and amorphous state, i.e. fused silica. On slow cooling, it crystallises

into a number of polymorphs with a fully ordered lattice (Figure 2.2[a)) while the rapid cooling

results into short-range ordered network in a glassy matrix (Figure 2.2(b)) 7.

Supercooled liquid Liquid

Volume

Temperature

Figure 2.1: Variation of specific volume with temperature showing the relationship

between liquid, crystalline and glassy states 76.

The main inorganic materials possessing the capability of forming glasses are the oxides
of silicon, boron, germanium, phosphorous and arsenic, called glass formers. However, the
glassy state is not limited to oxides, as several sulphur and selenium compounds, metallic alloys
and organic liquids also transform into glassy states at low temperatures 75. Glasses can be

classified by many ways; for example, depending upon their chemical compositions, structures,
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properties, manufacturing techniques and applications. However, the most widely used
classification is based on composition, which relates to the type of the principal glass former.
Metallic constituents, called glass modifiers, are usually added to change the bonding
relationships and structural groupings in order to modify the physical, mechanical and chemical

characteristics of the parent glasses. A two dimensional crystal structure of soda-silica glass is

presented in|Figure 2.3|showing the presence of sodium atoms within the structure of silicon

and oxygen atoms, as already shown in[Figure 2.2[b) 76.

o

o

(a) (b)

Figure 2.2: Two dimensional structure of (a) crystalline and (b) amorphous silica. Open

circles are oxygen atoms and black dots are silicon atoms 76,

Figure 2.3: Two dimensional structure of soda-silica glass. Open circles are oxygen atoms,

black dots are silicon atoms and large black dots are sodium atoms 76,
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Oxides of silicon (silica) form an important class of glasses with various compositions

and properties. The building block of all these glasses is always a tetrahedron of four oxygen

atoms with a silicon atom at the centre (Figure 2.4). The composition of a single tetrahedron is

Si04. However, due to the sharing of each oxygen atom by two tetrahedra, the bulk composition

becomes Si0; 77. The important groups of silica-based glasses are borosilicate, aluminosilicate,

soda-lime-silicate, lead-silicate, high silica and fused silica (Table 2.1). Being inexpensive, soda-

lime-silicates are commonly used for applications in daily life, while other types are special
purpose glasses, i.e. aluminosilicates have better chemical durability, strength and resistance to
devitrification, borosilicates are corrosion and thermal shock resistant, lead-silicates have high
refractive index, high silica (>96% SiO:) is chemically resistant, and fused silica (>99% SiO,) is

used for high temperature applications.

Figure 2.4: Crystal structure of cubic silica with Si0,4 tetrahedral 77.

Raw materials required for making glass are weighed to the required composition,
mixed and melted, followed by the desired shaping process. Other methods such as sol-gel
techniques, colloidal processing, microwave sintering and self-propagating high temperature

synthesis are also used for making glasses.

Generation of ceramic crystals in a glassy matrix by heat treatment develops a different
class of ceramic, called glass-ceramics 74. Nucleating agents, such as TiO;, ZrO,, P,0s, may be
added in the glass composition to encourage crystallisation, which converts a glass into a

glass-ceramic, containing closely interlocked ceramic crystals in the glassy phase 7e.
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Alternatively, glass-ceramics can be produced by powder processing route and sintered for
densification, followed by a heat-treatment process to nucleate and grow crystals. The content of
the ceramic crystals varies from 50vol% to 98vol% 76 and their grain size is around 1pm 74
Many parameters including (a) the difference between elastic modulus and thermal expansion
coefficients of the two phases, (b) the interface in-between and (c) the size and amount of

crystalline phase, define the properties of glass-ceramics 7¢.

Table 2.1: Compositions of different silica-based glasses 77

Glasses Composition wt%
Si02 Naz0 K20 Ca0 PbO B203 Al203 MgO
Soda-lime-silicate 70-75 12-18 0-1 5-14 - - 0.5-2.5 0-4
Lead-silicate 53-68 5-10 1-10 0-6 15-40 - 0-2 -
Borosilicate 73-82 3-10 0.5-1 0-1 1-10 5-20 2-3 -
Aluminosilicate 57 1 - 5.5 - 4 20.5 12
High silica 96 - - - - 3 - -
Fused silica 99.9 <0.001 <0.001 | <0.001 - - 0.005 -

2.4 Glass/glass-ceramic matrix composites

As opposed to metallic and polymeric materials, ceramics including glasses and glass-
ceramics are generally characterised by higher hardness, stiffness, compressive strength, high
temperature stability, chemical inertness, wear resistance and low density, but they suffer from
their inherent brittleness. The problem is specifically severe for glasses 78, which have an
amorphous matrix with limited ability to hinder to crack propagation and possess low fracture
toughness, i.e. <IMPam?/2, This brittle behaviour of glasses and ceramics is the main driving
force for incorporation of reinforcements, such as fibres and particulates, in order to
manufacture composites of toughness higher than that of the matrix materials, along with
additional benefits of increased fracture strength, thermal shock resistance and wear/friction
properties. Other objectives of producing composites are to attain enhanced characteristics such

as electrical and thermal conductivity. However, the need of high temperatures for processing
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has hindered extensive development of these composites. Another problem is a large difference
in thermal expansion coefficients between the matrix and reinforcement that leads to thermal

stresses on cooling from the processing temperatures and results in matrix-cracking.

The improvement in fracture strength and toughness of composites containing

discontinuous reinforcements, i.e. short fibres, whiskers or particles, is limited compared to

monolithic matrices (Figure 2.5). In contrast, continuous reinforcements such as long

unidirectional fibres are more efficient for significant improvements in these properties and
possess significant load carrying ability even after the failure. However, they are more expensive

and more difficult to incorporate in glass/ceramic matrices.

Particulate-reinforced

Fibre-reinforced

Force

Displacement

Figure 2.5: Typical force-displacement curve for a monolithic glass/ceramic, particle

reinforced and fibre reinforced glass/ceramic matrix composite 76,

The incorporation of reinforcements in glass/ceramic matrices introduces various
energy dissipating phenomena, depending upon their nature. Commonly observed toughening
mechanisms include debonding, crack-deflection, fibre-bridging and fibre-pullout. Fibre/matrix
debonding creates new surfaces and releases any stored strain energy associated with the
interface. Moreover, it encourages the process of interfacial frictional sliding of fibres, which can
absorb significant amount of energy depending upon the interfacial roughness, contact pressure
and sliding resistance 79. The frictional sliding typically operates during the fibre-pullout and

fibre-bridging mechanisms after fibre/matrix debonding. A relatively weak interface promotes
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frictional sliding of fibres, while a strong fibre/matrix bonding results in the fibre fracture
during the crack propagation. In case of weak interface, fibre fracture is also observed but only
when fibres possess a length greater than a critical value, called the critical length, which
depends upon the fracture strength and diameter of fibres and the interfacial shear strength 7e.
The deflection of an advancing crack from its principal direction due to the presence of
reinforcement also increases the fracture energy. This process reduces the stress at the crack tip,
which is related to the interface strength and the emergence of microcracks in response to the

stress field around the crack tip along with the presence of residual stresses 8.

The versatility of glasses in processing, properties and compositions, makes them an
attractive choice for matrix materials in composites for a variety of applications in aerospace,
automotive, electronic, biomedical and other specialised fields 8!. Silica-based glasses can be
produced with a broad range of chemistries to control the fibre/matrix chemical interactions.
This chemical composition flexibility also enables the development of glasses with a wide range
of thermal expansion coefficients (TECs) in order to match the TEC of the reinforcement. In
addition, by controlling the viscosity of glasses, high composite densities can be achieved by
promoting viscous flow during sintering. Finally, the low elastic modulus of most glasses means
that high modulus fibres can provide a true reinforcement, unlike in crystalline ceramic matrix
composites, where the ratio of fibre/matrix moduli is close to one 74 However, the main
drawback of glasses is the low temperature capability compared to crystalline ceramics, which

limits their applications to modest temperatures.

Carbon, silicon carbide, alumina, boron and metallic reinforcements have been used in
glasses and glass-ceramics in a variety of shapes, including continuous and chopped fibres,
particles, platelets and whiskers 8l Continuous carbon fibres were the first to be considered to
reinforce silica glass 82, producing excellent toughness, crack growth resistance and
non-catastrophic failure. Borosilicate glasses and lithium aluminosilicate glass-ceramic matrices
have also been reinforced with continuous 8 and discontinuous 84 carbon fibres for improved

composite toughness, which was attributed to low fibre/matrix interface strength promoting
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crack deflection. The combination of carbon fibres with a glass matrix offers other benefits, since
carbon fibres impart lubricity to the composite surface while the glass matrix provides high

hardness, wear resistance and dimensional stability.

A wealth of literature on silicon carbide (SiC) fibre reinforced glass/glass-ceramic
composites is available, showing improved fracture strength and toughness together with the
potential for high temperature oxidation resistance. Monofilaments and large diameter SiC
fibres have been used as reinforcements in different glass matrices 85-87. Moreover, SiC yarns
have been used to develop high strength composites 87-88; the highest strength was achieved by

using a glass-ceramic matrix, i.e. lithium-aluminosilicate 8°.

Glass and glass-ceramic matrix composites containing nano-reinforcements such as

CNTs are discussed in the next section.

2.5 Glass/glass-ceramic matrix composites containing

carbon nanotubes

Since the emergence of CNTs in 1991 2, the motivation to exploit their remarkable
properties triggered the interest to fabricate CNT-based nanocomposites. Especially, the last
decade has witnessed a tremendous use of CNTs, both SWCNTs and MWCNTs, in both the
aligned % and random orientation 91, as reinforcements in polymers, metals/alloys, and
glasses/ceramics, in order to overcome the intrinsic limitations of these matrices and to develop
new materials for futuristic demands. Furthermore, the enormous interfacial area generated due
to the incorporation of nano-fillers in composites may give rise to new kinds of composites,

possessing improved properties.

The utilisation of CNTs in glasses/ceramics was, however, aimed at the desire to
transform inherently brittle glasses and ceramics into structurally reliable materials. As a result,
a range of inorganic matrices, both polycrystalline and amorphous, have been studied in
combination with CNTs, including oxides (Al.O3 92, TiO; 93, ZrO; %, MgO 9, MnO; %, MgAl,04 %7,

Co/Mo-MgAl;04 %8, BaTiO3 99), nitrides (SizN4 190, Si-C-N 101 TiN 102, Fe,N 102), carbides (SiC 193,
43



2. Literature review

WC 194) and glasses/glass-ceramics such as silica 91, borosilicate 105-106, mullite 107, barium-
aluminosilicate 108, alumina-borosilicate 1% and vanadium-doped silicate 110, Of these,
CNT-glass/glass-ceramic matrix composites represent an emerging family of composites that
potentially exploits the small size of high strength fillers in complete and partially crystallised

matrices.

The manufacturing processes used for the CNT-glass/glass-ceramic matrix composites
and their advantages and limitation are discussed below, together with the comprehensive
mechanical and functional characterisation of these composites, available in literature, and the
potentially beneficial properties of these composites for technological applications, yet to be

investigated.

2.5.1 Manufacture

The manufacturing of CNT-glass/glass-ceramic composites comprises two stages: (a)
preparation of composite mixtures using a suitable CNT dispersion process and (b) their

densification by an appropriate sintering technique, as discussed below.

a. Composite powder preparation

The techniques used to prepare composite mixtures of CNTs and glass/glass-ceramic
matrices include conventional powder mixing 111, sol-gel processing 1% and colloidal mixing 91.
Conventional powder mixing process usually yields a poor dispersion of CNTs due to the lack of
driving force to distribute them. As a result, CNT-agglomerates are readily formed in the
sintered composites due to the high aspect ratio, high surface area and poor interaction of CNTs
with the matrix material. On the other hand, sol-gel 199 and colloidal mixing 9! techniques have
successfully produced homogeneous dispersions of CNTs up to 10wt% and 15wt%, respectively,
due to the means of modifying the wettability/adhesion between CNTs and the matrix material.
In-situ synthesis of CNTs in matrix material is another convenient technique, which has been
predominantly utilised for CNT-CMC mixtures 112 but never applied to obtain CNT-GMC

mixtures.
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i. Conventional powder mixing

One of the earliest techniques used to prepare composite mixtures was conventional
powder mixing. In this process, as-synthesised CNTs are mixed with glass/glass-ceramic
powders and a composite slurry or suspension is prepared, which is ultrasonicated and/or ball-
milled to disperse CNTs. The composite slurry/suspension is then dried, ground and sieved
before the final compaction and sintering to obtain composite bodies. Composite powders
containing both glasses 105111113 and glass-ceramics 107-108110 have been prepared by this
technique. Crystalline ceramics including alumina 114 and silicon nitride 115 have also been

prepared with this technique to prepare composites in combination with CNTs.

In the first investigation on powder mixing process, CNTs ranging from 3.75wt% to
22.5wt% were incorporated in silica (SiO;) glass powder 113 to prepare CNT-SiO, glass
composites. However, the CNTs could not be well dispersed in the composite, even at low
loadings (3.75wt%). Another study on borosilicate (BS) glass powder found similarly

unsatisfactory CNT dispersion results 105,

Attempts to produce CNT-glass-ceramic composite powders also remained unsuccessful;
the examples include, 1wt% CNTs in vanadium-doped silicate 119, 3.75wt% CNTs in mullite 107

and 11.25wt% CNTs in barium aluminosilicate 108,

The lack of dispersion is not surprising in these systems, given that the matrix particles
are typically large compared to the desired CNT-CNT separation, and the fact that the CNTs tend
to be forced into mutual contact around the perimeter of the matrix particles. There is no
effective mechanism, during consolidation, to disagglomerate these CNTs, or distribute them
within the original matrix particles. On the other hand, if an electrically conducting network is

required, at low loadings, this type of longer length scale structuring can be beneficial.

ii. Sol-gel techniques
Sol-gel processing has shown potential to provide good dispersion of CNTs in

glass/glass-ceramic matrix composites 109. In this process, CNTs are mixed in a (usually
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aqueous) solution (sol) of molecular precursor of the destined matrix, which is subsequently
gelled (gel) and dried to obtain a composite body that is either used as the final composite after
heat-treatment 116 or crushed, ground, sieved and then sintered to obtain composite bodies of
the desired shape 106, Although, earlier studies showed a degree of CNT-agglomeration 117-118,
later investigations demonstrated a better dispersion of CNTs after their functionalisation, up to
3wt% 196 and then 10wt% loadings 10°. However, higher loadings of CNTs (15wt%) still produce
agglomerates due to improper dispersion of CNTs 109, Different types of CNTs such as SWCNTs
116119121 DWCNTs 122 and MWCNTs 106109 have been incorporated in glass/glass-ceramic

matrices by sol-gel processing including silica 123, borosilicate 196, and alumina borosilicate 129,

In one of the earliest studies on sol-gel processing 123, tetraethoxysilane (TEOS) was used
as the precursor in acidified water destined to produce a silica glass matrix. CNTs were mixed
with the solution and after condensation, the mixture produced a composite body containing
MWCNTSs, which was milled to powder and densified by pressureless sintering 124 and laser
treatment 125, In the earlier attempts, CNTs without functionalisation were incorporated in the
precursor of the desired matrix 126; however, later investigations focused on using appropriate

surfactants or coupling agents for improved CNT dispersion in composites 119.127-133,

Transparent silica GMCs were also prepared by reinforcing SWCNTSs 129 and MWCNTSs 134
by sol-gel processing. CNT-SiO, glass composites for nonlinear optical properties 134135
microwave attenuation 136 and electromagnetic interference shielding effectiveness 137 are other
examples of sol-gel processing. In addition to bulk composites, thin glass composite films of
CNT-SiO; were also produced by this technique and deposited by spin-coating 138 and dip-
coating techniques 116128139, Finally, mesoporous CNT-SiO glass composites were also produced

by this technique to develop novel biomaterials 149,

iii. Colloidal mixing
Colloidal mixing processing is an emerging technique to homogeneously disperse CNTs
in glass/glass-ceramic matrices 91. In this process, the surface chemistry of CNT and the

glass/glass-ceramic powder suspensions is adjusted to encourage the coating of glass particles
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on CNTs or vice versa, depending upon their size. The manipulation of the surface chemistry of
the two composite constituents results in the development of opposite surface charges on them;
as a result, similarly charged particles repel each other but attract oppositely charged particles
during the mixing of the two suspensions, a process called heterocoagulation. Organic
surfactants and dispersants are used to develop positive or negative surface charges on CNTs
and matrix powders, which are usually removed during sintering 73. Alternatively, a calcination
step, at temperatures less than 400°C, can be introduced before sintering to eliminate the
surfactants/dispersants, which could provide undesirable effect via residual impurities in the
composites. In addition to glasses/glass-ceramics, colloidal processing has also been used for

CNT-crystalline CMCs including alumina 41, titania 142, and silicon nitride 143, as matrices.

The earliest works on colloidal mixing techniques find their roots in sol-gel processes,
where surface charges were developed on CNTs by using surfactants, and functionalised CNTs
were then mixed with the precursor of the desired matrix. In one of these studies, CNTs were
dispersed in an aqueous solution of cetyltrimethyl ammonium bromide (CTAB), which served as
the cationic surfactant before mixing it with the alcoholic TEOS solution to form the silica glass
matrix 118, CNT-SiO, glass composite powders displayed better CNT dispersion quality than
obtained by direct mechanical mixing processes. In another study, CNTs were dispersed in silica

glass using different surfactants to prepare composite films 138,

In the second stage of the development of colloidal processing, surfactant assisted CNT
dispersions were mixed with commercially available colloidal glass particle suspensions to
prepare CNT-glass composite powders. For example, CNTs were mixed with colloidal silica to

obtain composite powders 144146 Jeading to a better dispersion quality.

More recently, colloidal mixing processes have been developed, which provide high
quality CNT dispersions in glass matrices 91147, Aqueous CNT dispersions are obtained by
treating CNTs with a mixture of sulphuric and nitric acids 148, which not only purify them from
catalyst particles and amorphous carbon produced during their synthesis but also shorten their

lengths and decorate them with acidic surface functionalities, i.e. carboxylic and other oxygen-

47



2. Literature review

containing groups. As a result, CNTs were electrostatically stabilised in aqueous suspensions and
developed a negative surface charge. The development of negative surface charge on CNTs
requires positive surface charge on glass particles to encourage heterocoagulation, which is
produced using cationic surfactants. Finally, the composite powder suspension, obtained by
colloidal mixing of the two suspensions, is dried, ground and sieved to obtain composite
powders for subsequent sintering into solid compacts. In the earliest of these studies, 1wt%
CNTs were dispersed in silica glass 147 but high CNT contents were loaded successfully, i.e.

15wt% (19vol%) in subsequent investigations and densified by SPS 91,

iv. In-situ CNT synthesis in matrix

In-situ synthesis involves the direct growth of CNTs on matrix powders by CVD
processes. The matrix particles clearly have to be stable at the synthesis conditions (elevated
temperatures in hydrocarbon atmospheres) and to be compatible with the CNT catalyst system
used. To date, several crystalline ceramic matrices have been directly grafted with CNTs
including Al,03 112, SiC 149, TiN 150, Fe;N 102 and BaTiO3 151, but glass/glass-ceramic matrix
composite powders have not yet been prepared by this method. Possible problems associated
with this technique include the retention of metal catalyst and amorphous carbon produced
during the CNT growth, non-uniform dispersion of CNTs, little opportunity of manipulating
interface and the poor density of composites after consolidation. On the other hand, the
technique can be used to develop composites with highly ordered array of aligned CNTs in the

matrix, as observed in MWCNT-Al,O3; composites 152,

b. Composite densification techniques

Two specific densification techniques, namely spark plasma sintering (SPS) °! and
uniaxial 111 / isostatic 190 hot-press sintering (HPS), are often used to consolidate CNT-
glass/glass-ceramic composites, although high temperature extrusion 153, laser-treatment 125 and
high pressure techniques 121 have also been reported. Surprisingly, however, little attention has

been paid to the consolidation of CNT-glass/glass-ceramic composites using pressureless
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sintering (PLS), except for a few deliberate attempts to densify CNT-glass composites 105147 but
without good result. In contrast, CNT-ceramic matrix composites have been sintered using PLS

including CNT-Al;03 composites 154-157,

In SPS, composite powders are internally heated by passing pulsed DC current through a
graphite die, while in HPS and PLS, composite powders are consolidated by an external heat
source 158, Rapid heating in SPS causes lower sintering temperatures and shorter durations
compared to HPS and PLS. 100% relative densities have sometimes been achieved by HPS 108
and SPS 144, However, alignment of CNTs has been observed in densified composites, sintered by
SPS and HPS 159, as these techniques involve uniaxial pressure. In contrast, hot-isostatic pressing
(HIP) and PLS can provide randomly oriented CNTs in the final composites, provided composite
powders are pre-compacted in PLS by isostatic pressing. Moreover, interest in conventional PLS
can be driven by its cost-effectiveness and its adaptability to parts with different shapes and
dimensions. In short, SPS is a time efficient and effective route to good densities, but PLS is
cheaper and more flexible in terms of composite size and shape, but at the cost of a

comparatively lower density.

Good composite density is not only related to the densification technique employed but
it is also associated with the uniformity of CNT dispersion in the matrix. A suitable composite
mixing process to homogeneously disperse CNTs in a well packed particulate matrix along with
the densification through PLS can provide a suitable combination to manufacture CNT-
glass/glass-ceramic matrix composites. Initial attempts to use conventional PLS did not show
good densification results; for example, 10wt% CNT-borosilicate glass composites showed
relative densities of only 51% 105, However, a change in the composite powder processing
technique from direct powder mixing to colloidal mixing provided good composite density, i.e.

959% with 1wt% CNTs 147,

Degradation of CNTs is often reported during the sintering of composites involving high
temperatures 9597105153160, Vacuum or protective atmospheres of nitrogen or argon are,

therefore, used during sintering to avoid the oxidation of CNTs.
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2.5.2 Characterisation

a. Microstructure

The microstructural characterisation of CNT-glass/glass-ceramic composites is usually

performed by x-ray diffraction, scanning and transmission electron microscopy, as given below.

i. X-ray diffraction

The amorphous structure of glass matrices after sintering or their extent of
devitrification is determined by XRD 91.105111,113117,119,122,131,147 [n glass-ceramic matrices, XRD
identifies the presence of crystallites in the glassy phase 107.109-110,120, Cristobalite usually forms
in silica and borosilicate glass matrices when SPS 122144 HPS 105113 or PLS 147 are used. However,
careful control of sintering conditions can avoid crystallisation that can considerably affect the
composite microstructure and properties, confounding attempts to understand the underlying
science 91113, Cristobalite can also be suppressed by the addition of Al,O3; but it causes the
crystallisation of mullite and transforms an amorphous glass into a glass-ceramic matrix, as

observed in CNT-alumina borosilicate composites 109120,

XRD is also used to detect the retention of CNTs in composites after sintering involving
high temperatures, i.e. up to 1200°C, as in CNT-SiO; glass composites 91. A characteristic (002)

XRD peak of as-synthesised CNTs confirms the presence of CNTs in composites.

It can be argued that a large interfacial surface area in composites should accelerate
matrix crystallisation through heteronucleation, but studies on CNT-SiO; glass composites have
instead identified a suppression of matrix devitrification, possibly due to the dissolution of

carbon 91,

ii. Scanning electron microscopy
The dispersion quality of CNTs and their presence in composites after sintering is
observed by SEM. Micrographs of composites prepared by mechanical mixing generally show

agglomerates associated with inhomogeneous CNT dispersion 195. However, images of the
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composites produced by sol-gel and especially colloidal mixing technique show well-dispersed

CNTs in matrices 91,106,109,

SEM also characterises as-synthesised CNTs, CNT-suspensions, and CNT-composite
green bodies. The location of CNTs in glass-ceramic matrix composites is also evidenced by SEM,
as CNTs generally occupy one of the four locations in crystalline matrices, i.e. (a) within grains,
(b) along grain boundaries, (c) bridging the grains and (d) within intergranular pores.
Conversely, in composites containing amorphous matrices, CNTs are only expected to disperse
in a continuous bulk matrix without any effect of grains or grain boundaries. The toughening
mechanisms in CNT-composites including the debonding, crack-deflection, bridging and pullout

are also revealed by SEM.

Finally, the densification quality of composites including the presence of porosity is
witnessed by SEM. The grain size variation due to the presence of CNTs and the formation of

cracks after thermal treatments are other microstructural features, observed by SEM.

iil. Transmission electron microscopy

The information on the actual state of embedded CNTs in composites is produced by
TEM, i.e. their dispersion and orientation, as well as the degree of crystallinity after processing,
and the state of the fibre/matrix interface. Moreover, TEM reveals the structural characteristics
of CNTs before and after their incorporation in matrices including any damage because of the
chemical functionalisation. Due to their flexible nature, images of bent CNTs are common in
composites with glass 106118133-135 and glass-ceramic 90.108-109 matrices. Localised curvatures in
the CNT walls are also observed, which may be due to structural defects produced during
synthesis 128 or due to the effect of pressure applied during sintering to densify composites. In
addition, folds and kinks have been noted in the walls of CNTs °° and curled and imperfect CNT

layered structures are other commonly observed features 135.

Another aspect of considerable importance is the interface, as the interfacial

characteristics can significantly affect the composite properties. High resolution TEM (HRTEM)
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is used to reveal the type of contact between the CNTs and the matrices. Mechanical bonding is
reported to form predominantly in CNT-glass/glass-ceramic matrix composites without the
existence of an intermediate phase 90.106108-109,118, However, chemical bonding at the CNT/matrix

interface due to carbothermal reduction has also been reported 124,

b. Physical properties

i. Density

The densities of CNT-glass/glass-ceramic matrix composites directly affect their
properties. Indeed, the achievement of near complete densification is a prerequisite for
enhanced mechanical properties. SPS and HPS have provided dense CNT-glass/glass-ceramic

composites 108-109.159 and in some cases, 100% densification of composites has been reported 144,

In contrast, conventional PLS is showing a gradual improvement in densification results;
for example, 51% relative density in 10wt% CNT-borosilicate glass composites, followed by a
satisfactory rise of 90% in 1wt% CNT-Ca0O-Zr0:-Si0; and CNT-Ca0-Zr0,-Si0;-V,0s composites
and more recently 95% densification has been achieved in 1wt% CNT-SiO; glass composites 147.

More attention is needed to revive the use of PLS for the densification of CNT-glass/glass-

ceramic matrix composites.|Figure 2.6[summarises published densification results for a variety

of CNT-glass/glass-ceramic matrix composites produced by HPS, SPS and PLS.

C. Mechanical properties

Four mechanical properties of CNT-glass/glass-ceramic matrix composites have been
investigated in most of the studies, namely hardness, elastic modulus, fracture strength and
fracture toughness. The incorporation of CNTs in composites has led to different effects on these

properties, as explained below.

i. Hardness

Hardness of CNT-glass/glass-ceramic matrix composites has been investigated several

times but the actual effect of CNTs on hardness is still unclear. In the absence of a hardness value
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of individual CNTs, their effect on the hardness of composites is difficult to predict. As a result,
three different trends of hardness have been revealed in literature, i.e. (a) an increase in
hardness, which has been associated with dense matrices and good interfacial bonding, although
no evidence of a strong chemical interface between CNTs and the matrix is usually shown,
except the existence of a simple mechanical bonding; (b) a continuous decrease in hardness,
which has been associated with inhomogeneous dispersion of CNTs and poor density of sintered
composites; and (c) an initial increase followed by a decrease in hardness, which has been
explained by a combination of (a) & (b), i.e. good interfacial bonding and/or uniform dispersion
at low CNT loadings and inhomogeneous distribution of CNTs at higher contents, leading to the

formation of CNT-agglomerates and hence poor composite densities.
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containing carbon nanotubes (published data) 91.105-106,108-110,113,118,144,147,

An early investigation on 4wt% CNT-SiO; glass composites showed a 28% increase in
hardness in comparison to that of unreinforced silica glass 116. Surprisingly, another study on the
similar CNT-SiO, glass composites showed 44% improvement in hardness of composites by
adding only 0.075wt% CNTs 121, Borosilicate GMCs containing 10wt% CNTs demonstrated 22%
decrease in hardness that was attributed to inhomogeneous dispersion of CNTs, as a direct

mixing technique was used to prepare composite powder 111, In contrast, a study on borosilicate
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GMCs, prepared by a sol-gel technique, demonstrated an increase in hardness of 13% by adding
2wt% CNTs but further CNT addition (3wt%) was reported to produce agglomerates and a

decreased hardness to a value 7% less than that of pure borosilicate glass 106,
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Figure 2.7: Percentage variation of the hardness of glass and glass-ceramic matrix

composites containing carbon nanotubes (published data) 106.109,111,120-121,138,161,

CNT-composites containing glass-ceramic matrices have also shown a mixed trend in
hardness. In a study on 5wt% CNT-alumina borosilicate composites, an increase in hardness of
10% and 23% was observed on adding MWCNTs and SWCNTs, respectively 120, However,

another study of the same authors showed a 31% decrease in hardness of 15wt% CNT-alumina

borosilicate composites 199.|Figure 2.7|shows the published hardness data of CNT-glass/glass-

ceramic matrix composites, obtained by Vickers macro/microhardness and Berkovich
nanohardness techniques. None of the CNT-glass/glass-ceramic matrix composites showed a
continuous increase in hardness to high CNT loadings, although improvements up to 5wt% are
reported in several systems. Sharp increases at low CNT contents are most likely to be related to

changes in matrix morphology.

ii. Elastic modulus
Like hardness, published data for elastic modulus of CNT-glass/glass-ceramic matrix

composites shows different trends, as a direct result of different composite microstructures and
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the quality of CNTs used. Since the focus of CNT-glass/glass-ceramic composites is usually

toughness, therefore, relatively less data is available (Figure 2.8), which is generated by

disparate techniques depending on available sample size, i.e. three or four point bending tests,
instrumented indentation and ultrasonic techniques. Some of the reports show increased
composite stiffness; for example, a 38% enhancement in silica glass composites at 7.5wt% CNTs,

which may be due to the matrix crystallisation 138144,

Improvements in stiffness of CNT-borosilicate GMCs at low CNT loadings (2wt%) have
been noted in the absence of crystallisation effects; however, at higher CNT loadings (3wt%),
agglomeration and other consolidation issues lead to a net reduction in performance 1. In other
cases, monotonic reductions in stiffness have been attributed to inhomogeneous dispersion of
CNTs, their degradation during processing and insufficient densification of composites, in both

glass 106111 and glass-ceramic matrix composites 109,

iii. Fracture strength
Significant increases in the fracture strength of CNT-glass/glass-ceramic matrix

composites have been observed at low to moderate CNT loadings, i.e. <10wt%, using three and

four point flexural and compression strength tests (Figure 2.9). However, further increases in

CNT contents usually lead to composites with reduced mechanical strength 113 106111 although
the optimum loading varies with the study and processing. Microstructure and degree of
agglomeration is again key, as illustrated by the extra enhancement obtained from 65% to 88%

in 3.75wt% CNT-SiO; composites 113 on introducing a better surfactant system 118,

iv. Fracture toughness

Fracture toughness is the property that has received most attention, since brittleness is
the key limitation of many glass/glass-ceramic systems. The interest was, however, propelled by
an early investigation on CNT-Al;03 composites, which showed a three times improvement in
fracture toughness compared to monolithic alumina 114. Although, this substantial increase was

seen in a crystalline ceramic, the studies on glass matrices also explored the possibility of the
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introduction of toughening mechanisms through the incorporation of CNTs

. However, such a

level of improvement in toughness was never observed in later studies in any of the amorphous

or crystalline ceramic matrix composites containing CNTs 73.
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Due to the small available sample volumes, a large number of studies on CNT-

glass/glass-ceramic matrix composites have employed Vickers indentation fracture (VIF)
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toughness techniques to assess fracture toughness. VIF is a simple technique which enabled the
comparison between toughness values of the composites and those of unreinforced glass/glass-
ceramic matrices based on the length of cracks emanating from the indentation corners.
However, there has been some discussion about the validity of such measurements, particularly
in poorly consolidated materials 162. Single edge V-notch (SEVNB) and chevron V-notch (CVNB)
techniques are the better guide for absolute fracture toughness values. Nevertheless,
comparative studies have shown that both approaches can offer similar trends, though VIF tends

to overestimate CVNB values, for well-processed systems 1.

An increase in fracture toughness has been observed in all composites so far developed

Figure 2.10), although in some cases, a drop again occurs at high CNT loadings due to

inhomogeneous CNT dispersion. However, the extent of improvement in fracture toughness,
although significant, is limited and the maximum increase of ~150% has been observed 118144,
This level of improvement in fracture toughness is, in itself, not expected to deliver structurally-
reliable composite materials and conventional fibre reinforced composites usually exhibit higher
fracture toughness. Nevertheless, the improvements observed using CNTs may provide useful

benefits along with the other properties.
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Improvements in toughness of composites are usually attributed to conventional fibre
mechanisms, such as debonding, crack deflection, fibre-bridging and fibre-pullout, as these
characteristic features are often observed by fractography. However, scaling considerations 9!
highlight the lower absolute performance expected for nanofibres compared to microfibres, if
only these conventional mechanisms operate. It may, therefore, be useful to consider the
possibility of enabling fundamentally new toughening mechanisms such as shear banding of

hollow nanostructures.

d. Functional properties

The incorporation of CNTs in glass/glass-ceramic matrices also influences their
functional properties including both electrical and thermal conductivities. For completeness, a

brief account of these properties is given below.

i. Electrical conductivity

The incorporation of CNTs in glass/glass-ceramic matrices tremendously increases the

electrical conductivity of insulating glasses and glass-ceramics (Figure 2.11). At very low CNT

contents, electrical conductivity is not increased significantly 126 but the formation of a

conducting percolating network of CNTs rapidly increases electrical conductivity by several

orders of magnitude. Most of the systems in|Figure 2.11|have a percolation threshold between

1wt% and 3wt% CNTs 106137.159.163, These values are consistent with the excluded volume theory

for high aspect ratio particles, i.e. CNTs of typical aspect ratio of 100-1000.

Low percolating thresholds represent agglomeration of CNTs 122 or their structuring
around large micron-size grains in glass-ceramic matrices, while a value >1.0wt% shows a
homogeneous dispersion of CNTs with individual CNTs well-separated from others 164 Higher
aspect ratio CNTs give lower percolation threshold and higher absolute conductivity of the
composite system due to fewer junctions but are susceptible to alignment effects, i.e. anisotropy

in electrical conductivity 9. This effect was specifically observed in CMCs after extrusion, i.e.
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CNT-Fe/Co/MgAl;04 composites, where an improvement of a factor of ~30 was seen along the

extruded direction due to the alignment of CNT's 153,
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Figure 2.11: Increase in electrical conductivity of glass and glass-ceramic matrix

composites containing carbon nanotubes (published data) 90.106,110-111,122,145,163,

ii. Thermal conductivity
Since CNTs exhibit high individual thermal conductivities, i.e. 3000W/m.K, which is
greater than graphite (2000W/m.K) and diamond (900W/m.K) 165, it was hoped that composites

of extremely high thermal conductivity might be produced. However, the extent of increment

Figure 2.12) is typically rather low (<100%), due to the high interfacial density associated with

nanoscale particles. Similar levels of enhancement have been observed at elevated

temperatures, i.e. 650°C 117,

The characteristic percolation behaviour observed for electrical conductivity is not
mirrored in the thermal response. The fundamental reason is that there are far fewer orders of
magnitude of variation between the thermal conductivities of CNTs and glass/glass-ceramic
matrices than in the electrical case. Only modest improvements in thermal conductivity are
possible on incorporating discontinuous CNTs in glass/glass-ceramic matrices. Many reasons
may limit the enhancement, including the presence of structural defects in CNTs, non-uniform
dispersion of CNTs producing agglomerates, insufficient densification of composites leading to
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porosity, preferential alignment of CNTs producing anisotropic composite properties, and the
presence of new phases at the CNT/glass interfaces; however, even apparently good quality
composites disappoint. Simple rule of mixtures expectations have never been met, even when

the random CNT orientation is taken into account, due to the strong influence of interfaces 159.
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Figure 2.12: Percentage increase in thermal conductivity of glass and glass-ceramic

matrix composites containing carbon nanotubes (published data) 90.106,117,146,163,

e. Technological properties

A variety of technological properties of CNT-glass/glass-ceramic composites are
particularly relevant to potential industrial applications, such as thermal shock, cycling and
ageing behaviour, and wear and friction resistance. No data on these properties is available;
however, related reports on CNT-ceramic matrix composites and carbon fibre-glass/glass-
ceramic matrix composites highlight the importance of these technological characteristics, as

discussed below.

i. Thermal shock resistance
Some of the glasses are sensitive to sudden temperature variations because of their
inherent brittleness, high thermal expansion coefficient and elastic modulus, and low tensile

strength and thermal conductivity 166. The internal stresses produced due to the thermal
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gradients usually result in the catastrophic failure of materials; local strain exceeds the failure
strain 165, One approach to improving their thermomechanical properties has been the
manufacture of composites by using suitable reinforcing materials. As a result, a range of GMCs
containing different glass matrices, such as borosilicate and silica, and reinforcement types,
including SiC, ZrO,, Al;TiOs, NiCrAlY, carbon, oxycarbides, have been developed showing an
improvement in thermomechanical properties 82167-171 [n particular, carbon fibre-reinforced
silica glass can avoid cracking on quenching from 1200°C to room temperature 82. As CNTs
possess high strength and thermal conductivity, their incorporation in glasses is also expected to

produce thermally conductive composites with enhanced resistance to thermal shock.

For fibre-reinforced GMCs, the thermal shock resistance is experimentally found by
subjecting a specimen to a sudden change (i.e. quenching) in temperature from an initial (T;) to
final (T¢) value and observing the damage results, i.e. presence of cracks 167. T is generally kept
constant, i.e. room temperature, while T; is increased until the critical temperature (T.) is
achieved, at which specimen damages. The difference between the two temperatures (AT=T-Tr)
is the safe range wherein a specimen remains unaffected by thermal shock. The damage induced
to specimens after thermal shock is determined quantitatively by different mechanical tests,
such as flexural or diametral compression tests, to evaluate the decrease in fracture strength or
qualitatively by observing the presence of cracks using microscopic or non-destructive
techniques, such as forced resonance 167.169. An alternative technique, the indentation quench
test can also be used to determine the critical quenching temperature 171. In this case, the
extension in the length of cracks around the Vickers indentation is measured after quenching at

different temperatures.

The resistance to thermal shock is characterised 168 by a parameter (R), which
corresponds to the safe temperature range (AT) in dense glasses wherein cracks can be avoided,
as discussed above and is related to the fracture strength (¢), Poisson’s ratio (v), thermal
expansion coefficient (a) and modulus of elasticity (E) of a composite 172, as given below; a high

value of R shows better thermal shock resistance.
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_a(1-v)

R
aE

Equation 2.1

Moreover, other factors including the fracture toughness, thermal conductivity, specific
heat capacity, geometry and surface roughness of the specimen, and the dispersion quality of the
reinforcing phase affect the thermal shock resistance of composites. The presence of
microcracks and isolated porosity may provide a means to accommodating some thermal strain

and thereby cause reduction of thermal stress under thermal shock loading 168

ii. Thermal cycling resistance

Sometimes, the thermal shock treatment is repeated for a number of cycles at a
particular temperature, at which the composite is intended to be used in the real application.
The purpose is to determine the extent of the damage inflicted to the specimen after multiple
thermal cycles 167.169 It has been observed that the thermal shock induced damage increases
with repeated cycles, which include the oxidation of reinforcing phases, matrix microcracks,
increased matrix crystallisation, matrix softening due to viscous flow above the glass transition
temperature, porosity/cavity formation, and interfacial separation/cracking between the
reinforcing phase and the matrix. These microstructural changes lead to a decrease in the

fracture strength, elastic modulus and a simultaneous increase in the internal friction 167.169,

iii. Thermal ageing behaviour

Thermal ageing of fibre-reinforced GMCs is another significant area of research and has
been extensively investigated in carbon fibre-reinforced glass/glass-ceramic matrix composites
169-170,173-174 in order to find the maximum working temperature at which these composites could
be used for long periods of time without the substantial deterioration in their microstructure

and properties.

In relation to CNTs, the thermal ageing of carbon fibre-reinforced GMCs deserves a
special mention here. In an inert atmosphere or vacuum, carbon fibres not only survive but also
retain their mechanical properties at temperatures >2000°C; however, they start burning away

in oxidising atmosphere at temperatures >400°C 175. At higher temperatures, particularly
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~700°C, carbon fibres completely oxidise leaving behind a porous glass matrix with the
considerable decrease in mechanical properties 174 The oxidation of carbon fibres is, therefore,
the main disadvantage to limit the use of carbon fibre-reinforced glass/ceramic matrix

composites for high temperature applications in oxidising atmospheres.

The oxidation of fibres also accelerates with the presence of matrix microcracks 176,
which are generated after cooling from the sintering temperature due to the difference in the
coefficients of thermal expansion between the two phases, and serve as short-circuit diffusion
paths for oxygen to access carbon fibres. However, at a temperature above the glass-transition of
the glass matrix, the microcracks heal by the viscous flow and the rate of fibre oxidation reduces,
as observed in borosilicate glass matrices 176, It shows that the composition of glasses also
affects the carbon fibre oxidation; glasses containing boric trioxide (B203) tend to be less porous
and protect carbon fibres by forming a thin layer around fibres due to their increased viscosity
in the temperature range of 600-1100°C, thus reducing the available surface area of fibres
exposed to oxidation 177. In contrast, more viscous silica-based glasses offer a temperature

advantage over B;03 containing glasses but do not perform well at lower temperature ranges.

Coatings on carbon fibres also reduce their oxidation but the coating quality determines
the fibre protection level; CVD-coated SiC was observed to increase the oxidation rate while dip-
coated SiC reduced it 177. The increase in the oxidation rate was associated with cracking and
debonding of the CVD-coating during fabrication, which provided diffusion paths between the
coating and the carbon fibres. Both silicon carbide and silicon nitride are the leading candidate
materials for the protection of carbon fibres against oxidation 177. Other protective CVD-grown
coatings, including pyrolytic carbon and titanium nitride have also been developed on carbon

fibres 178, in particular, titanium carbide using a molten salt method 17°.

The above literature survey shows that the thermal shock, cycling and ageing behaviour
of different types of fibre-reinforced GMCs have been comprehensively studied; however, no
related reports on CNT-glass/glass-ceramic matrix composites are available except a single

letter on CNT-ceramic matrix composites, i.e. CNT/SizN4s composite system 180, which only
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discusses the thermal shock resistance using an indentation-quench method. In this letter, an
increase in thermal shock resistance was observed with the addition of 1wt% CNTs in
composites, which decreased to a temperature lower than that of the pure SizN4 after increasing
the amount of CNTs to 3wt%. A decrease in the strength of the composites and thermal shock

resistance was attributed to the agglomeration of CNTs.

iv. Friction and wear resistance
Graphite is known as a solid lubricant 181. Its outstanding lubricating properties are due
to the layered graphitic structure, i.e. graphene sheets containing weak van der Waals bonding,

which permits an easy shear and thus provides a low friction 182.

Wear and friction behaviour of carbon fibre GMCs has been extensively studied, with
varying types of carbon fibres, glass matrices, testing parameters, and counter sliding bodies, i.e.
cast iron, steel, aluminium alloys, alumina and silicon carbide 183189, The addition of high
modulus fibres has been shown to lead to a lower wear rate and friction coefficient due to their
higher graphiticity 183. However, a parallel opinion relates the wear rate to matrix property only
and excludes the role of the graphitic quality of carbon fibres 187. The impregnation quality of

carbon fibres is also reported to improve the wear resistance 186,

Generally, discontinuous carbon fibre GMCs show a higher wear rate and friction
coefficient than continuous fibre systems 184, The orientation of fibres with respect to the sliding
direction, i.e. parallel, antiparallel or normal, is another factor; lowest wear rate is claimed in
parallel 183 and antiparallel directions 184 against a smooth counter surface, while the normal

direction is favoured while abrading against a rough surface, i.e. SiC paper 185,

Two wear types are commonly observed, depending upon the sliding velocity, i.e. mild
and severe; mild wear is characterised by a minimal surface pitting of the composites and less
plastic deformation of metallic counter bodies, which results in a low wear rate and friction
coefficient and vice versa 188. In hybrid composites, the presence of hard reinforcing phases with

carbon fibres, such as SiC particles, reduces the wear rate but causes severe damage to the
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counter body 186, The wear mechanisms include the fibre fracture, glass particle detachment and
abrasion 190 . The temperature rises as a result of the sliding contact between the counter bodies
but stabilises after a given time 199. However, further increases in the sliding velocity increase
the temperature linearly 188. Wear tests performed at the higher temperatures, i.e. 400°C, have
also shown an increased friction coefficient 189. Due to the intense grinding, the fragmentation of
the matrix and fibres lead to the formation of a third body, which forms a bed of glass powder,
the compaction of which causes velocity accommodation. Wear rate decreases when the
adhesion quality of this third body improves with the counter bodies 187. A layer of graphite is
reported to form on the counterbody, which provides adequate lubrication during the
experiment, leading to a decreased friction coefficient and wear rate 18819, The transfer of glass

particles on the counter body is also observed.

After an insight into the wear and friction characteristics of carbon fibre-reinforced
GMCs, it can be expected that the incorporation of CNTs in glasses/glass-ceramics will
contribute to enhanced wear and friction properties of the composites. Although, no such
published data on CNT-GMCs is available, related studies on CNT-CMCs, both as coatings 191-193
and as bulk composites, including alumina 194198, silicon nitride 199-200 and carbon-carbon 201 as
matrices, indicate better wear and friction properties compared to the CNT-free matrices. The
friction coefficient of CNT-ceramic matrix composites always decreases with an increase in
CNTs. However, a strong dependence of the friction coefficient on the applied load has been
observed; a higher load provides a high friction coefficient 192194, Generally, an increase in wear
resistance has been shown with increasing amounts of CNTs in composites 192-193.197.199; however,
a few of the studies show a decrease in wear rate at low CNT contents (<5wt%), which reverses
(increases) with increasing CNT content (>10wt%) 194198200, The wear volume, however, always

increases with the applied load and the test duration 192.

Wear and friction experiments on CNT-ceramic matrix composites are performed by
different methods; commonly available techniques are pin-on-disc and ball-on-disc tests 194.19-

199, These micrometer scale wear/friction tests use a ball or a pin of a hard material, which slides
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under pressure against the surface of the composite specimen. A variety of materials ranging
from hardened steels 191195 to ceramics (SizNs 194, ZrO; 193 and WC 192) are used with varying
applied loads and sliding speeds, depending on the type of composites to be tested. The

techniques using diamond indenter have also been used at the nanometer length scale 193.195,

The main wear mechanism in CNT-ceramic matrix composites is abrasion 1%4. Wear
debris is produced during the test, which consists of pulled-out ceramic particles, deformed
CNTs and fine crushed particles generated due to the fragmentation of large particles during
surface abrasion. The restriction of crack propagation by the bridging of CNTs has also been
observed, which indicates the role of enhanced fracture toughness in restraining the cracks and
hence reduce wear. The two competing phenomena of graphitisation and amorphisation of CNTs
have also been discussed in literature, attributed to densification and deformation of CNTs
under sliding loads, respectively 192-193, However, amorphisation is more likely to be present due
to the severe damage of CNTs. The deformed CNTs are anticipated to exist at the sliding surface
as a CNT-derived graphitic film, which develops during the sliding of counter bodies 196202, The
resulting friction behaviour is related to the development of a graphitic film over the contact
area, which is expected to permit easy shear and assist in achieving a lubricating effect 196.202,
However, some undamaged CNTs have also been noticed within the cavities on the wear

scar 194,199_

2.6 Summary

A comprehensive analysis of the published data of CNTs and glasses/glass-ceramics
reveals their remarkable properties, which make them attractive to be used as reinforcement
and matrix, respectively, in order to produce a novel class of nanocomposites, i.e. CNT-
glass/glass-ceramic matrix composites. However, processing issues related to the retention and
dispersion of CNTs and composite densification are still hindering their further development. As
a result, the few available studies provide insufficient information about the actual potential of

these composites, especially, given the tendency for matrix microstructural changes.
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Uniform CNT dispersion and good composite densification are the key requirements and
are mutually dependent; an inhomogeneous dispersion of CNTs without full densification is as
deleterious to the properties of composites as a complete consolidation with poorly dispersed
CNTs. A combination of the optimum outcome of these two processes can only provide high-
quality composites for reliable property characterisation. Moreover, the associated
microstructural changes in the matrix materials, i.e. degree of crystallinity, crystallite size and
the location of CNTs, within or along the grain boundaries, make it difficult to interpret the true
role of the incorporated CNTs. Due to the relatively low CNT loadings in composites, their
influence on the matrix microstructure often dominates over their intrinsic and specific effects
on the composite properties. Moreover, the high surface area, network forming ability and the
distribution of CNTs along matrix particles can strongly influence the processing particularly the

viscous flow densification of glass matrices.

Improvements in fracture toughness, fracture strength, and electrical and thermal
conductivity are promising but the extent of their increase in relation to the intrinsic effect of
CNTs in an amorphous and brittle matrix must be determined after obtaining high quality CNT
dispersion and the good composite densification. In particular, quantification of the potential
toughening effects due to the CNT-derived mechanisms, including crack deflection, pullout,
bridging and debonding is required, in order to understand the significance of their relative
contribution to toughening. Surprisingly, it is not yet clear whether the incorporation of CNTs in
hard and brittle matrices increases the stiffness and hardness of composites or otherwise. The
effect of the hollow core of CNTs and their flexible nature are other issues, which require to be
related to the mechanical properties of the composites. No reports describing the wear and
friction behaviour, and thermal resistance, i.e. thermal shock and ageing, are available

highlighting these aspects of CNT reinforced GMCs.

The SEM/TEM composite microstructures rarely show the CNT dispersion at a large
specimen area, which indicates a good CNT dispersion limited only to local areas. Similarly, the

existence of a good quality bonding between CNTs and the inorganic matrices, is generally
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reported without relating the type of bonding to the properties of the composites. Interfaces
form a large surface area in CNT composites and play a dominant role in defining their
properties. Finally, the scaling effect of CNTs, i.e. diameter, length and aspect ratio on the
composite mechanical and functional properties, requires exploration in inorganic matrix

composites.

In light of the above, a comprehensive study on the manufacturing and characterisation
of CNT reinforced inorganic matrix composites is required, which could address the
manufacturing issues and explore the true effect of the incorporation of CNTs without the
influence of indirect effects. In relation to these secondary effects of CNTs, the amorphous glass
matrices are particularly interesting, since they can avoid matrix microstructural changes. In
addition, good quality CNTs are required to be used as the reinforcement, if the intention is to
manufacture good quality composites for subsequent comprehensive characterisation. Only the
development of such composites can provide the clear understanding of the effects of CNTs on a
wide range of mechanical, functional, and technological properties in inorganic matrices, as

planned in this thesis.
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3. Aims and objectives

The aims and objectives of the present study are highlighted along with the
strategy to achieve them. In the end, a schematic diagram is shown, relating the

tasks with the manufacturing and characterisation techniques.

In the light of the comprehensive literature review in Chapter 2 and the summary

outlined at the end, the following aims were defined at the beginning of this research work:

1. To develop a composite system based on good quality CNTs and a brittle and

amorphous matrix to serve as a model system for inorganic matrix composites.

2. To comprehensively characterise the model composite system, in order to

understand the intrinsic role of the incorporation of CNTs without the indirect effects on matrix.

3. To apply the developed CNT reinforced model composite system to at least one
commercially-available glass to ensure the reliability and reproducibility of the manufacturing

technology to other inorganic matrix composites.
In order to achieve the aforementioned aims, the following objectives were defined:

1. Use of good quality CNTs with different sizes, preferably synthesised by the same
technique to avoid any variation in their quality. Moreover, perform microstructural, thermal

and dimensional characterisation of CNTs before incorporating them in composites.

2. Selection of a suitable inorganic material to act as a brittle and amorphous matrix

in composites.

3. Application of the most appropriate CNT dispersion technique and optimisation
of its parameters in order to achieve a high quality dispersion of CNTs up to high loadings, i.e.

10wt%, without the formation of agglomerates.
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4. Use of a suitable sintering process and optimisation of its parameters in order to
consolidate the composite mixtures into dense material without CNT degradation or matrix

crystallisation.

5. Investigation of the true effect of incorporating CNTs on the mechanical
properties of composites, such as hardness, stiffness, fracture toughness and strength, while

considering the hollow core and flexible structure of CNTs.

6. Assessment of the extent of improvement in electrical and thermal conductivity

in composites, as they relate to the size and geometric characteristic of the CNTs used.

7. Investigation of the effect of CNTs as a potential lubricating agent on the wear

and friction resistance of composites.

8. Characterisation of the effect of CNTs on the thermal shock resistance of

composites after single and repeated quenching cycles.

9. Determination of the thermal stability of the composites at different
temperatures and durations and detailed investigation of the oxidation of MWCNTSs and of the

degradation of matrix.

10. Study of the effect of different sizes (diameter, length, aspect ratio) of CNTs on

the properties of composites by developing composites with a range of CNT dimensions.

To develop a model composite system, as described above, MWCNTSs of four different
types were synthesised by CVD and a commercially available amorphous silica powder was
chosen as the matrix material. Borosilicate glass was chosen in combination with MWCNTSs to
manufacture another composite system as an example of the successful implementation of the
developed composite fabrication technology. The technique of heterocoagulation upon colloidal
mixing was chosen to homogeneously disperse MWCNTs in glass matrices. MWCNT suspensions
were prepared by the conventional acid-treatment process. PLS was chosen to densify the
composite powder by considering its cost effectiveness, simple processing and adaptability to

different sizes and shapes.
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The sintered composites were comprehensively characterised in terms of
microstructure and properties. Archimedes method was used to determine composite densities
while Vickers and Berkovich indentation, and diametral compression tests were chosen to
measure the hardness, elastic modulus, fracture strength, and fracture toughness of composites.
Impedance spectroscopy was selected to measure electrical conductivity while laser flash
method and differential scanning calorimetry (DSC) were selected to measure thermal
conductivity of composites. A reciprocating rig was chosen to perform wear and friction tests
while the water quench method was used to perform thermal shock and cycling tests. A muffle
furnace was used for heating the specimens at high temperatures for thermal ageing
experiments. Raman spectroscopy (RS) was used to indicate the crystallinity of MWCNTs at each
stage of the composite manufacturing while XRD was used to confirm the amorphous state of the
glass matrix. Finally, SEM and TEM were utilised in order to investigate the microstructure of
the composites. All these characterisation techniques are comprehensively described in Chapter
4 and the synthesis of MWCNTs and manufacturing of composites along with the results and

discussion are presented in Chapters 5-7.

To guide the readers, |Figure 3.1| schematically displays the tasks and the chosen

manufacturing and characterisation approaches.
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Model
MWCNT-SIO,
glass
composite

Synthesis of MWCNTs :
MWCNT suspension:

Injection catalytic chemical vapour deposition
Acid-treatment

Characterisation: Thermal (TGA)
Microstructural  (XRD)
(SEM)
(TEM)
(RS)

Dimensional

(SEM/TEM/Image analysis)

Preparation of composite powder: Heterocoagulation by colloidal mixing

Consolidation of powder:
Characterisation: Physical
Microstructural

Mechanical

Functional

Technological

Pressureless sintering

(density)

(XRD)

(SEM)

(TEM)

(RS)

(Hardness)

(Stiffness)

(Fracture strength)
(Fracture toughness)
(Electrical conductivity)
(Thermal conductivity)
(Thermal shock resistance)
(Thermal shock cycling)
(Thermal ageing)
(Friction coefficient)
(Wear resistance)

Preparation of composite powder: Heterocoagulation by colloidal mixing

Consolidation of powder:

Pressureless sintering

Characterisation: Physical (density)
MWCNT-BS Microstructural (XRD)
(SEM)
glass Mechanical (Hardness)
composite (Stiffness)
(Fracture toughness)
Functional (Electrical conductivity)

(Thermal conductivity)

Figure 3.1: Schematic diagram showing the main tasks and the chosen manufacturing and

characterisation approaches.
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4. Characterisation techniques

The physical, microstructural, thermal, mechanical, functional and technological
characterisation techniques used throughout the present investigation are

summarised in this chapter along with their parameters employed.

4.1 Physical characterisation

4.1.1 Density

The density of specimens was measured using the Archimedes principle:
p=(——)ps Equation 4.1

where p and ps are the densities of specimen and water, respectively, and Mg, Mw and M;
correspond to dry mass, water-saturated mass, and water-submerged mass of the specimen. The
mass of the dry specimen was first measured after drying the specimen in an oven at 120°C. The
specimens were then immersed in water and allowed to saturate. Water penetrated into open
pores accessible from the surface. A vacuum pump was employed to force out any air bubbles
present in the pores. Now the mass of the specimen was measured in water submerged and
saturated condition. Finally, the mass of the water-saturated specimen was measured after
taking it out of the water and carefully removing the water from the specimen surface; the only
water left in the specimen was in open pores. The obtained density was divided by the
theoretical density to find the relative density, as a percentage of the theoretical density. The
theoretical density was calculated using the rule of mixtures. At least five measurements were
taken for each glass and composite system and the average density values along with the

standard deviations are presented.
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4.2 Microstructural characterisation

4.2.1 X-ray diffraction

XRD was performed to characterise as-synthesised MWCNTSs, as-received glass powders
and densified glass and composite specimens in both the green and sintered states. A
PANalytical XPert Pro Multi Purpose X-Ray Diffraction System (XPert Pro MPD) was employed in
0-0 reflection mode, using Cu K. radiation with a nickel filter, electronically controlled
divergence slits and a beam width of 10mm. A 26 range from 15° to 70° was selected with a step
size of 0.0334° and scan time of one second per step. The sintered specimens were polished with
a diamond suspension of 1um particle size while the glass and composite powders were pressed

in a small die to prepare flat surface discs.

4.2.2 Raman spectroscopy

RS was used to examine the degree of crystallinity of MWCNTs in both the as-
synthesised and acid-treated states, and also after reinforcing glass matrices in green and
sintered states. A Raman spectrophotometer (LabRAM Infinity, HORIBA Jobin Yvon Ltd) was
used with a 633nm He-Ne laser. A total of five scans were acquired with an acquisition time of

40sec per scan.

The graphitic (G) and disorder (D) peaks were measured at 1580cm-! and 1350cm,
respectively, and the degree of crystallinity of MWCNTs was qualitatively determined by
comparing the intensities of D and G peaks; a low Ip/I¢ ratio indicates high crystallinity 203. The G
peak is inherent in graphite lattices and corresponds to in-plane stretching modes, while the D
peak appears due to the presence of defects in graphitic structure, such as individual graphene
layer edges, stacking disorder between layers and atomic defects within layers 204 In single
graphite crystals and highly ordered pyrolitic graphite, the D peak is absent, while it is observed

in other forms of graphite, including commercial graphite and CNT's 205-206,
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4.2.3 Scanning electron microscopy

SEM was performed on as-synthesised and acid-treated MWCNTSs, as-received glass
powders, and fractured surfaces of green and sintered specimens. Field Emission Gun Scanning
Electron Microscope (FEM-SEM) Leo Gemini, Carl Zeiss was used in secondary electron imaging
(SEI) mode at 5kV. As-synthesised aligned MWCNTs were attached to aluminium stubs with
carbon tape, while diluted suspensions of acid-treated MWCNTSs and glass powders were dried
on stainless steel substrates attached to aluminium stubs. The glass and composite specimens
were sputter-coated with chromium (K550 Emitech, UK) for 1min at 75mA to avoid electron
charging, while MWCNTs were imaged without coating. Microstructural features of the
specimens, including the MWCNT dispersion, residual porosity and toughening mechanisms,

such as pullout, crack deflection and crack bridging, were also observed by SEM.

The dimensions of as-synthesised and acid-treated MWCNTs, and MWCNT pullout
lengths from the fractured specimen surfaces were measured using the SEM images in
combination with image analysis software (Image ], NIST, US), where the scale bar on images
was used as reference length. At least 500 measurements were taken to acquire the average

values, which were shown with standard deviations.

SEM was fitted with an energy dispersive X-ray spectrometer (EDS) (Oxford Instruments
INCA, UK), which was used for the qualitative elemental analysis of the worn specimen surfaces,

after wear tests, with and without the presence of graphitic films at 20kV operating voltage.

4.2.4 Transmission electron microscopy

TEM was performed on as-synthesised and acid-treated MWCNTs and composites using
the transmission electron microscopes (JEM 2000FX and 2010, JEOL Ltd., Tokyo, Japan).
Microstructures were examined in the microscopes, operated at a voltage of 200kV, using the
bright-field (BF) imaging and selected area electron diffraction (SAED) modes. Holey carbon
films (Agar, UK) were used as the supporting grids to image MWCNTSs, while thin sections of

specimens were prepared by using a dual focused ion beam (FIB) equipment (FEI Helios 600
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Nanolab). A selected area of the composite was milled using gallium ions 207. A beam current of
21nA was used for initial rough cuts, followed by 9nA, 6.5nA and 93pA for finer cuts, at an
acceleration voltage of 30kV. Final clean milling and polishing were performed using a beam

current of 47pA and 28pA at an acceleration voltage of 5kV and 2kV, respectively.

The inner and outer diameters of MWCNTs were also measured using the TEM images;
scale bar was used as a reference length. At least 100 measurements were taken to acquire the

average values, which are presented with standard deviations.

4.3 Thermal characterisation

4.3.1 Thermogravimetric analysis

TGA was used to determine the MWCNT oxidation stability (related to their graphitic
quality) and their concentration in suspensions and composites. Approximately 1.0mg and
2.0mg of as-synthesised MWCNTs and composite powders, respectively, and a volume of ~60pul
of MWCNT suspensions was heated at 10°C/min in air in a TGA setup (Perkin Elmer Pyris 1). A
maximum temperature of 800°C was chosen for as-synthesised MWCNTs and acid-treated
MWCNTs in suspensions, while 900°C was selected for silica glass composite powders. MWCNT
suspensions were sonicated before acquiring the representative sample for TGA. At least three
measurements were performed to determine the concentration of MWCNTs in suspensions and

composites.

4.4 Mechanical characterisation

4.4.1 Hardness

The Vickers micro-indentation technique was employed to measure the hardness of
specimens. A microhardness tester (Zwick/Roell Indentec ZHV) equipped with Vickers pyramid
diamond indenter was used to produce indentations at room temperature at a load of 500g

(4.9N) for 10sec. At least, 10 indents were taken for each specimen. The diagonal lengths of the
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indentations were measured using an optical microscope attached to the microhardness tester;
the optical micrographs were also recorded. The diagonal lengths were further verified by
acquiring the SEM images of the indents and measuring the lengths using scale bar as a
reference length. The specimen surfaces were polished with a diamond suspension of 1um
particle size before hardness testing. The measured diagonal lengths (d) along with the applied

load (F) were used in the following expression 208 to calculate the Vickers hardness values (Hy):

(1]
2 sin (136 ) F

2
dZ

H, = Equation 4.2

In addition, the Berkovich nano-indentation technique was utilised to determine the
hardness of specimens. A nano-indentation instrument (Nanotest, Micro Materials Ltd. UK)
equipped with a diamond Berkovich indenter was operated at a load of 500mN at room
temperature. At least, 30 indentations were performed on each specimen. The average hardness

values obtained from the two techniques are presented along with the standard deviations.

In the nano-indentation technique, an indenter is pushed into the specimen surface to
produce a small indent (micrometer size), which cannot be accurately measured by an optical
microscope. Therefore, the projected area of the indent is indirectly determined from the depth
of penetration (indenter displacement) and geometry of the indenter tip. An established method

of Oliver and Pharr 209-210 s usually followed to extract the hardness from the load-displacement

data (Figure 4.1) of a complete cycle of loading and unloading in a nano-indentation test, which

provides the contact area of indentation. Hardness is then obtained using the maximum load

(Pmax) and the contact area (A¢) in the following equation:

H=——7 Equation 4.3

The errors in the nano-indentation measurements can come from the specimens as well
as the indenter. Therefore, smooth specimen surfaces were obtained after polishing the
specimens with a diamond suspension of 1um particle size before hardness testing. The area

calibration was carried out to include the effect of the diamond indenter tip bluntness.
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Load-displacement graph

Loading

Load (P)

Pmax

Unloading

Displacement (h)

Figure 4.1: Typical load-displacement data obtained from an instrumented Berkovich

nano-indentation, showing the loading and unloading curves, and important parameters.

4.4.2 Elastic modulus

Elastic moduli of the specimens were determined simultaneously with the hardness

measurements in the nano-indentation tests (Section 4.4.1). The slope (S) of the unloading curve

in the load-displacement diagram (Figure 4.1) and the contact area (A:) provide the reduced

modulus (E;), which combines the elastic displacements in both the indenter and the specimen:

E, == |— i .
"= |4 Equation 4.4

The elastic modulus of the specimen is then derived by eliminating the contribution from
indenter, using the following expression, where E and v are the elastic modulus and Poisson’s
ratio of the specimen, while E; and v; corresponds to the values of the indenter, respectively. If E;,
v;, and v are known, E can be calculated.

1_a-v) a-vp

Equation 4.5
E, E E;

At least, 30 indentations were performed on each specimen to acquire the data for elastic

modulus and average values along with the standard deviations are presented.
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4.4.3 Indentation fracture toughness

Indentation fracture toughness is based on measuring the length of radial cracks
emanating from the corners of the indentations. Vickers indentation method was used to
produce at least 10 indents on each specimen at a load of 2kg (19.6N) for 10sec. The specimen
surfaces were polished with a diamond suspension of 1um particle size before producing
indents. The diagonal lengths of the indents and the resultant crack lengths were measured by
optical microscope attached to the microhardness tester (Zwick/Roell Indentec ZHV); the optical
micrographs were also recorded. To further verify the length of the cracks and the size of the
indents, SEM images of the indents were acquired and the measurements were taken. The
expression derived by Anstis et al. 211 was used to calculate the indentation fracture toughness

(Kic), as frequently used for CNT-glass/ceramic matrix composites 73:

F\1/2

( P ) Equation 4.6
H

C3/2

where E, H, P and C represent the elastic modulus, Vickers hardness, indenter load and average
radial crack length, respectively. The average indentation fracture toughness values are

presented along with the standard deviations.

4.4.4 Diametral compression strength

Thermally-shocked composite specimens (diameter 6mm, thickness 1mm) were tested
under diametral compression (Brazilian test) in a mechanical testing machine (Zwick/Roell
7010, Germany) at a crosshead speed of 0.1mm/min. At least five specimens were tested for
each condition and average values are presented along with the standard deviations. The

expression used to measure the diametral compression strength (o) is given below 212:

_ 2P

= — Equation 4.7
g Dt 1

where P, D and t are the applied load, diameter and thickness of the specimen, respectively. The
diametral compression test is an easy way to indirectly measure the tensile strength of

materials, such as coal, concrete, rocks, glasses, ceramics, polymers and composites 212 The
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diametral compression test is based on the fact that compressive stresses are developed along
the loaded diameter, when a circular disc is compressed diametrally, while tensile stresses
develop perpendicular to it. These perpendicular tensile stresses at the centre of the disc initiate

a crack, which causes the disc to fracture along the diametral plane of the applied compressive

load. A schematic diagram of the diametral compression test is given in|Figure 4.2|showing the

direction of tensile stress produced in the specimen due to the applied compressive stress. For

the present experiments, specimens of diameter 5.5mm and thickness 1.5mm were used 212,

Applied compressive load

\
]

Tensile stress <€ => Tensile stress

Figure 4.2: Schematic diagram of the diametral compression (Brazilian) test.

4.5 Functional characterisation

4.5.1 Electrical conductivity

Electrical conductivity of the specimens was measured by impedance spectroscopy. The
specimens were gripped in the parallel platinum electrodes. The opposite surfaces of the disc-
shaped specimens were coated with the conducting silver paint in order to establish a good
contact with the electrodes. The platinum electrodes were connected to a
potentiostat/galvanostat (Type SI 1287, Solatron) and to a frequency response analyzer (Type
1255, Solatron). The frequency was changed from 1MHz to 1Hz while the AC voltage was kept at
1000mV. At least five measurements were performed for each specimen and the average
electrical conductivity values are shown along with the standard deviation. The impedance (Z)

of the specimen is a complex number, which can be represented as the following expression 213:
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Z(w) = Zyeqt + jZimg Equation 4.8

where Zrea and Zimg are the real and imaginary parts of the impedance, respectively.
Zreal = |Z| cos ¢ Equation 4.9
Zimg = |Z] sing Equation 4.10

Electrical conductivity was determined by normalising the real impedance against the

change in frequency.

A
Zreal d

o, = Equation 4.11

where A and d represent the area and thickness of the specimens, respectively.

4.5.2 Thermal conductivity

Thermal conductivity (Kc) of the specimens was calculated by measuring the thermal
diffusivity (a), specific heat capacity (Cp) and density (p) of the specimens, and using these

values in the following expression:
K.=alCpp Equation 4.12

Specific heat capacities were determined by the differential scanning calorimetry (DSC)
while thermal diffusivities were measured using the laser flash method (LFA 447, Nanoflash) at
room temperature. This technique involves increasing the temperature on one side of the
specimen by heating with a laser flash and measuring the temperature rise of the other side as a
function of time by an infrared detector. The analysis of the temperature-time data is performed

by a well-known half-time method:

2

l
a= 0'1388t_ Equation 4.13
50

where 1 is the thickness of the specimen and tso corresponds to the 50% increase in temperature
of the rear of the specimen. At least 10 measurements were performed for each specimen and

the average thermal conductivity values are presented along with the standard deviations.
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The colloidal graphite coating was used on the two flat surfaces of the disc-shaped
specimens before thermal diffusivity measurements. The front surface coating prevents the laser
transpassing and the rear surface coating prevents the infrared detector to be affected before
the heat pulse travels to the rear surface, which can be a source of error providing increased

thermal diffusivity values.

4.6 Technological characterisation

4.6.1 Thermal shock

Thermal shock resistance tests were performed by the conventional water quench
method 214, The specimens (diameter 6mm, thickness 1mm) were heated in a muffle furnace
(P330 Nabertherm, Germany) in air at the temperatures of 500°C, 1000°C and 1200°C followed
by quenching into an unstirred water bath maintained at room temperature, i.e. 20°C. This
simple process was performed manually with tongs but the reproducibility was ensured with
regards to the time span for transferring the specimens from the furnace into the water bath in
~3sec. Five samples were heated every time to a predetermined temperature at a heating rate of
10°C/min in the furnace and held for 10min followed by dropping into the water bath. The
specimens were kept in water bath for 5min and later inspected visually and by SEM for the
appearance of any macroscopic damage such as surface cracking, change of dimensions, colour
or shape, or any other surface defects. Diametral compression tests were also performed to

observe any change in the fracture strength of the specimens, as discussed in Section 4.4.4.

4.6.2 Thermal cycling

In thermal cycling resistance tests, the specimens (diameter 6mm, thickness 1mm) were
heated up to 1000°C at a heating rate of 10°C/min in the furnace (P330 Nabertherm, Germany),
held for 10min and dropped into water bath and kept there for 5Smin. The process was repeated
for 10 and 20 times on the same specimens; before performing the next thermal cycle, they were

dried in an oven at 150°C for 1h to remove the moisture from their surface due to dropping them
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into water. At least, five specimens were thermally cycled for each test conditions. After
thermally shocking the specimens for defined number of cycles, they were inspected visually
and by SEM to observe any damage. Diametral compression tests were also performed to

observe any change in the fracture strength of the specimens, as discussed in Section 4.4.4.

4.6.3 Thermal ageing

Thermal aging tests involved the exposure of the specimens (diameter 6mm, thickness
1mm) in a muffle furnace (P330 Nabertherm, Germany) at moderate to elevated temperatures,
i.e. 500°C to 1200°C, in air for the durations of 6h to 96h after heating at 10°C/min, which was
followed by furnace cooling to room temperature. The specimens were later carefully inspected
visually and by SEM for any damage, such as cracking, crystallisation, dimensions or colour
change, and the oxidation of MWCNTs. The depth of MWCNT oxidation (decarburisation) in
composite specimens was measured using the SEM images of the cross-sectional fractured
specimen surfaces. At least 100 measurements were taken before presenting the average

decarburised depth, along with the standard deviation, in the X-Y plane of the specimens and

normal to it {Figure 6.49).

4.6.4 Wear and friction

Wear and friction tests were performed by ball-on-disc and pin-on-disc techniques on a
high frequency reciprocating rig (PCS instruments, UK), wherein hardened steel pin or ball of
the hardness 750HV were slid against the polished (1um) specimen surfaces (discs) in a
reciprocating motion at room temperature. Two sets of parameters were chosen, i.e. (i) CPM10V
steel pin of diameter 36mm for a sliding distance of 72m with a load of 0.15GPa for 60min and
(ii) CPM10V steel ball of diameter 6mm for a sliding distance of 36m with a load of 0.50GPa for
30min. The reciprocating frequency and stroke length in each case was 10Hz and 1mm,
respectively, and the sliding speed was set at 20mm/s. At least two specimens were tested under

the two sets of parameters.
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The glass and composite specimen surfaces were polished with a diamond suspension of
1pum particle size to avoid the experimental error coming from specimen surfaces of different

roughness.

The frictional force was recorded by a load cell attached to the rig to find the friction
coefficient (), which is the ratio of the frictional force (Ff) to the normal applied force (Fu)

between the sliding bodies, i.e. ball/pin and the composite specimen:

n= Equation 4.14

I

The volume loss (wear volume) of the specimens was calculated using an optical profiler
(Veeco, Wyko NT9100). Optical profilers are used to measure height variations such as surface
roughness using wavelength of light. Optical profiling uses wave properties of light to compare
the optical path difference between a test surface and a reference surface. Wear rate (W) was
calculated by inserting the wear volume (V), sliding distance (L) and the applied force (F,) in the
following expression:

|4

W =
LF,

Equation 4.15

The wear scars produced on the specimens and the deformed steel pin/ball surfaces
were observed in SEM together with the wear debris and the graphitic layer produced due to the

smearing of MWCNTs.
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5. MWCNTs: synthesis and suspension

This chapter describes the synthesis of MWCNTs by injection catalytic chemical
vapour deposition and the preparation of their stable suspensions by acid-
treatment. Microstructural characterisation of as-synthesised and acid-treated
MWCNTs is established using X-ray diffraction, Raman spectroscopy, scanning
and transmission electron microscopy. Dimensional measurements are
performed by image analysis. Finally, thermal stability is assessed by

thermogravimetric analysis.

5.1 Synthesis of MWCNTs

5.1.1 Injection catalytic chemical vapour deposition

MWCNTs were grown by injection catalytic chemical vapour deposition (ICCVD), in
which a solution of ferrocene (F) in toluene (T) was injected into a horizontal quartz tube
inserted in a tubular furnace. Ferrocene provided an iron catalyst to nucleate MWCNTSs while
toluene acted as a carbon feedstock for their growth. A motorised injection machine was used to
feed the solution of 3wt%F/T into the tube at a rate of 5ml/h through a nozzle system
surrounded by an electric heater operated at 200°C. The injected solution evaporated and was
carried by the flowing argon at a rate of 2l/min into the quartz tube maintained at 760°C.
Aligned arrays of MWCNTSs grew on the inner wall of the quartz tube (60mm diameter). The
synthesis process was continued for 2h followed by cooling the furnace to room temperature
under continuous argon flow to avoid the oxidation of MWCNTSs, which were later removed from

the tube using a rubber blade and weighed. 2.2+0.1g of MWCNTSs were produced in a single run,
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which is consistent with previous results 159. A schematic diagram of the process is shown in

Figure 5.1 which is similar to one reported earlier 215.

Mozzle Furnace (760°C)

system Heater |

— I Quartz Tube :': —
200°C

Argon Lw +

21/ min MWCNTs

Motorised injection
machine
smlfhfor2 h

Figure 5.1: Schematic diagram of the synthesis of MWCNTSs by injection catalytic chemical

vapour deposition (ICCVD).

5.1.2 Microstructural characterisation

As-synthesised MWCNTs were microstructurally characterised by SEM, TEM, XRD and

RS.[Figure 5.2[a) shows an SEM image of as-synthesised aligned MWCNTSs. The high density of

nucleation sites provided by ferrocene forced the aligned growth of overcrowded MWCNTSs

perpendicular to the substrate. The morphology of MWCNTSs at their tip, centre and base is

shown in|Figure 5.2[b-d). A base growth mechanism was observed, wherein the catalyst remains

attached to the substrate, as supported by the presence of metallic particles at the roots of

MWCNTs (Figure 5.3). EDS and XRD analysis has previously shown the presence of a-iron and

iron-carbide using ferrocene as catalyst 215216, BF-TEM images of as-synthesised MWCNTs

Figure 5.4) further support the base growth mechanism; straight growth of nanotubes at their

roots and closed ends at their tips are evident.

The effect of processing parameters, i.e. furnace temperature, gas flow rate, ferrocene
concentration, injection rate and duration, on the diameter, length, alignment and yield of
MWCNTs have been previously investigated 159203215, The temperature range of 590°C to 940°C
provides aligned MWCNTSs while their diameter increases with temperature within this range. At

760°C, the maximum yield of MWCNTs is produced. Raising the ferrocene concentration from
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synthesis and suspension

1.5wt% to 9wt% increases the diameter of MWCNTSs but reduces their length, while an increase

in the injection rate of F/T solution from 1ml/h to 15ml/h increases both the length and

diameter. The mass of iron catalyst, however, increases with both the ferrocene concentration in

toluene and injection rate of the solution. Varying the carrier gas flow rate had no effect on the

MWCNT dimensions 215,

Figure 5.2:

SEI-SEM images of (a) aligned MWCNTSs synthesised by 3wt% ferrocene in

toluene showing morphology of the (b) tip, (c) centre and (d) base of the MWCNTs.

Raman spectroscopy was performed to determine the quality of as-synthesised MWCNTSs

Figure 5.5

. Typical D and G peaks were observed showing the (Ip/Ig) intensity ratio of

0.40+0.03, as calculated from five spectra of independent MWCNT regimes, which indicates the

good crystallinity of MWCNTSs; the values matches with published data 203.215,
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Figure 5.3: (a-b) SEI-SEM images of the roots of MWCNTSs showing the presence of catalyst

particles, which indicate the base growth mechanism of MWCNTs.

e
ey

Figure 5.4: BF-TEM images showing (a,c) base and (b,d) tip of as-synthesised MWCNTs.
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Figure 5.5: Raman spectrum of as-synthesised MWCNTs, showing D and G peaks.

XRD of as-synthesised MWCNTs

Figure 5.6) shows a sharp graphitic peak (002) at

26=26.30. Small peaks corresponding to the (100), (110) and (004) planes of MWCNTs were

also identified at 26=42.60, 44.80 and 54.20, respectively, as also observed elsewhere 117.
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Figure 5.6: XRD of as-synthesised MWCNTSs, showing sharp graphitic peak of (002) plane.

5.1.3 Dimensional measurement

The dimensions of MWCNTs were measured using their SEM images taking the scale bar

as a reference length. The average diameters of the tip and base of MWCNTSs along with the
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standard deviation were found to be 45+27nm and 70+32nm, respectively. The average values
of diameter and length of MWCNTs, along with the standard deviation, were measured to be

58+32nm and 382+14um, respectively with an aspect ratio >6000. The distributions of tip, base

and average diameter, and length are given in|Figure 5.7

The increase in the base diameter of MWCNTSs is associated with the catalyst particle
size. During the growth of MWCNTs, their diameter gradually increased due to the continuous
supply of ferrocene, which steadily increased the size of catalytic iron particles at the roots of
MWCNTs. It can be argued that reducing the supply of catalyst after the initial nucleation may
provide constant diameter MWCNTSs but a previous study shows that the growth of MWCNTSs
stops if the ferrocene supply is terminated, possibly due to the loss of iron 215. An uninterrupted
supply of ferrocene only provides a continuous growth of MWCNTSs but it increases the catalyst
particle size leading to an increase in MWCNT diameter. Another associated drawback is the

encapsulated metallic catalyst, which lifts upwards into the core of MWCNTs during their

growth causing the loss of catalyst at the base of MWCNTs and making them impure (Figure 5.8).
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Figure 5.7: (a-d) Length and diameter distributions of as-synthesised MWCNTs.
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(a)

Catalyst

Figure 5.8: (a-b) BF-TEM images of as-synthesised MWCNTs showing the presence of

encapsulated catalyst in their core.

5.1.4 Thermal stability

TGA was performed to observe the thermal stability of as-synthesised MWCNTs

Figure 5.9); the oxidation of MWCNTs showed a smooth combustion curve with a sharp

combustion peak at ~650°C. The oxidation temperature of MWCNTs matches with the

CVD-grown MWCNTSs 159, A 2.63wt% residue relates to the metallic mass used to catalyse the

growth of MWCNTs.
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Figure 5.9: TGA of as-synthesised MWCNTs showing the combustion curve.
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Generally, CNTs grown by high temperature synthesis processes are reported to be more
resistant to oxidation (695°C) than other forms of carbon, i.e. graphite (645°C), diamond
(630°C), soot (585°C), and Ceo (420°C) 217. However, the presence of defects in CNTs lowers their
combustion temperature 159. As CVD-grown CNTs inherently possess structural defects (Section
5.1.5), they have low decomposition temperatures. Annealing of CVD-grown CNTs at 2200°C is
reported to increase their combustion temperature by reducing the number of structural defects
218 The reaction of gases with carbon materials is slowest within the basal plane but highest at
defects including vacancies, steps, and the termination of the basal planes 217. The seamless
graphene tubes in CNTs are considered to be more oxidation resistant, as their outermost layers
are only accessible to oxygen. Also, the conformational strain, which makes Cso more susceptible
to oxidation due to curvature, is lower in CNTs providing them more thermal stability. Oxygen
initially reacts at the ends of CNTs; the curvatures along the length of CNTs are the other likely
sites of oxidation 219, CNTs, however, show no thermal transformation in argon 217 up to 1000°C.
The diameter of CNTs also influences their oxidative stability; smaller diameter CNTs have

higher reactivity due to their higher degree of curvature 218.

5.1.5 Structural features and defects

In addition to the aforementioned features of as-synthesised MWCNTSs, other significant

structural features observed under SEM (Figure 5.10) were the presence of amorphous carbon,

MWCNT fracture and the lack of their straightness, which can be associated with their high
aspect ratio and their flexible nature. A large variation in the MWCNT diameter was also

witnessed, as quantified in a previous section (Section 5.1.3).

In the TEM, it is possible to observe the structural defects such as local/sharp bends in

MWCNTs and the local disruption/disorder in the continuity of the rolled graphene layers

Figure 5.11). Other structural defects including kinking, buckling, twisting and the collapse of

MWCNTs resulting in the closure of the inner cavity were also observed (Figure 5.12).
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Published data verify the presence of such structural features and defects in CNTs 43.
Single and multiple kinks have been observed, while fully reversible bending up to large angles
(>110°) has also been noted. This is due to the remarkable flexibility of the hexagonal network,
which resists bond breaking to high strains 45; size and reversible buckling mechanisms are the

key.

Amorphous/
carbon

AT
L A ot

Figure 5.10: (a-b) SEI-SEM images of as-synthesised MWCNTSs dispersed in distilled water.
The diameter variation, fracture and waviness in MWCNTs are evident along with the

presence of amorphous carbon.

5.2 MWCNT suspensions

5.2.1 Acid-treatment

As-synthesised CNTs are hydrophobic, relatively entangled and contain amorphous
carbon and catalytic particles. A purification process is required to improve their surface
chemistry for better dispersability, and removing unwanted by-products. In addition,
incorporating these high aspect ratio (>6000) MWCNTSs in glass matrices is difficult and full
densification has not previously been achieved in either aligned °° or randomly-oriented 105
embodiments. To overcome such problems, it is a standard practice to treat CNTs with a mixture
of acids 148220221 Acid-treatment removes the impurities from CNTs by preferential

consumption 222 and attaches functional groups, such as carboxyl, hydroxyl and carbonyl 223 to
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the CNT surfaces to obtain stable dispersion in aqueous and organic polar solvents by
electrostatic stabilisation. Additional effects of acid-treatment are the length and diameter

reduction of MWCNTSs by etching 224-227,

Figure 5.11: BF-TEM images of as-synthesised MWCNTSs, showing (a,c) local/sharp bends

and (b,d) local disruption/disorder in rolled graphene layers.

In each run, 1g of MWCNTSs was acid refluxed in 40ml of 3:1 volume ratio of concentrated
sulphuric and nitric acid (95-98% and 70% respectively, Sigma Aldrich Ltd.) at 120°C for 30min.
The oxidised MWCNTs were washed with distilled water on a 0.2um polytetrafluoroethylene
membrane, until the filtrate showed pH 25.5-6.0. MWCNT suspension was sonicated and
centrifuged at 3000rpm for 15min to remove any remaining aggregates and the concentration of

MWCNT suspension in distilled water was adjusted to ~0.5mg/ml. A ~50% yield was obtained
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after treating MWCNTs with 40ml of acid mixture, which is close to those previously reported

159, A systematic decrease in yield with increasing volume of acid is known 159,

Figure 5.12: HRTEM images of as-synthesised MWCNTSs, showing (a) kinking (b) buckling

(c) twisting and (d) collapse, resulting in the closure of the inner cavity.

To explore the effect of different diameters and aspect ratios of MWCNTs on the
properties of GMCs (Sections 6.2.3 and 6.2.4), aqueous suspensions of three other types of
MWCNTs, synthesised by using 1.5wt%, 6.0wt% and 9.0wt% F/T were also prepared. The
growth and acid-treatment parameters of these MWCNTs were similar to those synthesised by
using 3.0wt% F/T. Moreover, the same ICCVD setup was used for the synthesis of the four types

of MWCNTs.
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5.2.2 Microstructural characterisation

Acid-treatment produced stable aqueous suspensions of MWCNTs and reduced their

levels of entanglement by cutting them in shorter lengths (Figure 5.13{c-d)) compared to

as-synthesised entangled MWCNTs, which produced large agglomerates when simply suspended

in water without acid-treatment (Figure 5.13[a-b)).

Figure 5.13: SEI-SEM and BF-TEM images of MWCNTSs (a-b) before and (c-d) after acid-

treatment. The shorter and less entangled MWCNTSs are evident after acid-treatment.

HRTEM images confirmed the chemical attack on the MWCNTSs resulting in their cutting

and thinning (Figure 5.14). The cutting action progresses from the surface into the core of

MWCNTs by their etching and is likely to follow the shape of twin-cones joined at their apexes,

finally separating a single MWCNT into two conical-end fragments.
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Figure 5.14: HRTEM images of the MWCNTSs after acid-treatment showing (a, c) cutting

and (b, d) thinning action.

As described in Section 4.2.2, Raman spectra indicate the extent of crystallisation of the

oxidised CNTs (Figure 5.15). An increase in the intensity of D peaks shows a significant rise in

the disorder of acid-treated MWCNTSs due to the introduction of graphite sheet terminals (Figure

5.14). Ip/I¢ ratios in the range of 0.8-0.9 were found for the four types of acid-treated MWCNTSs

compared to 0.40 for as-synthesised MWCNTSs [Figure 5.5). The similar extent of damage in each

case is not surprising given the similar nature of the materials and oxidation protocol,
particularly the same ratio of acid mixture to the quantity of CNTs used; the similarity is helpful

for further comparisons of composite performance.
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Figure 5.15: Raman spectra of four types of acid-treated MWCNTSs, synthesised by

different concentrations of ferrocene (F) in toluene (T).

5.2.4 Dimensional measurement

A systematic decrease in length and aspect ratio, and an increase in diameter was

observed after acid-treatment in the four types of MWCNTs. (Table 5.1); MWCNT dimensions

were measured using their SEM images where the scale bar was used as a reference length. The

average values are shown along with the standard deviation.

Table 5.1: Dimensions of four types of MWCNTSs after acid-treatment.

Ferrocene
concentration in Length (um) Diameter (nm) Aspect ratio

toluene (wt%)

1.5 2.42+1.45 3714 6546
3.0 2.22+1.13 44+19 50+33
6.0 2.07+1.09 51+24 40+28
9.0 1.78+0.79 5727 31+20

As mentioned earlier, an increase of ferrocene in toluene decreases the length but

increases the diameter of as-synthesised MWCNTSs. After acid-treatment, the four types of
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MWCNTs synthesised by different F/T concentrations maintained their relative geometries i.e.
decreased length and increased diameter. The acid effect was more pronounced on length
compared to diameter. For example, length of 3wt%F/T MWCNTs reduced from 382+14um to
only 2.22+1.13um while diameter decreased from 58+32nm to 44+19nm. The significant
reduction in length had a direct effect on the aspect ratio, which reduced from >6000 to ~50.

Similar effects on the dimensions of CNTs were observed previously 159. The length and diameter

distributions of the four types of MWCNTSs after acid-treatment are given in|Figure 5.16(and

Figure 5.17] The length distribution in MWCNTs reduced with an increase in the quantity of

ferrocene in toluene. However, the majority of the MWCNTSs in the four types had lengths
ranging from 1-2pum. An opposite effect was seen for the diameter distribution, where MWCNT

diameter distribution increased with increasing concentration of ferrocene in toluene.

5.2.4 Thermal stability

TGA data (Figure 5.18) of the acid-treated MWCNTs shows a decrease in their thermal

stability due to the structural disorder and the presence of carbonaceous fragments on their

surface. As-synthesised MWCNTs showed a single and sharp combustion peak around 650°C

Figure 5.9) while thermal degradation of acid-treated MWCNTs showed a multi-stage process,

as also observed elsewhere 223, The first stage corresponds to the evaporation of adsorbed water
from the hydrophilic surfaces up to 200°C. The second stage, between 200°C to 500°C is
attributed to the removal of oxygen containing groups, especially hydroxyls, carbonyls, and
carboxylics; these groups are covalently bound to the outer surfaces of CNTs and called
oxidation debris. In the third stage, disordered carbon starts decomposing at 2500°C and finally
the oxidation of MWCNTs began and continued up to complete combustion at around 700°C
223,228 TGA data supports the presence of the oxidation debris and surface defects. In addition,

the onset of the final combustion moved to lower temperature compared to as-synthesised

MWCNTs (Figure 5.9). The effect was more intense in MWCNTs of smaller diameter produced by

using 1.5wt%F/T. Carbon fibres have also been treated with acids and the presence of

polyaromatic fragments on their surfaces was witnessed 229.
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Figure 5.16: Length distributions of MWCNTSs produced by (a) 1.5wt%

6.0wt% and (d) 9.0wt% ferrocene in toluene.
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6.0wt% and (d) 9.0wt% ferrocene in toluene.
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Figure 5.18: TGA data showing the decomposition curves of acid-treated MWCNTs,

synthesised by using different ferrocene (F) concentrations in toluene (T).

5.3 Summary

MWCNTs were synthesised by ICCVD to provide materials to be used for reinforcing
GMCs (Sections 6.1 and 7.1). A gradual thickening of the MWCNTs occurred during the growth
due to the growing size of the catalyst particles. The closed tips of the MWCNTSs and the presence
of catalyst particles at their roots confirmed the base growth mechanism. A high level of
crystallinity was obtained compared to commercial CVD-grown CNTs; however, structural

defects were still observed.

Acid-treatment was confirmed to increase the dispersion quality of as-synthesised
entangled MWCNTSs by significantly shortening their lengths and attaching functional group to
their surfaces. Impurities, including catalyst particles and amorphous carbon, were also
removed. However, the surface quality of MWCNTs was impaired due to the introduction of
oxidation debris, which lowered the thermal stability of MWCNTSs. Nevertheless, the acid-
treatment provided dispersed, shortened and purified MWCNTs for subsequent composite
manufacture. Acid-treatment also supplied a range of MWCNT dimensions, suitable for the

investigation of their size effects in GMCs (Sections 6.2.3 and 6.2.4).
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6. MWCNT-silica glass composites

Manufacture and characterisation of silica glass matrix composites containing
2.5-10wt% (3.3-13.2vol%) MWCNTs are described. Manufacturing includes the
heterocoagulation of the suspensions of MWCNTs and silica glass nanoparticles
by colloidal mixing in order to prepare composite powders, which were
subsequently densified by pressureless sintering. Characterisation comprises the
physical, microstructural, mechanical, functional and technological property
evaluation by measuring density, hardness, elastic modulus, fracture toughness,
thermal and electrical conductivity, thermal shock, cycling and ageing
behaviour, wear and friction resistance, X-ray diffraction, Raman spectroscopy,

scanning and transmission electron microscopy.

6.1 Manufacture

6.1.1 Materials

Four types of MWCNTSs, synthesised by using 1.5wt%, 3.0wt%, 6.0wt% and 9.0wt%

ferrocene (F) in toluene (T) in a ICCVD setup (Figure 5.1), were used as nano-reinforcements to

manufacture four sets of composites containing 2.5wt% to 10wt% MWCNTs. Commercially-
available fumed silica (SiOz) glass powder (Aerosil RA200HS, Evonik, Germany) served as a
matrix precursor. This glass powder is typically used to reduce the moisture pick-up and
improves the flowability of toners. It was chosen for the present investigation due to its ready
availability, reproducible chemical composition and average particle size in nano-meter range,

i.e. ~20nm, in order to assist heterocoagulation with MWCNTs, as discussed in the next section.
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6. MWCNT-silica glass composites

6.1.2 Composite powder preparation

The process of heterocoagulation of MWCNTs and silica glass powder by colloidal mixing
of their suspensions was chosen to prepare composite powders. The preparation of stable
aqueous suspensions of MWCNTs by acid-treatment was described in Section 5.2, while silica
glass suspension was obtained by dispersing nanoparticles (5mg/ml) in ethanol (99.7-100%,
VWR) due to their hydrophobic nature, as a result of surface coating with hexamethyldisilazane
and aminosilane in their as-received state. Silica/ethanol suspension was stabilised by
sonicating with an ultrasonic probe (Branson 25, UK) at 30W for 30min after adding 3.65mM of

aqueous hydrochloric acid (HCI) solution (38%, Sigma Aldrich).

MWOCNT suspension

—i H

300ml/hr @
e

~
e
‘ Silica suspension ‘

< > 300rpm

Magnetic stirring

Figure 6.1: Colloidal mixing of acid-treated MWCNT and silica nanoparticle suspensions.

To prepare MWCNT-SiO; glass composite powders, aqueous MWCNT suspensions were

added at a rate of 300ml/h using a peristaltic pump to the silica glass suspension stirred at

300rpm (Figure 6.1); however, before combining the two suspensions, equal amounts of

distilled water and ethanol were added to silica glass and MWCNT suspensions, respectively.
The mixing of two suspensions promoted electrostatic attraction between reinforcing MWCNTs
and glass matrix nanoparticles. In the selected pH range of 4.0-5.0, silica nanoparticles were
positively charged and acid-treated MWCNTs negatively charged 91, as determined by the

zeta-potential measurements (see below). Thus silica nanoparticles were deposited on the

MWCNT surfaces by heterocoagulation, as shown schematically in|Figure 6.2[a) and observed by

SEM (Figure 6.2[b)). Silica nanoparticles shielded the attractive interactions between MWCNTSs
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6. MWCNT-silica glass composites

and isolated them from each other, which improved the dispersion quality by avoiding
agglomerates. MWCNT-SiO, glass composite suspensions were dried in an oven at 120°C to
obtain powders, which were ground in a mortar with a pestle, sieved under 300 mesh size, and
calcined at 400°C for 3h to remove any undesirable organic residues. Four sets of MWCNT-SiO;
glass composite powders were obtained, each having different types of MWCNTs with loading

range from 2.5wt% to 10wt%.

~”  MWCNTs o Silica nanoparticles

Figure 6.2: (a) Schematic diagram and (b) SEI-SEM image showing heterocoagulation of

the oppositely charged acid-treated MWCNTSs and silica glass nanoparticles.

To obtain pure silica glass reference specimens, silica nanoparticle suspension was dried
without mixing MWCNTSs but following a similar regime of grinding, sieving and calcination as
applied to the composite powders. To ensure effective heterocoagulation of silica glass
nanoparticles and MWCNTSs, their surface properties were identified by zeta ({) potential
measurements. Surface charges and the degree of repulsion between similar particles in a
suspension can be determined by measuring their {-potential. In cases of high -potential, either
positive or negative, repulsion forces exceed attraction forces and an electrostatically stabilised

suspension of particles is achieved; flocculation of particles occurs in systems with low absolute

(-potential magnitudes.|Figure 6.3|thus confirms the strategy of achieving uniform suspensions

of MWCNTs and silica glass nanoparticles depending upon their ¢-potential. MWCNTs showed
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6. MWCNT-silica glass composites

negative surface charge due to the presence of oxygen-containing functional groups, as
described in Section 5.2.1 and high {-potential magnitude of 40-50mV providing stable

suspensions of MWCNTs in the pH range of 4.0-5.5.
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Figure 6.3: Zeta potential measurements of acid-treated MWCNT and silica glass

nanoparticle suspensions at different pH values.

As silica glass nanoparticles were treated with hexamethyldisilazane and aminosilane in
their as-received state 159, they were hydrophobic and showed positive surface charge after

dispersing in ethanol. However, a low (-potential value, i.e. ~10mV was found at a pH of 7.0

Figure 6.3), which was insufficient to obtain a stable suspension. As a result, sedimentation of

silica glass nanoparticles occurred (Figure 6.4[a)) and their aggregates are shown in|Figure

6.4[c). However, decreasing the pH of the suspension in a range of 4.0-5.0 significantly increased

the C-potential to around 35mV, which resulted in a stable suspension of silica glass

nanoparticles over a long period of time, ie. several months, without sedimentation

Figure 6.4[b)) or aggregation of nanoparticles (Figure 6.4[d)). A pH range of 4.0-5.0 was,

therefore, selected for heterocoagulation, as it provided a high potential difference (~80mV) for
strong electrostatic attraction between the oppositely-charged MWCNTs and silica glass

nanoparticles to prepare composite powders with well-dispersed MWCNTs.
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6. MWCNT-silica glass composites

Figure 6.4: Photographs showing (a) sedimentation and (b) stable suspension of silica
glass nanoparticles at pH 7 and pH 4-5, as verified by SEI-SEM images in (c) and (d),

respectively; powders were dried on aluminium stubs for SEM.

6.1.3 Composite powder compaction

PLS was employed for the consolidation of silica glass and MWCNT-SiO; glass composite
powders. Green bodies were first prepared by uniaxial pressing of powders in a steel die at a
pressure of 120MPa, while further compaction was performed by cold isostatic pressing (CIP) at
400MPa. The compacted green discs of diameter ~10mm and thickness ~2.0mm were sintered
at ambient pressure in a tube furnace under an inert atmosphere of argon to avoid the oxidation
of MWCNTs. Sintering temperatures from 1050°C to 1400°C were chosen with a holding time of
3h; the heating rate was 10°C/min and specimens were furnace cooled after sintering. The
temperature/time profile was selected bearing in mind the available sintering parameters of
silica glass 230 and silica GMCs 91147, Four sets of MWCNT-SiO; glass composites with 2.5wt% to

10wt% MWCNTSs were sintered, each having a different type of MWCNTs, synthesised by using
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1.5wt%, 3.0wt%, 6.0wt% and 9.0wt% F/T as the ICCVD precursor. The composite powders
containing 2.5wt% MWCNTs (3.0wt%F/T) were used as a test system to optimise sintering
conditions. A temperature of 1150°C was chosen for the sintering of silica glass specimens while
a higher temperature (1200°C) was adopted for the sintering of 2.5wt% to 10wt% MWCNT-SiO>

glass composites. The reasons to select these temperatures are discussed in the next section.

6.2 Characterisation

6.2.1 Physical characterisation

a. Density

The sintered silica and 2.5wt% MWCNT-SiO, glass composite specimens were ground
and polished using diamond suspension of 1um particle size in order to measure their densities
by the Archimedes method. The average density values from five separate measurements were
calculated along with the standard deviation. The densities are shown as relative densities
(actual/theoretical) after calculating the theoretical densities by taking a typical value of

2.2g/cms3 for silica glass and 1.65g/cm3 for MWCNTSs 9L Silica glass sintered for 3h at 1050°C and

1100°C showed relative densities of <60% and <70%, respectively (Figure 6.5). However, fully

dense glass specimens were obtained at 1150°C. Further increases in temperature, up to 1400°C,

showed similar densities but encouraged devitrification (Figure 6.8[a)).

.

The composite specimens also showed low densities at temperatures of 1050°C and

11000C, i.e. <55% and <65%, respectively (Figure 6.5). An increase in temperature to 1150°C

showed a significant improvement by raising the density to ~95% but it was still less than
desired. A further rise in temperature to 1200°C provided a density of >99% and so was selected

as the optimised temperature. Similar to silica glass specimens, further increases in composite

sintering temperature, up to 1400°C, simply initiated devitrification (Figure 6.8(b)). The

densities of the composites achieved in the present investigation are higher than obtained in a

previous study 147 with only 1wt% CNTs in a glass matrix, i.e. ~95%.
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6. MWCNT-silica glass composites

The silica glass showed comparatively higher densities than composites at sintering
temperatures from 1050°C to 1150°C. Moreover, silica glass was completely densified at a lower
temperature of 1150°C than composite specimens, i.e. 1200°C. The requirement of a higher
temperature for composites may be attributed to an increase in their viscosity due to the
presence of MWCNTs. If considered as inclusions, MWCNTs make the composite system more

viscous and impede viscous flow densification of the silica glass matrix 231,
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Figure 6.5: Relative densities (actual/theoretical) of sintered silica glass and 2.5wt%

MWCNT-SiO; glass composites after 3h at different temperatures.

The sintering temperature of MWCNT-SiO; glass composites containing higher loadings

of MWCNTs, i.e. 5.0wt% to 10wt% were also optimised at 1200°C.|Figure 6.6{shows the green

and sintered densities of silica glass and 2.5wt% to 10wt% MWCNT-SiO; glass composites. A
systematic decrease in relative densities after sintering at the optimised sintering conditions
was observed, with pure silica glass showing the highest value and 10wt% MWCNT-SiO, glass
composite the lowest. The gradual decrease in sintered densities with increasing content of
MWCNTs is consistent with the observation of the requirement of an increased sintering
temperature of silica glass in the presence of MWCNTs, if it is considered that MWCNTs hinder
the viscous flow densification. Therefore, at constant sintering temperature of 1200°C for

composites, an increase in MWCNT content decreases their relative densities.
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6. MWCNT-silica glass composites

[t can be argued that an increase in the sintering temperature for composites with high
MWCNT loadings, i.e. 5.0wt% to 10wt% could provide densities comparable to that of 2.5wt%

MWCNT-SiO, glass composites but XRD results showed a significant increase in the

crystallisation of silica glass matrix at temperatures above 1200°C (Figure 6.8). Hence, the

sintering temperature for composites with MWCNT loadings from 2.5wt% to 10wt% was
maintained at 1200°C. Nevertheless, the present densification results obtained by PLS are better

than many published results of CNT-glass/ceramic matrix composites obtained by SPS 9294114.232-

233 gnd HPS 95,97-100,108-109,113,118,197,234,

It is surprising to note that the reverse trend (increase) in the green densities of the

composites was observed on adding more MWCNTSs (Figure 6.6). This weak effect may be due to

the compressed state of flexible MWCNTs during uniaxial and isostatic pressing in green state,

which is likely to be partially recovered during PLS.
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Figure 6.6: Relative densities (actual/theoretical) of silica glass and 2.5wt% to 10wt%

MWCNT-SiO: glass composites in green and sintered states.

After optimising sintering conditions with 3wt%F/T MWCNT-Si0O; glass composites, the

other three sets of composites were similarly sintered. At 2.5wt% MWCNT content, the densities

of the four sets of composites (Figure 6.7) are similar, however, at higher MWCNT loadings, the

densities diverged, although the effect was small. It can be argued that 10wt% MWCNT-SiO;
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6. MWCNT-silica glass composites

glass composites clearly demonstrated the effect of MWCNT length to limit densification. This

effect is consistent with the known difficulties of packing high aspect ratio particles at higher

volume fractions. Nevertheless, the achieved densities of all the composites with different types

of MWCNTs at 10wt% loading are >95%.
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Figure 6.7: Relative densities (actual/theoretical) of silica glass and 2.5wt% to 10wt%

MWCNT-SiO; glass composites containing four types of MWCNTs produced by different

ferrocene content in toluene (F/T).

6.2.2 Microstructural characterisation

a. X-ray diffraction

XRD data of silica glass and 2.5wt% MWCNT-SiO; glass composites obtained during the

optimisation of their sintering temperatures is shown in

Figure 6.8

An amorphous matrix,

manifest by the broad hump at 20-25° 20, is evident in both the silica glass and composite

specimens at their optimised temperatures, i.e. 1150°C and 1200°C, respectively, with low

degree of crystallisation, due to cristobalite formation (26=21.80), which is not expected to

affect their properties significantly. The degree of crystallisation increased with temperature,

and crystallisation peaks became visible in silica glass and composite specimens at higher

temperatures, i.e. >1200°C.
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In addition to XRD peaks related to glass crystallisation, small graphitic peaks (002)
corresponding to MWCNTSs (26=26.20) are also visible in the XRD of composites confirming the

retention of MWCNTs after sintering.
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Figure 6.8: XRD of (a) silica glass and (b) 2.5wt% MWCNT-SiO: glass composites during

the optimisation of their sintering temperatures.
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Figure 6.9: (a-d) XRD of four sets of composites with different types of MWCNTs produced
by 1.5wt%, 3.0wt%, 6.0wt% and 9.0wt% ferrocene in toluene (F/T); each set of
composites comprises four different MWCNT loadings, i.e. 2.5wt% to 10wt%. An
amorphous matrix with low degree of crystallisation was observed. A graphitic peak
corresponding to MWCNTs is also visible, the intensity of which increases with their

content in composites.

XRD from the four sets of composites containing 2.5wt% to 10wt% MWCNTs

Figure 6.9) similarly confirmed the existence of an amorphous glass matrix at the optimised

sintering temperatures with limited crystallisation. Small peaks corresponding to cristobalite
were observed above a characteristic amorphous silica background. However, the crystallisation
peaks are weak and show a low level of crystallinity, which was estimated to be less than 3% by
normalising the area under the peaks to the area of background amorphous signal obtained in
the XRD spectrum. No new crystalline phases emerged as a result of any potential reaction
between the MWCNTs and the silica glass. The total degree of crystallinity was similarly low as

found in a previous study on the same type of composites but sintered by SPS 1.

If MWCNTSs in composites are considered to act as heterogeneous nucleation sites, the

degree of crystallisation should increase with their content due to increased interfacial surface
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area or particle number density. However, the degree of crystallinity remains approximately

constant with different MWCNT loadings (Figure 6.9).

A similar effect of the retardation of crystallisation has been previously observed in
GMCs containing 1wt% to 15wt% MWCNTSs °L. However, the true effect of MWCNT content on
the extent of crystallisation remains to be investigated, as it was beyond the scope of the present
work. In the XRD of composites, peaks related to MWCNTs are also visible and their intensity

increases in proportion to their content in composites.

b. Raman spectroscopy

Severe sintering conditions are reported both to damage 105 and graphitise CNTs 235. To
observe the effect of harsh sintering conditions on MWCNTs, Raman spectroscopy was

performed on one set of composites containing 3wt%F/T MWCNTs, which allowed a

comparison of MWCNT crystallinity at each stage of the composite processing (Figure 6.10).
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Figure 6.10: Raman spectra of acid-treated (3wt%F/T) MWCNTSs and 2.5wt% to 10wt%
MWCNT-SiO0; glass composites in green and sintered states. The ratios of D and G peaks

qualitatively show the crystallinity of MWCNTs.

The ratios of the intensities of D and G peaks (Ip/Ig) are 0.9+0.04, 1.0+0.03 and 1.1+£0.04

for the acid-treated MWCNTs before and after inclusion in the silica glass matrix in both the
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green and sintered states, respectively; the results confirm that the MWCNTs were neither

severely degraded nor graphitised.

A slight shift to higher Raman wave number in composite specimens was also observed,
which may be attributed to the residual stresses that developed due to the application of load
during green-body consolidation or due to cooling from sintering temperature; the tendency is
stronger in composites containing higher contents of MWCNTSs. Similar Raman results have been
reported in CNT-glass composites densified by SPS 159, although sintering conditions in both
techniques were different. The Raman data contradicts the general perception that only SPS or

HPS can provide CNT-glass/ceramic matrix composites without severely degrading CNTs.

C. Scanning electron microscopy

The fractured surfaces of the silica glass specimens sintered at 1150°C and 1400°C for 3h

Figure 6.11) show fully densified amorphous matrix and typical cristobalite spheres 159,

respectively. XRD in|Figure 6.8|has already indicated the presence of amorphous matrix and the

cristobalite crystals in silica glass specimens sintered at 11500V and 1400°C, respectively. A TEM

image showing the cristobalite crystals is displayed further below (Figure 6.16[c)) and

discussed in Section 6.2.2(d).

The quality of MWCNT dispersion and the porosity level in silica glass and composite
specimens, both in green and sintered states, were observed by SEM. The homogeneity of

MWCNT distribution was found to be retained in the green state after compaction of the

composite powders (Figure 6.12[a)). MWCNT agglomerates were not observed; instead,

individual MWCNTs were identified by pullout from the fractured surfaces (Figure 6.12[b)).

Porosity level in green state was high due to the low relative density, i.e. ~50%.

However, it decreased to ~35% after sintering at 1100°C {Figure 6.13[a-b)). The consolidation

at 1200°C showed a fully dense matrix in the 2.5wt% MWCNT-SiO, glass composite (Figure

6.13(c-d)). Uniform dispersion of MWCNTs was retained even after the matrix crystallisation at

higher temperatures, i.e. 1300°C (Figure 6.13[e-f)).
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Figure 6.11: SEI-SEM images of the fractured surfaces of silica glass specimens sintered at

1150°C and 1400°C for 3h showing (a) amorphous matrix and (b) cristobalite spheres,

respectively.

Figure 6.12: SEI-SEM images of the fractured surfaces of MWCNT-SiO; glass composites in

green state showing (a) homogeneous dispersion and (b) pull-out of MWCNTs.

It is difficult to establish the dispersion quality of CNTs in glass/ceramic matrices. All the

available published images show homogeneity at a local level making it hard to judge the

dispersion quality over a large volume. Moreover, CNT-agglomerates and CNT-depleted regions

are also observed 195. By comparing from different magnifications

Figure 6.14

, it is possible to

confirm the homogeneity of MWCNT distribution over large regions and also to demonstrate

their random orientation and the quality of local dispersion in the dense glass matrix.
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Microstructural images showing such a good quality of CNTs distribution are rarely found in

literature.

Uniform dispersion is also evident in the four sets of composites prepared by

incorporating four different types of MWCNTs ranging from 2.5wt% to 10wt% loading

Figure 6.15). An interesting feature is the pullout lengths of MWCNTSs, which are up to ~1pm in

all images. However, the number of MWCNT pulled-out at longer lengths is greater in
1.5wt%F/T MWCNT composites than in others. One of the causes may be the longer lengths and
higher aspect ratios of 1.5wt%F/T MWCNTs and another may be the comparatively lower

densities of these composites.

d. Transmission electron microscopy

TEM can reveal features of MWCNTs embedded in the glass matrix, such as their
retention after sintering or any damage produced during the processing. Moreover, the
structural deformation in MWCNTs can be highlighted along with the identification of the
crystallisation in the glass matrix and the presence of porosity. TEM evidence of the extent of
CNT dispersion and their orientation in amorphous has not been published. A cross sectional
TEM image can reveal the dispersion quality of CNTs in a matrix along with their orientation.
TEM can also be used to qualitatively analyse the structural flexibility of CNTs after reinforcing
brittle matrices to observe if CNTs retain their stiff character after the application of load during
the consolidation of composites or deform by producing disorder in their structure due to their

flexible character.

Figure 6.16[a) shows a representative BF-TEM image of 10wt% MWCNT-SiO; glass

composite sintered at 12000°C for 3h, revealing retention of the MWCNTs in the dense silica glass
matrix. Longitudinal and transverse cross sections of MWCNTs are evident, while arrows

specifically indicate transverse cross-sections. SAED pattern verifies the amorphous nature of

the matrix (Figure 6.16[b)). No apparent porosity or the crystallisation was observed in the

glass matrix.
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Figure 6.13: SEI-SEM images of 2.5wt% MWCNT-SiO: glass composites sintered at three
temperatures showing (a-b) incomplete and (c-d) complete densification, and (e-f)

crystallisation. MWCNT dispersion quality is maintained at all sintering temperatures.
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>

Figure 6.14: (a-d) SEI-SEM images of 5.0wt% MWCNT-SiO; glass composites showing

uniform distribution of MWCNTs at low to high magnifications.

Another interesting feature in

Figure 6.16

(a) is the presence of bent/curved MWCNTs,

which indicate their flexible nature. Although the flexibility of CNTs is well-known 4647, the

effects on the properties of CNT-brittle matrix composites are not often discussed. The literature

is replete with reports on the deformation of high aspect ratio CNTs under axial, bending,

torsional and radially compressed states, showing strains up to 15% 37, 16% 648, 7.6% 4% and

40% 59, respectively. In contrast, glasses and ceramics do not show much deformation at room

temperatures. Hence, CNTs are likely to be strained/deformed in brittle matrices, especially,

under pressure during the consolidation of composites.
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(Continued to next page)
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Figure 6.15: SEI-SEM images of four sets of MWCNT-SiO: glass composites containing four
types of MWCNTSs synthesised by using 1.5wt% (a-d), 3.0wt% (e-h), 6.0wt% (i-1) and
9.0wt% (m-p) ferrocene in toluene (F/T). Each set of composites was developed with a

range of MWCNTSs from 2.5wt% to 10wt%.
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Figure 6.16(c) shows the presence of cristobalite crystals in 2.5wt% MWCNT-SiO; glass

composite specimens sintered at 1300°C for 3h. Such a morphology of the cristobalite crystals

has been observed previously 236 and related to the tridymite-like stacking faults 237.

HRTEM can reveal a number of structural and interfacial features of MWCNTs embedded
in a matrix. The structural flexibility and mechanical instability of the outer layers of MWCNTs

was observed leading to the deformation that produced elliptical and radially corrugated cross-

sections (Figure 6.17(a,c)); compression of the inner layers of MWCNTs led to the squeezing and

elliptical deformation (Figure 6.17(b,d)). The longitudinal cross-section of embedded MWCNTSs

revealed the non-uniform central cavity (Figure 6.17{e)) and deformed graphene layers [Figure

6.17(f)). Such images of deformed MWCNTs indicate the structural flexibility of MWCNTSs and

suggest that the MWCNTs embedded in the glass matrix may be present in a stressed state, as

also observed by the Raman peak shifts {Figure 6.10) indicating strain in MWCNTs. The

deformation of layers was also observed in the images of as-synthesised and acid-treated

MWCNTs (Figure 5.11)Figure 5.12|and|Figure 5.14).

Another area of considerable importance is the interface in CNT-glass/ceramic matrix

composites, as it can significantly affect the composite properties.|Figure 6.18|shows HRTEM

images of the MWCNT/SiO; interface in the present composites, indicating the existence of
mechanical bond without any new phase formed due to chemical reaction between MWCNTSs
and silica glass. A good quality mechanical bond is shown and the physical attachment of
MWCNTSs with the surrounding glass matrix can be clearly seen. The absence of an intermediate
phase has also been reported in composites containing glass and glass-ceramic matrices, such as

silica 118, borosilicate 1°6, barium-aluminosilicate 198 and alumina-borosilicate 90.109,
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SiO, matrix

Figure 6.16: (a) BF-TEM image of 10wt% MWCNT-SiO; glass composite sintered at 1200°C

for 3h showing uniform dispersion, random orientation and longitudinal and transverse
(arrows) cross-sections of MWCNTSs in dense silica glass matrix; (b) SAED shows the
amorphous composite matrix. (c) BF-TEM image of 2.5wt% MWCNT-SiO; glass composite
sintered at 1300°C for 3h along with (d) diffraction pattern shows the presence of

cristobalite crystals in silica glass matrix.
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MWCNT

Central cavity

Figure 6.17: HRTEM images of MWCNTs embedded in silica glass matrix showing (a-d)
transverse and (e-f) longitudinal cross-sectional views. MWCNTs are radially compressed
showing deformed graphene layers. Squeezing of the central cavity to (b) irregular and

(d) elliptical shapes is also evident.
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In the present study, the acid-treatment performed on MWCNTSs corroded the outer

layers (Figure 5.14) and during viscous flow sintering, the soft silica glass flowed into surface

defects providing an anchoring effect, similar to that observed in MWCNT-AI;03 composites,
where grains grew into defects of MWCNTs during sintering 238. Therefore, mechanical
interlocking due to rough MWCNT surfaces may be considered to be the likely cause of bonding
between CNTs and silica glass matrix. When using pristine CNTs to reinforce glasses/ceramics
without functionalisation, structural defects produced during the synthesis of CNTs, can serve to
develop a keying effect providing a mechanical bond. However, poor distribution of as-
synthesised CNTs in ceramics without their surface functionalisation produces agglomerates
and reverses the beneficial effect of the mechanical bonding with the matrix by providing large
flaws 111, Another reason for good bonding between MWCNTSs and the silica glass matrix is the
compressed state of MWCNTSs in the sintered composite. Such a stressed condition of MWCNTSs
is likely to be partially retained in the sintered composites. The resultant interfacial stress
should increase fibre/matrix interaction leading to intimate contact. In short, mechanical
interlocking and residual stress may be the possible causes of good bonding between CNTs and

the silica glass matrix.

Figure 6.18: HRTEM images of MWCNT-SiO; glass composites showing a mechanical
interface. Corroded MWCNT outer layers (arrowed) on (a) longitudinal and (b) transverse

cross-sections are embedded in glass matrix providing mechanical interlocking.
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6.2.3 Mechanical characterisation

a. Hardness

The hardness of silica glass and MWCNT-SiO; glass composites was measured by manual

Vickers micro-indentation and instrumented Berkovich nano-indentation techniques. Both

Vickers (Figure 6.19) and Berkovich (Figure 6.20) data indicate the highest hardness of silica

glass specimens, while the composites demonstrate a continuous decrease in hardness with
MWCNT addition. Although, the hardness trends in the two techniques are similar, the absolute
values differ, which is due to the different applied loads, i.e. 4.9N and 0.5N, in Vickers and
Berkovich indentations, respectively. A higher load produces more cracks underneath the
indents and causes the reduction in hardness values. Such a trend of lower hardness at higher

indentation loads, or vice versa, has been reported previously 239,

The hardness data also show a systematic difference between composites containing
different size MWCNTSs; at higher MWCNT loadings, i.e. 25.0wt%, the hardness values diverge.
The set of composites containing the lowest aspect ratio and the shortest length MWCNTs

(9.0wt%F/T) demonstrates the highest hardness. The same set of composites has shown

Figure 6.7) higher sintered densities than others. Therefore, the size of MWCNTs might have an

influence on the hardness by providing different composite densities. Vickers and Berkovich
hardness values have also been plotted against the relative densities of the composites. It is clear

that composites with low densities demonstrated lower hardness values.

The instrumented Berkovich nano-indentation technique was employed to avoid the
manual analysis of the Vickers micro-hardness data, i.e. measuring the diagonal lengths of an
indent; instead, the indent area was calculated indirectly by relying on the depth of indenter
penetration. The two different hardness measuring approaches were utilised in order to find the
real trend of hardness in MWCNT-SiO; glass composites, which is unclear in CNT-glass/ceramic
matrix composites. It might be argued that the Berkovich nano-indenter is small enough to be

influenced by the intrinsic heterogeneities of the nanocomposites, i.e. silica glass and MWCNTs,
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rather than testing the representative MWCNT-SiO; glass composite hardness. To avoid this

potential difficulty, a relatively high load of 0.5N was applied in order to create a sufficiently

large indentation (Figure 6.21[{a)) to average out the filler-matrix effects. The TEM cross-section

of a Berkovich indentation (Figure 6.21) confirms the size of the indent in pm, which is much

larger than the average diameter of individual MWCNTSs in nm (Table 5.1).
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Figure 6.19: (a) Vickers hardness values of silica glass and four sets of 2.5wt% to 10wt%

MWCNT-SiO:; glass composites (b) Vickers hardness against relative density.
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Figure 6.20: Berkovich hardness values of silica glass and four sets of 2.5wt% to 10wt%

MWCNT-SiO; glass composites (b) Vickers hardness against relative density.
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An enlarged view of a section of the same indent {(Figure 6.21[b)) reveals the dimensions

of MWCNTs compared to the indent size. Such an indent size is expected to show the

representative hardness value of the composites. The TEM images in|Figure 6.21|are quite

unusual. These first images through the CNT-glass/ceramic composites under an indent indicate
the preferential alignment of MWCNTs along the indenting surface, although the effect is weak

due to the random orientation and the flexible structure of MWCNTSs. The cracks at the

indentation edge are also shown, which were effectively deflected by the MWCNTSs (Figure

6.28(Db)). Cracks beneath the indentation were also successfully arrested by MWCNTSs (Figure

6.27).

\

4

MWOCNT transverse cross-section

Figure 6.21: (a) BF-TEM image of the cross-section of a Berkovich indentation on 5.0wt%
MWCNT-SiO; glass composite. (b) HRTEM image of a section of the same indent relates the

size of MWCNTSs with Berkovich indent.
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b. Elastic modulus

The elastic moduli of silica glass and MWCNT-SiO; glass composites were measured by

the instrumented Berkovich nano-indentation technique (Figure 6.22). Again, the silica glass

shows the highest elastic modulus (70.9GPa), which is comparable to the typical silica glass
value 210 of 72.0GPa. The incorporation of MWCNTs produced a continuous decrease in the
elastic moduli of the composites. Considering the theoretical CNT stiffness value, i.e. 1000GPa,
an increase in the elastic moduli of the composites was expected; however, the experimental
data shows an opposite (decreasing) trend. To relate the experimental results and to find the
effective stiffness of MWCNTSs incorporated in the composites, the theoretical elastic moduli of

the composites were obtained from the rule of mixtures.

For a three-dimensional randomly-oriented short fibre composite system, which could
represent the present composites, a modified rule of mixtures (Krenchel’s rule 249) incorporating

the orientation efficiency factor (1,) and length efficiency parameter (1) was used:
Ec = 1oy Ef Vy + Ep(1-Vy) Equation 6.1

where, E, Ef, and En, are the elastic moduli of composite, fibres and matrix, respectively,
while V¢ is the fibre volume fraction. The value 76 of n, for three-dimensional random orientation
of fibres is 0.2, while the value of 7. depends upon the fibre length (L), diameter (D), inter-fibre

spacing (2R) and shear modulus of the matrix (Gm), as given below:

1
tanh((3) AL)
n=1—|——— Equation 6.2
1 L
(2)8
1/2
8G
B = m Equation 6.3
5 2R
E¢D? loge ()

The modified rule of mixtures was applied to one set of MWCNT-SiO glass composites

containing 2.5wt% to 10wt% (3.0wt%F/T) MWCNTs. The MWCNT length and diameter are

given in[Table 5.1 inter-MWCNT spacing was determined by SEM image analysis and a literature
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value of shear modulus of silica glass 159, i.e. 31GPa, was used for calculations. The parameter
that remains to be investigated is the elastic modulus of MWCNTs; different stiffness values of
MWCNTs were used, ranging from 1000GPa to 100GPa, while the experimental stiffness value of
silica glass, i.e. 70.9GPa, was taken. The largely different stiffness values of MWCNTs were

chosen in order to fit the model to the experimental data; the other reason was a huge variation

in the stiffness values of CNTs (Table 9.1) synthesised by different techniques 2434, as discussed

in Section 2.1.3(a). Also, the hollow core is excluded when the elastic modulus of CNTs is
reported but its effect should be considered in the context of composite reinforcement. Finally,
this simple analysis also assumes the negligible transverse properties of MWCNTSs, which may be
reasonable given the relatively weak interfacial bonding and the hollow/collapsible nature of
the MWCNT structure. The higher composite values should be obtained if MWCNTSs possess the
theoretically estimated elastic modulus (1000GPa), but even for the maximum loading (10wt%)
of idealised MWCNTSs, the predicted increase in stiffness is small, i.e. 86GPa. The modest increase
is due to both a high elastic modulus of silica glass, i.e. 70.9GPa, and the random-orientation of
MWCNTSs, which provide a reduced value of the effective MWCNT stiffness. A stiffness value of
350GPa for MWCNTSs almost retains the elastic modulus of the composites by providing similar
value as that of silica glass. Therefore, the model suggests an increase in the elastic modulus in
three-dimensional randomly-oriented MWCNT-Si0O; glass composites, if the stiffness is >350GPa
for the chosen MWCNT size (3wt%F/T). Indeed, further decrease in the MWCNT stiffness
(100GPa) lowers the elastic modulus of composites (~64GPa) below the silica glass matrix
(70.9GPa). However, this value (~64GPa) is still higher than the experimental values for 10wt%
MWCNT-SiO, glass composites. Even zero MWCNT stiffness value in the above equation
provides a higher elastic modulus of composites than found experimentally. This indicates the
presence of porosity in composites, which must have reduced the elastic modulus further 165.
Porosity in MWCNT-SiO; glass composites can come from the insufficient densification of the
matrix and may also be due to the hollow cores of the MWCNTSs. The effect of porosity on elastic

modulus of the composites will be discussed further below (Section 6.2.3(d).
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Figure 6.22: Elastic moduli of silica glass and four sets of 2.5wt% to 10wt% MWCNT-SiO:
glass composites; the composite elastic moduli were predicted by applying the modified

rule of mixtures with different stiffness values of MWCNTSs.

Another interesting feature in|Figure 6.22|is the difference in elastic moduli of the four

sets of composites containing different size MWCNTSs. Although the elastic moduli values fall
close to their error range, composites containing the lowest aspect ratio and the shortest length
MWCNTs (9.0wt%F/T) showed systematically higher values than others; a possible reason
again is the higher sintered densities of these composites. The lowest stiffness, with higher

aspect ratio MWCNTs, indicates that composites do not follow the length efficiency parameter,

as given in|Equation 6.1

C. Indentation fracture toughness

The fracture toughness of silica glass and MWCNT-SiO glass composites was evaluated
by the Vickers indentation technique in combination with the Anstis et al’s. expression 211, as

discussed in Section 4.4.3, which proved useful for determining the relative toughening effect of

MWCNTs in silica GMCs (Figure 6.23). The indentation fracture toughness of silica glass was

found to be in the range 0.75-0.85MPa.m!/2, which increased roughly linearly with the addition
of MWCNTSs and reached a value of 1.40-1.70 MPa.m'/2 in composites with 10wt% MWCNTs in

the four sets of composites. A similar increasing trend in toughness was found in a previous

131



6. MWCNT-silica glass composites

study on CNT-glass composites consolidated by SPS 91. Although the validity of the indentation
fracture toughness technique has been questioned and the use of conventional techniques has
been suggested for absolute fracture toughness values 162, the indentation techniques can

indicate the relative change in the fracture toughness of materials. The current results obtained

by indentation technique (Figure 6.23) clearly show an improvement in the fracture toughness

of the monolithic glass matrix by adding MWCNTSs. Previous work 91 on CNT-glass composites,
using indentation and chevron techniques, showed similar trends, although the two techniques

provided different absolute values.
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Figure 6.23: Indentation fracture toughness of silica glass and four sets of 2.5wt% to

10wt% MWCNT-SiO; glass composites.

One of the aims of the present work was to study the effect of different MWCNT
dimensions on the fracture toughness of the composites compared to its effect on the glass
matrix. The present toughness data indicate that the incorporation of different length/aspect
ratio MWCNTs did not lead to a significant difference in fracture toughness and the results were
within their error range. Nevertheless, composites containing 1.5wt%F/T MWCNTs showed
values in the lower range and those containing 9.0wt%F/T MWCNTSs displayed upper range
values; the lower densities of 1.5wt%F/T MWCNTs composites may be a reason for the

decreased values. In short, the selected range of MWCNT dimensions, i.e. diameter: 37nm to
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57nm, length: 1.78pum to 2.42um, and aspect ratio: 31 to 65, is not likely to have a significant
effect on fracture toughness, especially, in the presence of its effect on composite densification.
The toughening mechanisms appeared in the present composites are discussed in Section

6.2.3(e).

d. Effect of porosity on mechanical properties

It is well known that the mechanical properties of glasses and ceramics decrease with
porosity 208, As observed earlier (Section 6.2.1(a)), the high aspect ratio of MWCNTSs contributes
indirectly to the development of porosity due to the incomplete composite densification.
Moreover, the hollow core of MWCNTSs may also contribute to porosity in composites. A ratio of
~10:3 was measured for outer and inner diameter of 100 independent 3.0wt%F/T MWCNTSs
from the TEM images. These values imply that ~10% of the total MWCNT volume comprises the
hollow core, which further suggests that the porosity volume coming from the hollow core of
MWCNTs in 10vol% MWCNT-SiO- glass composites is ~1.0%. Considering this argument, it can

be inferred that the composites actually contain porosity of similar shape to that of the

embedded MWCNTs but smaller in diameter, comparable to their hollow core (Figure 6.24[a)).

Although, the porosity volume due to hollow MWCNT structure is small, the uniform distribution
of this kind of porosity in composites may have pronounced effects. A counter argument could
suggest that the porosity due to the hollow core is shielded due to its presence inside the
MWCNTSs. However, it can still affect the mechanical properties, especially under indenter

loading during hardness testing, where MWCNTs might compress or collapse radially.

To explore the porosity effect on the elastic modulus and hardness of composites and to
observe any contribution of MWCNTs to the composite mechanical properties, a set of
composites containing 2.5wt% to 10wt% (9.0wt%F/T) MWCNTs was oxidised at 750°C for 48h
to completely oxidise MWCNTSs and to produce a porous silica matrix (Section 6.2.5(c)). The
oxidised composites were then mechanically characterised for elastic modulus and hardness

measurements by the same technique as used for sintered composites, i.e. Berkovich indentation
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technique.|Figure 6.24|shows schematically the porosity volume of the composite specimens

with the presence of MWCNTSs and after their oxidation.

Porosity
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Porosity due to
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Figure 6.24: Schematic diagrams showing porosity in MWCNT-SiO, glass composites due

to (a) the hollow core of MWCNTSs and (b) after the oxidation of MWCNTs.

The elastic moduli of oxidised composites containing 2.5wt% to 10wt% MWCNTs

continuous decrease was noticed in composites containing

Figure 6.25[a)) displayed lower stiffness values after MWCNT oxidation, as expected. Also, a

increasing MWCNT content, which

corresponds to increased porosity after MWCNT oxidation. Similarly, the hardness of the

oxidised composites showed a declining trend (Figure 6.25

(b)) and the hardness values of the

composites were greater before their oxidation. It can be inferred that the presence of MWCNTSs

in composites provides increased values of the stiffness and hardness compared to when they

were completely oxidised leaving behind an increased level of porosity. However, MWCNTs also

act as a source of porosity and, therefore, could not increase the stiffness and hardness of GMCs.

e. Toughening mechanisms in composites

In fibre composite systems, energy-absorbing mechanisms emerge during crack growth,

such as crack deflection, fibre/matrix debonding, fibre bridging and pullout, which are absent

during the failure of monolithic materials. Features corresponding to these mechanisms were

observed in the MWCNT-SiO; glass composites; MWCNT pullout was observed on the fractured
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composite surfaces (Figure 6.14|and|Figure 6.15), while MWCNT fracture and bridging were

along the crack, including at angles other than perpendicular to the crack

seen (Figure 6.26

plane (Figure 6.28(a)). Images of the crack tip {(Figure 6.27) suggest that MWCNTs may provide

traction against the crack opening and hence impede crack propagation. During MWCNT pullout,

the slots produced due to partial MWCNT pullout are shown (Figure 6.28(a)). Finally, multiple

deflections of the cracks clearly occur due to MWCNTSs (Figure 6.28(b)). The cracks shown in

these TEM images were observed around the indents produced during nanoindentations.
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Figure 6.25: (a) Elastic moduli and (b) hardness of silica glass and 2.5wt% to 10wt%
(9.0wt%F/T) MWCNT-SiO: glass composites before and after the oxidation of MWCNTs.
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The aforementioned energy absorbing mechanisms, as also previously observed 159,
qualitatively indicate a significant improvement in the fracture toughness of CNT-glass/ceramic
composites but still not enough to transform the brittle matrices into structurally reliable
materials. Moreover, it is unclear which modes contribute to significant toughening. A
qualitative analysis of these toughening mechanisms is provided in the following paragraphs to

indicate their contributions.

In standard fibre composite theory, toughness maximises when the fibre length
approaches a critical value known as the critical fibre length (L), which is the maximum length
at which shear failure at the fibre/matrix interface occurs without fracturing the fibre. L. is
related to the fracture strength (of) and radius (R¢) of the fibres, and the interfacial shear

strength (Ti):

LC_Gf

R; = 27, Equation 6.4

In short fibre composites 76241, the pullout length varies between zero to L./2. Therefore,

varying MWCNT pullout lengths were observed on the composite fractured surfaces (Figure 6.14

and|Figure 6.15), which were measured by SEM images. At least, 500 MWCNTs were measured

independently to acquire the pullout length data for the four types of 10wt% MWCNT-SiO; glass

composites containing different size MWCNTs.

The maximum (Lmp) and average (L.p) MWCNT pullout lengths for the four composites

are given in (Table 6.1); based on Lmp and Ly, the values of maximum (Lm¢) and average (Lac)

critical MWCNT lengths were estimated, given in the same table. As the reinforcing MWCNTSs
showed a large variation in their lengths, L may overestimate, while L, may underestimate the
real L.. Therefore, it was considered appropriate to take both the values to act as L. and estimate
separately the toughening contribution of each of them; subsequent comparison with the

practically achieved toughness values will reveal their appropriateness.

Based on the measured L¢ (Lmc & Lac) and R values (Table 5.1)) of the four sets of 10wt%

MWCNT-SiO; glass composites, the fracture strength values of MWCNTs were calculated using
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6. MWCNT-silica glass composites

Equation 6.4|and are given in|Table 6.2] Since the value of t; for CNT-glass/ceramic composites is

not available, a value based on carbon fibre-reinforced GMCs 242-243 was used, i.e. 10MPa,

although values as high as 35MPa have been reported 244.

(a)

MWCNT
bridging

Figure 6.26: (a) SEI-SEM and (b) BF-TEM images showing the MWCNT fracture and

bridging in (3.0wt%F/T) MWCNT-SiO; glass composites.

SR

/

Figure 6.27: BF-TEM images showing the bridging of cracks due to MWCNTs in MWCNT-
Si0; glass composites. Cracks were produced under the indentation during hardness

testing.

To estimate the MWCNT contribution to toughening silica glass, uniaxial short fibre

composite theory was applied to 10wt% MWCNT-SiO; glass composites using the following
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6. MWCNT-silica glass composites

expressions for the three energy absorbing mechanisms, i.e. debonding, crack bridging and

pullout 245; the debonding and bridging provide similar results:

3
Gaebond = Yr¥yop
g =
ebo 6EfTi

Equation 6.5

VeRs03
orer .
Ghriaging = Equation 6.6
ridging 6EfTi
VyRyos’ .
Gpuliout = Ton. Equation 6.7
L

Crack
deflection

MWCNT
pullout

Figure 6.28: (a) BF-TEM image showing MWCNT pullout along the crack plane;
corresponding slots due to partial pullout are also evident along with (b) the multiple

deflections of surface cracks due to MWCNTs.

Table 6.1: Measured maximum (Lnp) and average (L.p) pullout lengths of MWCNTs in four
types of 10wt% MWCNT-SiO; glass composites. Maximum (Lnc) and average (Lac) critical

lengths were estimated from L, and Lay, respectively.

MWCNT types 1.5wt% F/T 3.0wt% F/T 6.0Wwt% F/T 9.0Wwt% F/T
Lump (1) 1.01 0.95 0.93 0.90
Lap (1m) 0.37%0.25 0.29%0.22 0.28+0.21 0.220.19
L (Lm) 2.02 1.90 1.86 1.80
Lac (Lm) 0.74%0.50 0.58+0.44 0.56%0.42 0.44%0.38
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6. MWCNT-silica glass composites

All the parameters required in the above expressions are available, i.e. Vi, Ry, or and t; are
0.133 (10wt%), 18.5-28.5nm, 1.26-2.18GPa and 10MPa, respectively; the only parameter still
unknown is the stiffness (Ef) of MWCNTs, which was estimated to be an order of magnitude

higher than their strength. This ratio was further verified by taking upper values of experimental

elastic modulus (1000GPa) and tensile strength (100GPa) of CNTs (Table 9.1|and|Table 9.2), as

also observed in the published data 34

The contribution of the three toughening mechanisms, i.e. debonding, bridging and

pullout is given in|Table 6.2|for both the Ly & Lac. It is to be noted that a fraction of (Lc/L) was

estimated to pullout in composites and the debonding length (L4) was taken to be the same as
the critical length for stress transfer at the end of MWCNTSs, i.e. Lq=L.. Hence, the total work of
the fracture of composites is obtained by combining the above three equations:

3
ViRrar”  ViReos®  ViRsos?

G = Equation 6.8
total 6Ele' 6Ef'L’i 12Ti 1

The total energy consumed (Geta) by adding the three energies (Gpullout* Gdebond+Gubridging)

is provided in|Table 6.2|for both the Lmc & La, which can be compared with the observed

toughening contribution of MWCNTs calculated by using |Equation 6.9| after putting the

experimental values of Kic and E of 10wt% MWCNT-Si0; glass composites and subtracting the
intrinsic toughness of glass, i.e. 0.8MPam?/2 (8.7] /m2).

_ a- VZ) chz

Equation 6.9
E

G

where, v, Kic and E represent Poisson’s ratio, fracture toughness and elastic modulus of

the composites, respectively. The resulting MWCNT contribution is 32.6-41.4]/m2, which falls

within the upper and lower bound estimation obtained by using Lmc & Lac as L. (Table 6.1).

Although, the contribution of MWCNTSs to toughening the brittle glass matrix is twofold, the
absolute magnitude of the effect is small when compared with carbon fibres; a toughening
contribution of 350]/m2 was observed in randomly oriented 20vol% carbon fibre-reinforced

borosilicate GMCs 8+ The scaling argument can explain this discrepancy by relating the
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6. MWCNT-silica glass composites

toughening mechanisms with the fibre diameter. The expressions above show that pullout
energy increases with fibre radius and fracture strength but decreases with interfacial shear
strength. The diameter of CNTs (1-100nm) is 2-4 orders of magnitude smaller than carbon fibres
(~10um), showing a significant decrease in the pullout toughening as diameter reduces from

micrometer (carbon fibres) to nanometer (CNTs) scale.

Table 6.2: Pullout (Gpuiou:), debonding (Gdebona) and bridging (Gorigging) €nergies for both
maximum (Ln) and average (Lac) pullout lengths along with total energies (Giotal) for the
four types of 10wt% MWCNT-SiO; glass composites containing different size MWCNTs.
Experimentally obtained energies (Gotal-exp) based on Kic and E, and toughening energies

(Gtoughening-exp) due to MWCNT contribution are also displayed.

Composite types 1.5wt%F/T 3.0wt%F/T 6.0wt%F/T 9.0wt%F/T
Lf (um) 2.42+1.45 2.22%1.13 2.07+1.09 1.78+0.79
Rf (nm) 18.5£7.0 22.0£9.5 25.5%12.0 28.5+¥13.5
Lmc (um) 2.02 1.90 1.86 1.77
ot (GPa) 2.18+0.82 1.73+0.74 1.46+0.68 1.26+0.59
Et(GPa) 21.8+8.2 17.3+7.4 14.6+6.8 12.6%5.9
G debond (J/m?) 16.3+16.8 12.4+13.5 10.8+12.6 9.6+11.1
G bridging (J/m2) 16.3+16.8 12.4+13.5 10.8+12.6 9.6+11.1
G pullout (J/m?) 81.6+72.2 62.2+56.1 54.0+52.2 50.9+45.2
G total (J/m?) 114.2+76.1 87.1£59.2 75.6x55.1 67.8+47.9
Lac (nm) 0.74+0.50 0.58+0.44 0.56%0.42 0.44+0.38
or(GPa) 0.80+0.61 0.52+0.46 0.43+0.38 0.30+0.30
Ef(GPa) 8.0+6.1 5.2+4.6 4.3+3.8 3.0+£3.0
G debond (J/m?) 0.80+1.45 0.35+0.71 0.29+0.59 0.14+0.33
G bridging (J/m?) 0.80+1.45 0.35+0.71 0.29+0.59 0.14+0.33
G pullout (J/m?) 4.01+5.17 1.77+2.48 1.47+2.08 0.74+1.13
G total (J/m2) 5.61+5.57 2.47+2.68 2.06%2.24 1.04+1.22
G total-exp (J/m?2) 45.9+2.1 50.2+2.0 41.4+1.8 449+1.8
G toughening-exp (J/M?) 37.1£2.2 41.4+2.1 32.6%1.9 36.1£2.0
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The greater CNT strength can significantly increase the toughening effect by an

increased pullout length 246; also, it is squared/cubed in the above expressions. However,

published data (Table 9.2) shows that the fracture strength of CNTs ranges between 1GPa and

100GPa; the lower-end values are comparable to carbon fibres but only the upper-end values of
CNTs provide a 10 times increase in strength over carbon fibres. Moreover, CNTs grown by CVD
processes are generally used for composite manufacturing, which possess lower strength values
due to the presence of structural defects. Hence, the net improvement in the fracture toughness
due to the expected increased strength of CNTs is insignificant. Finally, a decrease in interfacial

shear strength can lead to increased fracture toughness but increased CNT critical length would

be required to exploit it {(Equation 6.4). Generally, the aspect ratio of pullout lengths of MWCNTSs

in composites remains relatively similar to that of conventional fibre composites, i.e. 10-100,
which suggests that the fracture strength to interfacial strength ratio (or/ti) is constant. It is still
unclear which mechanisms contribute most to increased toughening in CNT-glass/ceramic
composites. It has been suggested that CNT bridging across the crack provides the dominant
contribution 109, However, based on the current observations and estimations, the increase in
fracture toughness in MWCNT-Si0; glass composites is due to the combined contribution of the

three mechanisms, i.e. debonding, bridging and pullout, although pullout provides the major

contribution. The rearrangement of |[Equation 6.8(245 into [Equation 6.10| confirms the fibre

pullout mechanism to be the most important energy absorbing mechanism during composite

fracture.

VeRr0:% (40 40
Ry or i f .
Geotal = 75— <— + 1) = Gpuilout (— + 1) Equation 6.10

In short, high CNT volume fraction (Vy), fracture strength (o) and radius (R¢), and low

interfacial shear stress (t;) increase the fracture energy. Other energy absorbing mechanisms

remain to be analysed quantitatively, such as crack deflection (Figure 6.28(b)) and pullout of

CNTs not oriented at 90° to the crack plane (Figure 6.28(a)), which increases friction. Finally,

new mechanisms, potentially operative at the nanoscale, such as the collapse of hollow CNTs,

springiness of coiled CNTs and telescopic failure of CNTs may also emerge in future 91.
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6.2.4 Functional characterisation

a. Electrical conductivity

The addition of CNTs significantly increased the electrical conductivity of insulating

silica glass, which has, otherwise, low electrical conductivity, i.e. 10-19S/cm (Figure 6.29). The

electrical conductivity of the four sets of MWCNT-SiO; glass composites containing 2.5wt% to
10wt% MWCNTSs ranges between 1S/cm and 100S/cm, which is 10-12 orders of magnitude
higher than that of silica glass. The relative difference between the conductivities of the
composites containing different MWCNT sizes is also evident; clearly, the composites containing
longer (high aspect ratio) MWCNTSs (1.5wt%F/T) demonstrated higher electrical conductivities
compared to others. These composites are also expected to have lower percolation threshold

than those containing shorter (low aspect ratio) MWCNTSs (9.0wt%F/T) 164,
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Figure 6.29: Electrical conductivities of silica glass and the four sets of 2.5wt% to 10wt%
MWCNT-SiO; glass composites. MWCNTs were synthesised by different ferrocene

concentrations in toluene (F/T).

A sudden change in the conductivity of 2.5wt% MWCNT-SiO; glass composites suggests
that the percolation threshold lies between zero to 2.5wt% MWCNTSs. According to percolation

theory 247, an increase in the electrical conductivity (o) should follow the scaling law:
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6. MWCNT-silica glass composites

o (p—p)t Equation 6.11

where p is the volume fraction of MWCNTSs, p. is the percolation threshold of MWCNTs

and the exponent t reflects the dimensionality of the system.

Figure 6.30{shows the conductivity values versus the MWCNT volume fractions for the

four sets of composites containing different sized MWCNTSs; the inserted plots in log-log scale
display the electrical conductivity (o) values as a function of p-p. showing well fitted data
obeying the scaling law of the percolation theory. Percolation threshold (p.) steadily increased,

i.e. 1.80vol%, 2.04vol%, 2.16vol% and 2.70vol% (1.37wt%, 1.54wt%, 1.64wt% and 2.04wt%), in

the four types of composites containing different sized MWCNTs (Table 5.1); the values of

exponent (t) were 1.6, 1.5, 1.4 and 1.1, respectively. As expected, the composites containing
longer (higher aspect ratio) MWCNTs demonstrated a comparatively lower percolation
threshold than the others. The percolation threshold of CNTs, close to 1wt%, is generally
observed in composites 9497.159; however, values as low as 0.05wt% 248 and as high as 5.0wt% 163
have also been reported in CNT-glass/ceramic matrix composites. A high percolation value
indicates either a low aspect ratio of CNTs or their good dispersion in the composites, while a
low value suggests the presence of high aspect ratio and/or entangled CNTs producing
agglomerates. The high percolation threshold values of composites obtained in the present

study, i.e. 1.37-2.04wt% indicate uniformly dispersed and well-separated MWCNTs, as already

witnessed in SEM/TEM images (Figure 6.14[Figure 6.15|and|Figure 6.16(a)).

b. Thermal conductivity

The room temperature thermal conductivities of silica glass and the four sets of MWCNT-

SiO2 glass composites containing 2.5wt% to 10wt% MWCNTs were obtained from their thermal

diffusivities, specific heat capacities and sintered densities using|Equation 4.12] A linear increase

in thermal conductivity was observed in the silica glass matrix after reinforcing with MWCNTSs

Figure 6.31). However, the improvement was relatively modest because no percolation effect is

expected in thermal conductivity as observed in electrical conductivity of the composites. Also a
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difference of only three orders of magnitude exists between the thermal conductivity of

MWCNTs 66, i.e. 3000W/m.K, and the silica glass matrix, i.e. 1.38W/m.K.

On the basis of Maxwell-Garnett effective medium approach, the thermal conductivity of

a fibre composite (Kc) can be calculated by the following equation 249:
K. = Ky + K cos?0 V; Equation 6.12

where, K, and Krare the thermal conductivities of the matrix and the fibres, respectively;
V¢ is the fibre volume and 0 is the angle between fibre axis and the given direction. For aligned
and randomly orientated fibres, cos26 is taken as 1 and 1/3, respectively 249. Using the measured
thermal conductivity (Km) of silica glass (1.38W/m.K), a published value for thermal
conductivity (Kf) of MWCNTs (3000W/m.K) ¢¢, the volume fraction of MWCNTs (Vi) in 10wt%
MWCNT-SiO, glass composites (0.132), and assuming random orientation (cos?6 = 1/3) of
MWCNTs, the thermal conductivity of composites (Kc) was calculated to be 133W/m.K. This
value is two orders of magnitude higher than the experimental value of only ~2.0W/m.K for
10wt% MWCNT-SiO: glass composites and indicates the involvement of other factors leading to
the modest increment of thermal conductivity. The thermal resistance due to large interfacial

surface area between MWCNTSs and glass matrix could be the possible reason, as the applied

model (Equation 6.12) assumes a perfect contact between MWCNTs and glass matrix and

ignores any interfacial resistance. An expression to calculate the thermal conductivity of
composites incorporating interfacial thermal resistance is given below 250:

K L

Ke =K+ 55—
€T UM T 2RKs + L

cos*0 Vg Equation 6.13

where L is the length of fibres and R; is the interfacial thermal resistance, also known as

Kapitza resistance; other parameters are the same as used in|Equation 6.12] Using the average

(1.5wt%F/T) MWCNT length of 2.42pum (Table 5.1) and R; values, which is reported to be

8x10-8m2K/W in CNT matrix composites; this value is of the same order of magnitude in other
composite materials and polycrystals 250, the value of K. for 10wt% MWCNT-SiO, glass

composites was found to be 2.04W/m.K, which is close to the measured value of 2.03W/m.K.
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Figure 6.30: (a-d) Experimental electrical conductivity data as a function of MWCNT
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ferrocene concentrations in toluene (F/T); inserted plots in log-log scale show well fitted
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Figure 6.31: Room temperature thermal conductivity of silica glass and of the four sets of

2.5wt% to 10wt% MWCNT-SiO; glass composites. The theoretically predicted values

(using|Equation 6.13) are shown along with the experimental thermal conductivities.

The thermal conductivity values for the four sets of composites containing 2.5wt% to

10wt% were calculated using the above expression and compared with experimental results

MWCNTs (wt%)
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Figure 6.31). A relatively good match was observed between the calculated and the

experimental values of the composites containing MWCNTSs of different lengths ranging from
1.78um to 2.42um. It was also revealed that 10wt% MWCNT-SiO; glass composites containing
longer MWCNTSs (1.5wt%F/T) showed an increment of 47% compared to silica glass, which is

greater than that in composites containing shorter MWCNTSs (9.0wt%F/T), i.e. 34%.

6.2.5 Technological characterisation

Silica glass and a set of MWCNT-SiO; glass composites containing 2.5wt% to 10wt%
MWCNTSs synthesised by 3.0wt% ferrocene/toluene were characterised for the following

technological properties.

a. Thermal shock resistance

Silica glass and 2.5wt% MWCNT-SiO; glass composites were tested for thermal shock
resistance by the water quench method from 500°C, 1000°C and 1200°C to a room temperature
of 20°C, which was followed by diametral compression testing for strength evaluation. A typical

diametral compression failure mode 25! was observed (Figure 6.32).

.._.."‘} -~

Figure 6.32: Photographs of diametrally compressed (a) silica glass and (b) 2.5wt%

MWCNT-SiO: glass composite specimens after thermal shock from 500°C to 20°C.

Silica glass and composite specimens showed comparable diametral compression
strength values within the error range. The specimens, without performing thermal shock tests,

also showed similar results. However, a slight decrease in the composite values was observed at

12000C (Figure 6.33). The decrease in the strength of composites matches with the trend of their
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other mechanical properties, i.e. elastic modulus and hardness, as discussed earlier (Section
6.2.3(a-b)). Nevertheless, no considerable decrease in the strength was observed until 1200°C.

Similar results, showing the retention of strength up to 1200°C, have been reported while

investigating carbon fibre reinforced silica GMCs 82. XRD (Figure 6.34) shows the presence of

cristobalite at 1200°C, while no indication of crystallisation was seen in specimens thermally

shocked from 500°C and 1000°C. The presence of cristobalite in silica glass after heating in air

above 1000°C has also been observed by others 252. The composite specimens (Figure 6.35[a-f))

did not experience any structural change or the appearance of cracks due to thermal shock from

500°C and 1000°C. However, surface cracking was observed in specimens thermally shocked

from 1200°C (Figure 6.35[g-i)). It is likely that these microcracks are due to the surface

crystallisation (cristobalite formation) in the specimens. This crystallisation phenomenon
causes cracking, when B-cristobalite converts into a-cristobalite on cooling below 272°C, as a

result of the different thermal expansion coefficients of the two polymorphs of cristobalite 253.
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Figure 6.33: Diametral compression strength of silica glass and 2.5wt% MWCNT-SiO;
glass composites after thermal shock tests from 500°C, 1000°C and 1200°C to 20°C. The

composite strength values without thermal shock are given for comparison.

In short, the addition of 2.5wt% MWCNTSs to the silica glass matrix did not lead to

obvious cracks due to the thermal shock in water from 500°C, 750°C, 1000°C and 1200°C to a
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room temperature of 20°C; however, cristobalite formed at 1200°C and caused cracking on

cooling due to the o-f3 cristobalite transformation.
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Figure 6.34: XRD of 2.5wt% MWCNT-SiO; glass composites thermally shocked from 500°C,
1000°C and 1200°C to 20°C; cristobalite was formed at 1200°C. The room temperature

XRD of composites without performing thermal shock test is shown for comparison.

b. Thermal cycling resistance

As no indication of crystallisation was observed after thermal shock from 500°C, 750°C
and 1000°C, 2.5wt% MWCNT-SiO; glass composites were tested for repeated thermal shock
cycles, i.e. quenching from 1000°C in water at 20°C for 10 and 20 times. Thermally cycled
specimens were later subjected to diametral compression tests to measure any change in their

strength and observed in SEM for the presence of any thermal cracks. A gradual decrease in the

strength of specimens after 10 and 20 thermal shock cycles was observed (Figure 6.36), which

may be due to the crystallisation effect. Nevertheless, a clear reduction in strength due to the
formation of quench cracks was absent. XRD primarily showed an amorphous matrix with few

cristobalite peaks emerging from the amorphous bump, revealing the start of devitrification, on

increasing the number of thermal cycles (Figure 6.37).
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(a) © 500°Cf(b)  500°C

Figure 6.35: SEI-SEM images of 2.5wt% MWCNT-SiO: glass composites thermally shocked
from 500°C, 1000°C and 1200°C to 20°C; cristobalite was formed at 1200°C. (a,d&g) show
top surfaces while (b,e&h) show cross sectional images of the specimens; Inset (c,f&i)

show the magnified images of the specimen edges.
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SEM images (Figure 6.38{a)) show surface cracking in composite specimens thermally

shocked for 10 times, which is due to the crystallisation, as indicated in XRD (Figure 6.37) and

the resultant a-f3 cristobalite transformation on cooling, as discussed in Section 6.2.5(a). The

surface cracks comparatively grew to a higher extent after 20 thermal cycles (Figure 6.38(c)).

The cross-sectional images of the specimens (Figure 6.38(b,d)) also verified the presence of

surface cracks. In comparison, no cracks were observed in specimens thermally shocked for a

single time (Figure 6.35[d-f)).

Another feature is the appearance of oxidation of MWCNTSs (Figure 6.38(b,d)). These

cross-sectional images of the specimens show a partial decarburised (MWCNT oxidised) surface
regions where the concentration of MWCNTs decreased after their oxidation, as shown in the
marked areas. This effect may be the possible reason of the slight decrease in the strength of

composites, as the oxidation of MWCNTSs produces empty slots, which act as porosity.

In short, 10 and 20 thermal shock cycles from 1000°C to 20°C showed no evidence of
thermal cracking in 2.5wt% MWCNT-SiO, glass composites; however, cristobalite started

forming after repeated heating at 1000°C (thermal cycles) and caused cracking on cooling.

C. Thermal ageing behaviour

The thermal stability of 2.5wt% to 10wt% MWCNT-SiO; glass composites was evaluated
by heating them at higher temperatures, i.e. 500-1200¢C, for longer holding times, i.e. 6-96h. The
performance of the composites was observed at these severe conditions along with the oxidation

behaviour of embedded MWCNTs.

i Effect of ageing temperature
To explore the effect of ageing temperature on the behaviour of composites, 2.5wt%

MWCNT-SiO; glass composites were exposed at medium to high temperature range of 500°C to

1200°C for a fixed duration of 6h. At 500°C, MWCNTSs did not completely oxidise (Figure 6.40

(), as is also evident from the TGA performed on these MWCNTs in the as-synthesised {Figure

5.9) and acid-treated {Figure 5.18) conditions.
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Figure 6.36: Diametral compression strength of silica glass and 2.5wt% MWCNT-SiO:
glass composites after thermal shock cycling for 1, 10 and 20 times. A thermal cycle

comprised heating at 1000°C and quenching at 20°C.
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Figure 6.37: XRD of 2.5wt% MWCNT-SiO: glass composites thermally shocked at 1000°C

for 10 and 20 times, showing the start of cristobalite formation.

TGA shows that as-synthesised MWCNTSs oxidise in the temperature range of 600-750°C,
while debris generated on acid-treated MWCNTs oxidises at lower temperatures, i.e. 2400°C.

When nanoparticles were coated on the surface of MWCNTSs after the colloidal mixing process to

produce MWCNT-SiO, glass composite powders (Figure 6.2), the oxidation temperature of
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6. MWCNT-silica glass composites

MWCNTSs increased to 650-800°C

Figure 6.39) due to the limited access of oxygen to the

MWCNTSs. However, a continuous removal of the MWCNT surface functional groups and the

silica particle surfactant, and the o

MWCNTSs was observed to 650°C.

%

. Surface cracking « .

xidation of the MWCNT surface debris and/or defective

e

Partial deca rbu,r.i'sati'on

Figure 6.38: SEI-SEM images of 2.5wt% MWCNT-SiO glass composites thermally shocked

at 1000°C for (a-b) 10 and (c-d) 20 times, showing cracks on the surface (a,c) and cross-

section (b,d) of specimens possibly due to the formation of cristobalite in silica glass

matrix. Partial oxidation of MWCNTs is also evident along the surface of the specimens;

(b,d) with in marked areas.

Similarly, no significant change in the microstructure of composite specimens was

observed at 7500C after 6h of ageing

Figure 6.40[b)). However, when composites were aged at
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6. MWCNT-silica glass composites

1000°C for 6h, a partial decarburisation near the surface was observed due to the oxidation of

MWCNTs (Figure 6.40[c)) in a similar way to the specimens thermally shocked for 10 and 20

times at 1000°C (Figure 6.38). Further increase in temperature, to 1200°C, devitrified the

amorphous silica glass producing cristobalite, which resulted in the extensive surface cracking

on cooling (Figure 6.40{d)). XRD verified the presence of cristobalite in composites thermally

aged at 1200°C, while cristobalite formation was not indicated in composites treated at 500°C,

750°C and 1000¢C (Figure 6.41).
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Figure 6.39: TGA of MWCNT-SiO; glass composite powder before sintering, indicating the
removal of MWCNT surface functional groups and the silica particle surfactant, oxidation

of MWCNT debris up to 650°C and the oxidation of MWCNTs.

Another argument may be the presence of surface cracking, which should accelerate the
decomposition of MWCNTs by providing exposed surfaces, as observed in carbon fibre
reinforced GMCs 176, However, these cracks were not present at high temperature but formed
during the cooling at a temperature lower than the oxidation temperature of MWCNTSs, as
explained in Section 6.2.5(a). The complete oxidation of MWCNTSs in sintered composite
specimens was not observed even after thermal ageing at 750°C and 1000°C for 6h, although

MWCNTSs oxidised in MWCNT-SiO; glass composite powder between 650°C and 800°C in TGA

Figure 6.39). The reason may be the presence of densified silica glass matrix encapsulating
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6. MWCNT-silica glass composites

MWCNTs. The oxidation of MWCNTSs could start from the surface progressing inwards but all
MWCNTs in 2.5wt% MWCNT-SiO; glass composites were probably not the part of a percolating

network and isolated MWCNTSs surrounded by densified glass were also present that survived.

.

UGN NS

00°C/6h

Figure 6.40: SEI-SEM images of 2.5wt% MWCNT-SiO: glass composites thermally aged at
(a) 500°C (b) 750°C (c) 1000°C and (d) 1200°C for 6h. Partial surface decarburisation at

1000°C and cracking at 1200°C are evident.

ii. Effect of ageing time

To observe the effect of ageing time on the behaviour of composites, 2.5wt% MWCNT-
Si0, glass composites were exposed at three different temperatures, i.e. 500°C, 750°C and
10000C for the times of 6h, 12h, 24h, 48h and 96h. At the ageing temperature of 500°C, a partial

decarburised surface was observed due to MWCNT oxidation that grew deeper into the
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6. MWCNT-silica glass composites

specimen with ageing time

Figure 6.42

. After 12h, partially decarburised surface was seen due

to the oxidation of interconnected MWCNTSs but the depth of partial decarburisation was limited

to few um

depth but still a surface completely devoid of MWCNTSs could not be observed

Figure 6.42

(c)). The longer ageing time (96h) increased the partial decarburisation

Figure 6.42[d)).

Also, no indication of a large degree of crystallisation was observed at 500°C even after 96h of

exposure

Figure 6.43(a)).
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Figure 6.41: XRD of 2.5wt% MWCNT-SiO: glass composites thermally aged at (a) 500°C (b)

7500C (c) 1000°C and (d) 1200°C for 6h.

When composites were thermally aged at 750°C for times from 6h to 96h, the oxidation

of MWCNTs started from the outer surface of the specimens and progressed inwards with time

Figure 6.44

Figure 6.44

increase in ageing time (96h) showed a completely decarburised surface layer
due to the complete MWCNT oxidation starting from the surface of specimens.

displays magnified images of

Figure 6.44

(a-b)). A partially decarburised surface region is visible in specimens aged for 12h

(c)) due to partial MWCNT oxidation starting from the surface of specimens but an

Figure 6.44(d))

Figure 6.45

(b) for the specimens aged at 750°C for 96h. It is

possible to identify three distinct regions, i.e. the region “X” with completely oxidised MWCNTSs

Figure 6.45

without the oxidation of MWCNTSs

Figure 6.45
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[d)). The completely decarburised region follows



6. MWCNT-silica glass composites

a partially decarburised region during the oxidation of MWCNTSs. Only those MWCNTSs, which
were part of the percolation network, were first oxidised, while the individual MWCNTs isolated
from the percolation network remained undamaged. The interconnected sockets, developed due
to the oxidation of percolating MWCNTSs, served as the channels for the penetration of oxygen
from the specimen surfaces to develop a partially decarburised region. However, at longer

durations (96h), oxygen is likely to successfully penetrate through the silica glass to reach and

oxidise isolated MWCNTs to form a completely decarburised region. No indication of

crystallisation was observed in specimens aged at 750°C after 96h of exposure (Figure 6.43[b)).

(a) 5000(;/_12h (b) 500°C/96h

e
PR

Figure 6.42: SEI-SEM images of 2.5wt% MWCNT-SiO: glass composites thermally aged at
500°C for (a,c) 12h and (b,d) 96h. Partial surface decarburisation due to MWCNT

oxidation is evident, which increased with time.
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6. MWCNT-silica glass composites

A similar trend of the oxidation of MWCNTSs was witnessed when 2.5wt% MWCNT-SiO;

glass composites were thermally aged at 1000°C for the times from 6h to 96h (Figure 6.46);

]

however, the depth of decarburisation increased compared to that in specimens aged at 750°C. It

was also observed that the decarburisation depth along the XY-plane (Figure 6.49) was

comparatively higher than normal to it (Figure 6.47); XY-plane is perpendicular to the applied

load in uniaxial pressing during green body preparation. A possible reason could be the
preferred orientation of MWCNTs perpendicular to the applied load causing their more
connecting links along the XY-plane, although no such evidence could be obtained from SEM and

TEM images in Sections 6.2.2(c-d).

It is interesting to mention here that no indication of crystallisation was observed at

1000°C until 6h of exposure but for longer ageing times up to 96h, amorphous silica started

devitrifying and the degree of crystallisation increased with ageing time (Figure 6.43(c)). An

increase in the devitrification of silica glass in air has been reported at 1000°C for longer firing

times 254,
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Figure 6.43: XRD of 2.5wt% MWCNT-SiO; glass composites thermally aged at (a) 500°C,
(b) 750°C and (c) 1000°C from 6h to 96h. An increase in ageing time at 1000°C encouraged
crystallisation in specimens, while no significant increases in the degree of crystallisation

were observed in composites aged at 500°C and 750°C.
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6. MWCNT-silica glass composites

Figure 6.48[a) shows a schematic diagram of the cross-section of a composite specimen

exhibiting the decarburised surface layer due to the oxidation of MWCNTs and the core of the

specimen confirming their retention, while [Figure 6.48(b-c) display the cross-sections of

fractured 2.5wt% MWCNT-SiO; glass composites actually showing the outer specimen region

without MWCNTs and the core containing MWCNTs.
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Figure 6.44: SEI-SEM images of 2.5wt% MWCNT-SiO: glass composites thermally aged at
750°C for (a,c) 12h and (b,d) 96h. Partial and complete surface decarburisations were

observed after 12h and 96h of ageing, respectively.

The depth of complete decarburisation was calculated for the specimens aged at 500°C,

7500°C and 1000°C for the times from 6h to 96h (Figure 6.49). A low oxidation rate of MWCNTSs

was observed at 500°C, which significantly increased at higher temperatures. A parabolic
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6. MWCNT-silica glass composites

increase in the oxidation was observed at the three selected temperatures. In a study on carbon
fibre GMCs 177, a parabolic increase in the oxidation of carbon fibres was also observed. The
depth of decarburised surface layer along the XY-plane was found to be greater than normal to
it, which may be related to the preferred alignment of MWCNTSs along the XY-plane. In another
investigation on carbon fibre reinforced GMCs, the oxidation rate was similarly found to be

higher in the direction of aligned fibres 175.

¢ o
Partial  »
~ decarburisation
> S
l1um .

Figure 6.45: (a) SEI-SEM image of 2.5wt% MWCNT-SiO: glass composites thermally aged
at 750°C for 96h. Three regions are identified, showing (b) complete (c) partial and (d) no

decarburisation.
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6. MWCNT-silica glass composites

(a) 1000°C/12hj(b) 1000°C/96h

Figure 6.46: SEI-SEM images of 2.5wt% MWCNT-SiO: glass composites thermally aged at
1000°C for (a,c) 12h and (b,d) 96h. The completely decarburised surface layer can be seen
in (a) and (b), while the boundary between the oxidised and survived MWCNTSs is shown

in (c) and (d).

ii. Effect of MWCNT content

To investigate the effect of MWCNT loading fractions upon the ageing behaviour of
composites, 5.0wt% to 10wt% MWCNT-SiO; glass composites were thermally aged at three
different temperatures, i.e. 500°C, 750°C and 1000°C for a fixed duration of 48h. 2.5wt%
MWCNT-SiO; glass composites were already investigated and discussed in the previous section

for the selected temperature/time profile.
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6. MWCNT-silica glass composites

Figure 6.47: SEI-SEM images of (a-b) 2.5wt% MWCNT-SiO: glass composites thermally

aged at 1000°C for 24h; the magnified images of the regions with (c) oxidised and (d)

survived MWCNTs are also shown.

In 5.0wt% to 10wt% MWCNT-SiO: glass composites, the MWCNTs started oxidising from

the specimen surface at 500°C after 48h of exposure and a decarburised depth of few pm was

noted (Figure 6.50[a-c)). However, at 750°C, MWCNTs were completely oxidised in 5.0wt%

MWCNT-SiO; glass composites (Figure 6.50[d)) leaving behind the silica glass matrix containing

slots (porosity) where MWCNTSs were present before oxidation (See|Figure 6.53

for slots after

MWCNT oxidation). Similarly, composites containing 7.5wt% and 10wt% MWCNTSs provided

porous structures without MWCNTs after thermal ageing

Figure 6.50(e-f)); the only difference

with increased MWCNT content is the increased volume of nanoporosity in the specimens. It can
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6. MWCNT-silica glass composites

be inferred from these results that at 5.0wt% loading, almost all the MWCNTSs were part of a

percolation network without any isolated MWCNTs.

(a)

Decarburisation
MWCNTs

Figure 6.48: (a) Schematic diagram and (b-c) SEI-SEM images of 2.5wt% MWCNT-SiO;
glass composites showing the decarburised surface layer without MWCNTSs and the core

of the specimen showing the presence of MWCNTs.
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Figure 6.49: Decarburisation depth of 2.5wt% MWCNT-SiO: glass composites thermally
aged at 500°C, 750°C and 1000°C from 6h to 96h. The decarburised depth was more along

the XY-direction than normal to it.

Similarly, the thermal ageing of composites containing 5wt% to 10wt% MWCNTs at

10000°C for 48h provided a porous glass without MWCNTSs but surface cracking was observed
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6. MWCNT-silica glass composites

Figure 6.50(g-i)) likely due to the formation of cristobalite {(Figure 6.51). In comparison, no

indication of significant crystallisation of the glass matrix was noted in specimens aged at 500°C

(a) 500°c/48h | (b)

r———y -—g > —e|

MWCNTS partlally
'Qdelsed

500°C/48h 9] 500°C/48h
MWCNTS pastially.

MWCNTS oxidised
oxndlsed

-

-
_om : -
-

0 \7 SWtA.

. “is f,

e 10wt%
(d) 750°C/48h 750°c/48h |y  750°c/a8h

. ' 4
yApm e s

MWCNTS oxidised MWCNTS oxidised

i 7.5wt%.
(h) 1000°C/4gh

i idised | MWCNTS sed B RS
RN oxictsed , %dj # MWCNTS oxidised
S AT i, o 3

LRets Cracking

S

1pm \ 10Wt%

Figure 6.50: SEI-SEM images of 5.0wt% to 10wt% MWCNT-SiO; glass composites

thermally aged at 500°C, 750°C and 1000°C for 48h.

Figure 6.52|shows 2.5wt% and 10wt% MWCNT-SiO. glass composites after thermal

ageing at 750°C for 48h. MWCNTs survived in 2.5wt% MWCNT composites and only partial

surface decarburisation was observed while MWCNTs were completely oxidised in 10wt%

MWCNT composites. |Figure 6.53|shows the slots (voids) after the oxidation of MWCNTs in
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6. MWCNT-silica glass composites

10wt% MWCNT composites. These slots not only indicate the random orientation of MWCNTSs
but also the curviness of their structure due to their flexible nature. The use of MWCNTs with
different sizes and varying concentrations can provide porous silica glass of tailorable volume
and shape of porosity after suitable heat-treatment of composites. The mechanical properties of

the porous composites have been discussed in Section 6.2.3(d).
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Figure 6.51: XRD of 5.0wt% to 10wt% MWCNT-SiO. glass composites thermally aged at

500°C, 750°C and 1000°C for 48h. The crystallisation peaks can be seen at 1000°C,

emerging from the amorphous background, indicating the presence of cristobalite.

(b)

(a)

Figure 6.52: Photographs of 2.5wt% and 10wt% MWCNT-SiO; glass composites after
thermal ageing at 750°C for 48h; (a) MWCNTSs are present in 2.5wt% MWCNT composites

while (b) a complete decarburisation is evident in 10wt% MWCNT composites.
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In short, the thermal ageing of 2.5wt% MWNT-Si0; glass composites at 500°C, 750°C and
10000C for 6h showed no signs of devitrification; however, partial decarburisation was observed
at 1000°C; at 12000C, devitrification was observed after the same ageing time (6h). An increase
in the ageing time from 6h to 96h at 500°C increased the depth of partial surface decarburisation
of 2.5wt% MWNT-SiO; glass composites, while both partial and complete surface
decarburisation was observed at 750°C, the depth of which increased at 1000°C. The amorphous
glass composite matrix did not devitrify at 500°C and 750°C; however, cristobalite formed at

1000°C.

Figure 6.53: SEI-SEM images of (a-d) 10wt% MWCNT-SiO: glass composites showing the

slots after MWCNT oxidation at 750°C for 48h.
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6. MWCNT-silica glass composites

50wt% to 10wt% MWCNT-SiO; glass composites showed partial surface
decarburisation after thermal ageing at 500°C for 48h. However, the composites showed
complete MWCNT oxidation at 750°C after 48h, leaving behind porous silica glass matrix.
Further increase in temperature up to 1000°C produced surface cracking due to cristobalite
formation. However, no such indication of devitrification and cracking was observed at 500°C
and 750¢C. Different MWCNT contents in composites, i.e. 5.0wt% and 10wt%, produced porous

composites but the porosity content increases with increase in MWCNT content.

d. Friction and wear resistance

The wear resistance and friction coefficient of silica glass and 2.5wt% to 10wt%
MWCNT-SiO, glass composites were evaluated as a function of the MWCNT content and the

applied load. The wear and friction tests were performed by pin-on-disc and ball-on-disc

methods.|Figure 6.54|shows the specimens fixed in specimen holders and the steel pin and ball

used.

In wear tests, an increased wear rate is observed at a higher load 194. In the present

study, wear volumes were determined at two different sliding loads, i.e. 0.15GPa and 0.50GPa

Figure 6.55). At a higher load (0.50GPa), lower wear volumes were observed (Figure 6.55[a)),

which is due to the shorter test duration (30min), as compared to the tests at longer duration

(60min) but at a lower load (0.15GPa). However,|Figure 6.55(b) displays the volume loss as

wear rate, which shows the increased wear rate when applying a higher load.

Figure 6.54: (a-b) Photographs of 2.5wt% MWCNT-SiO: glass composite specimens fixed

in specimen holders and steel pin/ball used in wear and friction tests.
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6. MWCNT-silica glass composites

Nevertheless, the main feature offFigure 6.55(b) is an increase in the wear rate on adding

up to 7.5wt% MWCNTs in silica GMCs, as compared to pure silica glass. A further increase in

MWCNT content, i.e. 10wt%, however, resulted in a sudden drop in wear rate, which may be

related to the establishment of the graphitic layer, as discussed further below. A similar sudden

drop in the friction coefficients of 10wt% MWCNT-SiO; glass composites was noticed at the two

different loads

Figure 6.56).

However, unlike wear rate, the friction coefficients of the

composites never increased compared to silica glass but continuously decreased on adding up to

7.5wt% MWCNTSs, after which a sudden fall was observed.

 (a)
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600 |=
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Figure 6.55: (a) Wear volumes and (b) wear rates of silica glass and 2.5wt% to 10.0wt%

MWCNT-SiO; glass composites at two different loads of 0.15GPa and 0.50GPa.
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A decrease in the friction coefficient has always been observed in related published data
on the friction behaviour of CNT-reinforced CMCs 194199, As CNTs are expected to provide a
lubricating effect similar to graphite, their presence at the sliding surfaces causes an easy shear
and hence decreases the friction coefficient 191, Published friction coefficients of bulk graphite
and solid SWCNTs, densified by SPS, are 0.20 and 0.22-0.24, respectively 202, In the present
study, 10wt% MWCNTs has significantly reduced the friction coefficient of the silica glass matrix

(0.29-0.39), which was otherwise 0.81-0.91.
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Figure 6.56: Friction coefficients of silica glass and 2.5wt% to 10.0wt% MWCNT-SiO; glass

composites at two different loads of 0.15GPa and 0.50GPa.

The evaluation of the friction coefficient (Figure 6.57) against the sliding time reveals

comparatively high friction coefficients and large scatter in data for the higher load (0.50GPa).
Indeed, the higher load causes more abrasion of the specimen and develops increased friction.
The presence of spikes in some of the friction coefficient/time graphs may be related to the
displacement of wear debris from the sliding surfaces resulting in the exposure of the nascent
surfaces. Nevertheless, no change in the friction coefficient values was observed after the

dislocation of wear debris, as fresh debris were formed upon further sliding.
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Figure 6.57: Friction coefficients of silica glass and 2.5wt% to 10wt% MWCNT-SiO; glass

composites against the sliding time at two different loads of (a) 0.15GPa and (b) 0.50GPa.

The wear results obtained in the present investigation on CNT-amorphous GMCs are
largely different from those obtained on CNT-crystalline CMCs, wherein either a continuous
decrease in wear rate is observed 193199 or an initial decrease in wear rate at low CNT contents
(<5wt%) is followed by a sharp rise at higher CNT contents 19419, An increase in hardness due to
grain refinement of the ceramic matrix may be the likely reason for a decrease in wear rate at

low CNT content. However, the effect reverses in composites containing higher CNT contents
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likely due to the presence of CNT-agglomerates leading to poor density and hence low hardness

and high wear rate.

In the present investigation, the hardness of composites reduces with the addition of
MWCNTSs in the amorphous glass matrix. Neither an indirect effect of CNTs on grain size
refinement is expected nor are CNT-agglomerates present. Therefore, in the absence of these
two effects of CNTs, which are otherwise observed in CMCs, the real wear and friction effects of

CNTs in brittle matrices emerged.

(a) Sliding direction  Silica glass

£

6mm steel ball Pt 08 - 36mmisteel pin
0.50GPa/30min ; 0:15GPa/60min

5.0wt%

6mm steel ball 36mm steel pin

100mm 0.50GPa/30min 0.15GPa/60min

(e) - 10_.0\%;% il . 10.0wWt%
2

100um 6mm steel ball 36mm steel pin

i 0.50GPa/30min 0.15GPa/60min

Figure 6.58: SEI-SEM images of wear scars produced on (a-b) silica glass, (c-d) 5.0wt% and
(e-f) 10.0wt% MWCNT-SiO: glass composites at two different sliding loads of 0.50GPa
(a,c&e) and 0.15GPa (b,d&f). Wear scars increased in size on 5.0wt% MWCNT-SiO; glass

composites but decreased on 10.0wt% MWCNT-SiO; glass composites.
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Apart from the hardness of composites affecting the wear properties, the fracture
toughness can also have an important influence on wear behaviour; especially, the hardness to
fracture toughness ratio (H/Kic), also called the brittleness index 255, is considered useful in
characterising the wear resistance 256. A new brittleness index 257 also incorporates the elastic
modulus along with hardness and fracture toughness (HE/Kic2); the low brittleness index values
show improved machinability and wear resistance. As the addition of MWCNTSs continuously
increases the fracture toughness of the composites and decreases their hardness and elastic
modulus, the low brittleness index values are obtained, which indicate increased wear
resistance. However, the current results show that the wear resistance was first decreased up to
7.5wt% MWCNT loading and then suddenly increased at 10wt% loading. The hardness to elastic
modulus ratio (H/E) has also been suggested as a suitable parameter for predicting wear
resistance 258, However, this parameter is not significant here as both the hardness and elastic
modulus of composites decrease on adding MWCNTSs in silica glass and the H/E ratio of

composites remains relatively similar.

The wear scars on silica glass and composite specimens produced by sliding against the

ball and the pin are shown in|Figure 6.58| three different types of specimens were examined, i.e.

pure silica glass, 5.0wt% and 10.0wt% MWCNT-SiO; glass composites. The size of scars
increased on 5.0wt% MWCNT-Si0; glass composites at both of the applied loads compared to
that on silica glass specimens, while it reduced on 10.0wt% MWCNT-SiO; glass composites. Also,
the scar surfaces on composites get smoother and indicate the lubricating effect due to the

presence of MWCNTs.

A magnified SEM image of the scar edge produced on silica glass at 0.15GPa load using a

steel pin of 36mm diameter is shown in|Figure 6.59(a). Wear debris can be seen inside and

outside the scar surface (Figure 6.59(b)), which consists of silica glass particles. The wear debris

act as a third body between the two sliding bodies and increase the wear and friction of the
sliding surfaces. An unusual feature is the conversion of silica particles into rod-like features

under the applied load and the sliding action of the steel pin against the specimen surface
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6. MWCNT-silica glass composites

Figure 6.59[c-d)). Although the entire scar surface was not filled with these features, they were

found at different places within the scar. It can be expected that these silica rods contain metallic

wear debris coming from the steel pin. It is also to be noted that these features may not be

confused with the MWCNTSs, as the specimens were made of CNT-free silica glass. The presence

of these silica rods might have helped in reducing the friction by providing a rolling action

between the counter bodies, as these were oriented along the sliding direction.

Silica rods

Figure 6.59: SEI-SEM images of (a) the edge of wear scar produced on silica glass

specimen by sliding the steel pin at 0.15GPa load showing the presence of wear debris

consisted of silica particles within and (b) outside the scar. (c-d) Transformation of silica

glass particles into rod-like shapes, i.e. silica rods, facilitates easy sliding of steel pin

against the glass surface by providing rolling action between the counter bodies.

The complementary steel pin and the wear debris transferred to it from the silica glass

specimen were also examined

Figure 6.60(

application of a high load (Figure 6.60

a-b)); wear debris consisted of silica glass particles

Figure 6.60(c)). Plastic deformation of the steel pin was observed at the contact area due to the

[d)); also the silica particles were found to be entrapped

into the cavities developed due to the plastic deformation of the contact area.
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Figure 6.60: (a) Photograph of the steel pin slid against the silica glass specimen. SEI-SEM

images showing (b) the contact area of the pin, (c) transferred silica glass particles from

the specimen and (d) the plastic deformation of the contact area of the steel pin.

A similar comprehensive microstructural characterisation was performed on the 5.0wt%

MWCNT-SiO, glass composites and the complementary steel pins slid against them.

Figure 6.61

[a) shows

the edge of the wear scar produced on 5.0wt% MWCNT-SiO; glass

composite specimen after sliding against the steel pin of diameter 36mm at 0.15GPa load. Wear

debris is evident within and outside the scar (Figure 6.61[b)). The transformation of silica

particles into rod-like shapes was also observed in these specimens; however, the size of these

silica rods was small and there were fewer of them, as compared to that in pure silica glass

specimens

Figure 6.61

(c-d)). Another feature is the size of the wear debris that was larger than
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in silica glass specimens (compare [Figure 6.59[a) with|Figure 6.61[a)). MWCNTs may have

provided a “gluing effect” to bind the debris of silica glass particles. The smearing of MWCNTSs
under the sliding action of the pin may be the reason. Severe deformation of MWCNTSs under a

high load is expected to distort their shape due to their exposure during the abrasion process, as

shown in the magnified image 1F1gure 6. 62[ oﬁl Figure 6. 61| d).
Wi B4 , I R3S =

- 5.0wt%.
o A " z
" ilica rods. / < S|I|ca rods ey

¥

Figure 6.61: SEI-SEM images of (a) the edge of the wear scar produced on 5.0wt%
MWCNT-SiO; glass composite specimen by sliding against the steel pin at 0.15GPa load,
showing the presence of wear debris, consisting of silica particles and smeared MWCNTs
within and (b) outside the scar. (c-d) Transformation of silica glass particles into rod-like

shapes, i.e. silica rods, is also witnessed.

It is important to mention here that some of the published data insists on the survival of
the morphology of CNTs at the sliding surface 194, and it is believed that CNTs remain
undamaged under the harsh wear test conditions due to their high stiffness and strength, and
only the ceramic matrix abrades. Moreover, a rolling action of CNTs has been suggested to
improve the wear resistance ¢ and lower the friction coefficient 19. However, in the present

study, the MWCNTs did not survive the sliding action of steel pin/ball, nor was there any
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evidence of MWCNT rolling. In fact, MWCNTs could not maintain their tubular morphology

under severe conditions and produced a graphitic film, as discussed below.

The images of the steel pin slid against 5.0wt% MWCNT-SiO glass composite specimen

reveal the presence of wear debris transferred from the worn specimen surface

Figure 6.63(a-b)). The wear debris consisted of silica glass particles and a discontinuous

graphitic layer (Figure 6.63[c-d)), which is expected to form due to the smearing of MWCNTs. It

can be argued that this film may be formed from the carbon present in the steel pin but it should
be noted that such a layer was not formed on the pin slid against the CNT-free silica glass
specimen. Moreover, no evidence is available wherein a graphitic film is formed by sliding the

steel against a counter body.

‘Silica rods

§

u
€

0

Damaged/smeared
MWCNTs

Figure 6.62: SEI-SEM image of the wear scar surface of 5.0wt% MWCNT-SiO; glass
composite specimen after the sliding of steel pin at 0.15GPa load, showing the smearing of

the exposed MWCNTs (from right to left). Silica rods are also present.
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Figure 6.63: (a) Photograph of the steel pin slid against 5.0wt% MWCNT-SiO: glass

composite specimen. SEI-SEM images show (b) the pin contact area with the specimen, (c)

the presence of wear debris, consisting of the silica glass particles from the specimen and

(d) a discontinuous graphitic layer from the smeared MWCNTs.

To observe the morphology of the wear debris and the graphitic film, the image in

Figure 6.63

[d) was inspected at a high magnification

Figure 6.64

. Three distinct regions of the

debris were identified, which were transferred from the specimen to the steel pin. The region

“X” confirms the presence of silica glass particles

Figure 6.64

(b)); region “Y” shows the islands

of graphite layer (Figure 6.64[c)) and region “Z” shows a continuous graphitic layer with pores

inside (Figure 6.64

[d)). It seems that the islands of graphite grew into a continuous graphitic

layer by the provision of more MWCNTSs from the worn specimen surface. A few of the MWCNTSs
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can also be identified in the graphite layer, yet to be smeared. This graphitic layer contributes to
lowering the friction coefficient but wear rate increases due to the presence of hard silica glass
particles, as the graphitic layer could not develop to a sufficiently large area to cover the entire

contact surface of the pin.

*d
Graphitic layer

MWCNTs
Y

> ..
Island.s .of Ay Her D)
1um graphitic layer 5%

53

Figure 6.64: SEI-SEM images of (a) the contact area of the steel pin slid against 5.0wt%
MWCNT-SiO; glass composite specimen, showing three distinct regions of transferred
wear debris containing (b) silica glass particles (c) islands of graphitic layer and (d)
continuous but porous graphitic layer. Isolated MWCNTSs can also be seen (arrowed) on

the graphitic layer.

Microstructural characterisation of 10wt% MWCNT-SiO; glass composites and their

complementary sliding pins was also performed to explore the reasons for a decrease in the
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wear rate and friction coefficient in these composites.|Figure 6.65[a) shows the edge of the wear

scar produced on 10wt% MWCNT-SiO; glass composites by sliding against a steel pin of

diameter 36mm under a load of 0.15GPa. A smooth scar surface is evident due to the lubricating

effect of the smeared MWCNTs. Wear debris also seems to be glued together due to distorted

MWCNTSs

Figure 6.65(b)), although MWCNTSs could not be identified in the wear debris. The

wear scar surface did not show the presence of rod-like features; instead, the exposed MWCNTSs

are evident

Figure 6.65(c)), which are yet to be smeared because they are still present in their

slots under the worn surface (Figure 6.65(d)).

(a) «e— ' 10.0wt%
-~ Sliding dirgition

< 4_A.;‘~,~':(_i:
s

s.v.
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¥

Figure 6.65: SEI-SEM images of (a) the edge of the wear scar produced on 10.0wt%

MWCNT-SiO; glass composite specimen by sliding against the steel pin at 0.15GPa load,

(b) wear debris and (c) another edge of the scar shows the exposed MWCNTSs (d) still

retained in their slots.

A graphitic layer was observed (Figure 6.66[a)) on the steel pin slid against the 10wt%

MWCNT-SiO; glass composite, which was also observed in the SEM (Figure 6.66(b)). Although, it

contains porosity, the graphitic layer seems to be well-established over the contact area of the

pin

Figure 6.66

(c-d)). High magnification images reveal the morphology of this porous graphitic
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film, which is likely to act as a soft third body between the two counter hard bodies and cause a
significant reduction in both friction coefficient and wear rate. In a previous study on carbon
fibre GMCs 199, the presence of an isle-shaped discontinuous film was claimed to be present at
the counterbody, which was supposed to become continuous in some areas but no

microstructural evidence was provided.

N Pin surface

Graphitic layer
10pm 10pm

Figure 6.66: (a) Photograph of the steel pin slid against 10.0wt% MWCNT-SiO; glass
composite specimen. SEI-SEM images show (b) the contact area with the specimen

revealing the (c-d) graphitic layer produced due to the smearing of MWCNTs.

To further verify if the developed layer is graphite, EDS was performed on areas of the

steel pin with and without the graphitic layer. EDS revealed the presence of carbon in the
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graphitic layer, while the pin surface without graphitic layer displayed the typical elements

present in the steel of the sliding pin (Figure 6.67[a-b)).

Another interesting feature, leading to decreased wear and friction coefficient, is the
good adhesion of smeared MWCNTSs to the deformed steel pin/ball surfaces. The cavities/scars
generated at the steel pin surface due to the plastic deformation are likely to be filled with the
smeared MWCNTSs until they grow and form a layer composed of MWCNT-converted graphite. A
good adhesion of CNTs on the porous specimen surfaces is reported to develop during sliding,
leading to a reduced friction coefficient; in contrast, a high friction coefficient is observed in
dense composites with low wear rates 191197, [n the present study, the gradual increase in the
porosity in composites containing 2.5wt% to 10wt% MWCNTs can have an effect on the
adhesion of MWCNTSs with the sliding surfaces but the decreased hardness and elastic modulus
increases the wear rate until the establishment of a permanent graphitic layer between the two
sliding surfaces. The possibility of the development of a graphitic layer has been discussed
previously on CNT-ceramic composites 196202 but MWCNT-derived graphitic layer is shown for

the first time in the present study.

Similar to the present study, a continuous decrease in the friction coefficient has been
reported in CNT-reinforced polymeric 8 and metallic 72 matrix composites; however, contrary to
the present result, a continuous decrease in the wear rate has been shown, which increases at

high CNT contents due to the formation of CNT-agglomerates.

It can be inferred from the above results that abrasion is the likely wear mechanism in
the present silica glass and composite specimens and that the low MWCNT contents in
composites generate a discontinuous graphitic layer, which decreases the friction coefficient but
does not assist in decreasing the wear rate. However, at a critical MWCNT content, their supply
becomes sufficient to establish a distinct graphitic layer between the sliding surfaces, which
almost completely covers the contact area of the steel pin. At this stage, the graphitic layer acts

as a solid lubricant; the behaviour for which graphite is known.
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Figure 6.67: EDS results of the steel pin used for the wear test of 10wt% MWCNT-SiO:
glass composites; (a) area without the graphitic layer indicates the elements present in

steel while (b) the graphitic layer clearly indicates the presence of carbon.

6.3 Summary

A model MWCNT-SiO; glass composite system was developed with different MWCNT
aspect ratios (~31-65) and loadings (2.5-10wt%). It was confirmed that the colloidal mixing
process by heterocoagulation provided a uniform dispersion of MWCNTs in silica glass powder
without the presence of agglomerates. PLS provided dense (96-99%) and amorphous matrices.
MWCNTSs were retained after sintering; neither a significant graphitisation of MWCNTs nor

deterioration was observed after sintering.

The composites were characterised for physical, microstructural, mechanical, functional
and technological properties. A flexible MWCNT structure was observed by SEM/TEM along
with their random dispersion in an amorphous matrix without the grain size and boundary
effects. A mechanical interface was observed in HRTEM without any chemical reaction between

MWCNTs and silica glass. However, good bonding was detected showing the physical
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attachment of MWCNTSs with the matrix without any gaps in between, which may be due to the

residual stresses in MWCNTSs after consolidation at high pressure and temperature.

The mechanical properties of composites showed different trends, depending upon the
structural features of MWCNTs and their bonding with the matrix. The nature of MWCNTSs
similar to graphite, along with the structural flexibility, adversely affected the hardness of the
composites (~21-38%). The presence of a mechanical interface and the low (but unknown)
effective modulus of MWCNTSs decreased the composites stiffness (~20-37%). It was estimated
that for an increased composite stiffness with three-dimensional random MWCNT orientation, a
high intrinsic MWCNT elastic modulus is required, i.e. >350GPa, which is higher than the value of
most CVD-grown CNTs. It was found that the uniformly dispersed porosity coming from the
MWCNT hollow core may also have contributed to reduced hardness and stiffness. As expected,
the weak but reasonably good (not strong) interface improved the fracture toughness of
composites (~100%) by encouraging the emergence of known energy dissipating (toughening)
mechanisms, such as crack deflection, bridging and pullout. However, the extent of improvement
was insufficient to transform the brittle glass into a structurally reliable material. The
quantification of energy absorbing mechanisms showed results comparable to experimental
data. It was also estimated that the decrease in the diameter of MWCNTSs could not provide

increased fracture toughness unless MWCNTs of significantly increased strength were used.

The electrical and thermal conductivity of composites increased with MWCNTs. A
modest increase was observed in thermal conductivity, i.e. 41-48%, due to a difference of only
three orders of magnitude between the thermal conductivities of the two composite phases, and
the large interfacial thermal resistance. The development of a percolation network

tremendously increased the electrical conductivity, i.e. >11 orders of magnitude.

The effect of different MWCNT sizes could not be detected on the mechanical properties,
as high aspect ratio MWCNTs impeded the densification of composites, thereby reducing the
mechanical properties. However, composites containing high aspect ratio MWCNTs showed

comparatively higher electrical and thermal conductivities. A systematic decrease in the
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electrical percolation threshold of the composites was also observed with MWCNTSs of increasing

aspect ratios.

Incorporating MWCNTs in the composites retained the known high thermal shock
resistance of the silica glass matrix when quenching from 1200°C to 20°C without thermal
cracking. Likewise, repeated thermal shocks from 1000°C to 20°C, up to 20 times, could not
damage the composites except for the appearance of glass matrix devitrification. A range of
ageing temperatures (500-1200°C) and durations (6-96h) were employed to observe the
thermal stability of composites. No significant composite deterioration was observed after
thermal ageing the composites at 500°C except for limited MWCNT surface oxidation. However,
at 750°C and 1000°C, significant MWCNT oxidation was observed, which started from the
surface and progressed into the specimen bulk producing a decarburised and porous surface
region. No indication of crystallisation was noted in the glass matrix until 750°C but cristobalite
was formed at 21000°C producing surface cracking on cooling. At the selected temperatures, the
decarburisation depth in 2.5wt% MWCNT composites showed a parabolic increase as a function
of ageing time. Increasing the MWCNT content in composites to 5.0wt%, 7.5wt% and 10wt%
provided completely porous composites at 2750°C after 48h of ageing. The stiffness and
hardness of porous composites decreased continuously with increasing porosity content, as the
composites with higher MWCNT contents produced high porosity levels after oxidation. In short,
MWCNT-SiO, glass composites can be used until ~500°C without significant degradation, while
at 21000°C, composites were damaged due to both the surface cracking and CNT oxidation.
However, amorphous glass with tailorable volume, concentration and shape of nanoporosity can

be achieved at 750°C.

The friction coefficient of composites continuously decreased with an increase in the
MWCNT content in silica glass matrix up to 10wt%, i.e. 0.81-0.91 to 0.29-0.39, respectively.
However, the wear rate was first increased at low contents (<7.5wt%) but dropped by the
establishment of a permanent graphitic layer between the counter sliding bodies and the

composites containing higher content (10wt%).
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7. MWCNT-borosilicate glass

composites

Manufacture and characterisation of 2.5-10wt% (4.2-17.0vol%) MWCNT-
borosilicate glass composites are described. Manufacture includes the
preparation of composite powders by mixing the suspensions of MWCNTs and
borosilicate glass particles to promote heterocoagulation, and subsequent
densification by pressureless sintering. Characterisation comprises the physical,
microstructural, mechanical and functional property evaluation by measuring
density, hardness, elastic modulus, fracture toughness, thermal and electrical
conductivity, X-ray diffraction and scanning electron microscopy. These
composites were manufactured to ascertain the applicability of the model

composite system (Chapter 6) to other inorganic matrices.

7.1 Manufacture

7.1.1 Materials

MWCNTSs synthesised by using 3wt% ferrocene in toluene in ICCVD setup (Figure 5.1

were used as reinforcement in composites based on commercially-available borosilicate (BS)

glass powder (SCHOTT, Nanofine NF180) of chemical composition, i.e. 55%Si0,, 25%Ba0,

10%B203 and 10%Al;03 (Figure 7.1). The BS glass family is extraordinarily broad and possesses

a high resistance to chemical corrosion and temperature change. As a result, BS glasses are used
extensively in the chemical and pharmaceutical industries, process plants and laboratories 75.

SCHOTT Nanofine NF180 BS glass powder is typically used for dental applications and was
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chosen for the present investigation due to its reproducible chemical composition, ready

availability and average nanometer particle size of ~180nm. A large particle size distribution of

50nm to >1000nm (Figure 7.2) was selected to investigate the effect of different particle sizes on

the MWCNT distribution quality in the matrix, as discussed further below (Section 7.2.2(b)).

7.1.2 Composite powder preparation

To prepare MWCNT-BS glass composite powders, the technique of heterocoagulation
upon colloidal mixing was utilised, as already established for MWCNT-SiO; glass composites
(Section 6.1.2). Stable aqueous suspensions of MWCNTs were again obtained by treating
MWCNTs with a mixture of sulphuric and nitric acids, i.e. 40 ml acid for 1g of MWCNTSs (Section
5.2.1), while BS glass particle suspension was obtained by following the same recipe as adopted
for silica glass powder (Section 6.1.2). Subsequent mixing and drying of the two suspensions, in
selected volumes, produced composite powders of different MWCNT concentrations, i.e. 2.5-
10wt%. To obtain reference specimens, a BS glass powder suspension was dried without mixing

MWCNTSs but processed following a similar treatment as applied to the composite powders.

Unlike MWCNT-SiO, glass composites, where silica nanoparticles of ~20nm were
completely coated to the surface of larger diameter MWCNTs (~37-57nm), BS glass particles,
due to their large size (~180nm) and variation (~50-1000nm) in diameter, could not completely
coat the surface of MWCNTSs; only smaller particles partially coated MWCNTSs. Conversely, BS
glass particles were not large enough to be coated entirely with MWCNTSs. Nevertheless, the
repulsive forces among MWCNTSs, due to the presence of negative surface charges, avoided the

formation of agglomerates and a good dispersion of MWCNTSs in BS glass particles was obtained,

as shown in the green body of 2.5wt% MWCNT-BS glass composites (Figure 7.3).

7.1.3 Composite powder compaction
PLS was employed for the consolidation of BS glass and MWCNT-BS glass composite

powders. Green bodies were prepared by uniaxial (120MPa) and cold isostatic (400MPa)

pressing into the discs of diameter ~10mm and thickness ~2.0mm, which were subsequently
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sintered under ambient pressure in a tube furnace under an inert atmosphere of argon to avoid
the oxidation of MWCNTSs. A temperature range of 700°C to 800°C was chosen for the sintering
of BS glass and composite specimens. The reasons for selecting these temperatures are
discussed in the next section. The other sintering parameters include the heating rate of

10°C/min and a holding time of 3h, followed by normal furnace cooling.

Figure 7.1: SEI-SEM images of BS glass powder (SCHOTT, Nanofine NF180) used for the

manufacturing of MWCNT-BS glass composites.

154

-
o
1

Fraction (%)

[}
]

| v L v | v
0 200 400 600 800 1000 1200 1400
Particle diameter (nm)

Figure 7.2: Particle size distribution of BS glass powder (SCHOTT, Nanofine NF180).
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Figure 7.3: (a-b) SEI-SEM images showing the dispersion of 2.5wt% MWCNTs in BS glass

particles; agglomerates were not observed although MWCNTs were not completely coated

with glass particles.

7.2 Characterisation

7.2.1 Physical characterisation

a. Density

PLS provided dense BS glass and 2.5wt% MWCNT-BS glass composite specimens. The

relative densities (actual/theoretical) are shown by taking a typical value of 2.8g/cm3 for

SCHOTT Nanofine NF180 BS glass and 1.65g/cm3 for MWCNTs 91

Figure 7.4

. BS glass sintered

at 700°C showed a relative density of ~94%, which increased to ~99% at 775°C; a further

increase in temperature to 800°C gave similar density results. Hence, the sintering of BS glass

specimens was optimised at 775°C. In contrast, the composite specimens showed comparatively

lower densities after sintering at 700°C and 775°C, i.e. ~87% and ~94%, respectively. An

increase in the effective viscosity of the composite system due to the presence of MWCNTs may

be the reason 231. However, the composite density increased with temperature and reached 97%
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at 800°C; a further increase in temperature to 810°C did not improve the density of the

composites. Hence, the sintering of composite specimens was optimised at 800°C.
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Figure 7.4: Relative densities (actual/theoretical) of sintered BS glass and 2.5wt%

MWCNT-BS glass composites at different sintering temperatures.
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Figure 7.5: Relative densities (actual/theoretical) of BS glass and 2.5wt% to 10wt%

MWCNT-BS glass composites in green and sintered states.

The sintering of MWCNT-BS glass composites containing 5.0wt%, 7.5wt% and 10wt%

MWCNTs was also performed at 800°C. A systematic decrease in the sintered density of the

composites was observed with increasing the amount of MWCNTSs
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the highest density and 10wt% MWCNT-SiO; composite the lowest. The gradual decrease in
sintered densities with increasing content of MWCNTs is consistent with the observation that
MWCNTs hinder the viscous flow densification 231. A reverse trend (increase) in the green

densities of the composites was seen on adding more MWCNTs, as already observed in MWCNT-

SiO; glass composites (Figure 6.6), which may be related to the compressed state of flexible

MWCNTs after uniaxial and isostatic pressing during the green state, and to their partial

recovery after PLS.

7.2.2 Microstructural characterisation

a. X-ray diffraction

XRD data of BS glass and 2.5wt% MWCNT-BS glass composites, obtained during the

optimisation of their sintering temperatures (Figure 7.6), show the presence of an amorphous

matrix in both the glass and the composite specimens. As a reference, XRD of the green bodies is

also displayed to confirm the amorphous nature of powders before sintering. XRD of the

composites containing 2.5wt% to 10wt% MWCNTs (Figure 7.7) similarly showed a

predominantly amorphous matrix without the indication of the presence of crystalline phases as
a result of any chemical reaction between glass matrix and MWCNTs; cristobalite was reported
to form in a previous study on hot-press sintered CNT-BS glass composites 105. The graphitic
peak (002) corresponding to MWCNTs (26=26.20) emerged above the characteristic bump of
the amorphous glass, the intensity of which increased with the quantity of MWCNTs in

composites and became evident in composites containing =7.5wt% MWCNTs.

b. Scanning electron microscopy

SEM was performed to observe the level of porosity in glass and composite specimens,

the retention of MWCNTs after sintering and their dispersion quality. Porosity was observed in

BS glass specimens sintered at 700°C {Figure 7.8) while a completely dense glass was obtained

at 7750C in agreement with the density measurement results (Figure 7.4).
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Figure 7.6: XRD of (a) BS glass and (b) 2.5wt% MWCNT-BS glass composites during the

sintering temperature optimisation; XRD of green bodies are shown to confirm the

amorphous state of specimens before sintering.

The images in

Figure 7.9

compare the porosity content of 2.5wt% MWCNT-BS glass

composite specimens at the three different sintering temperatures. Clearly, the SEM images

support the density measurement results

Figure 7.4). Even at best sintering conditions, the

inter-particle porosity remains (~3%), while no such evidence was recorded in 2.5wt%

MWCNT-SiO; glass composites (Section 6.2.1(a)), which showed <1% porosity. The particle size

difference of the two glass powders (silica and BS) may be the reason for the different
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densification results of the composites. MWCNTs were completely coated with small silica glass
particles, which subsequently sintered to make a continuous glass body. In contrast, large BS
glass particles only partially coated the MWCNTSs, which might have hindered the viscous flow of

large BS glass particles; for example, by lying in between the particles.

MWCNT-BS composites

° ® MWCNTs

i m 10.0wt% |

aahiied L g
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A i

W .
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1% 20 25 30 35 40 45 50 55 60 65 70
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Intensity (a.u)

Figure 7.7: XRD of 2.5wt% to 10wt% MWCNT-BS glass composites showing amorphous
matrix. The presence of MWCNTs is indicated by the graphitic peaks, the intensity of

which increases in relation to MWCNT content in composites.
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Figure 7.8: SEI-SEM images of BS glass sintered at (a) 700°C and (b) 775°C with and

without the presence of porosity, respectively.
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Figure 7.9: SEI-SEM images of 2.5wt% MWCNT-BS glass composites sintered at (a-b)
700°C, (c-d) 775°C and (e-f) 800°C, showing the level of porosity at different

magnifications. MWCNT dispersion quality was maintained at all sintering temperatures.
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Figure 7.10: SEI-SEM images of (a-d) 2.5wt% (4.25vo0l%) MWCNT-BS glass composites

showing the MWCNT dispersion quality at different magnifications.

Nevertheless, a good MWCNT dispersion was observed

Figure 7.9

without the

formation of agglomerates. The same dispersion quality was observed at different

magnifications, i.e. over local and large areas of the specimens (Figure 7.10

and also at different

MWCNT loadings, i.e. 2.5wt% to 10wt% (Figure 7.11). This MWCNT dispersion quality is better

than that reported on CNT-BS glass matrix composites using mechanical mixing 1°5 and sol-gel

processing 196 as CNT dispersion techniques.

Although a good dispersion of MWCNTs was achieved in composites, the distribution

was not perfect, in comparison to MWCNT-Si0O; glass composites

Figure 6.14

and

Figure 6.15).

Some areas were observed deprived of MWCNTs. This effect is not due to the problem with the

dispersion technique but due to the presence of some large BS glass particles (up to 1000nm).
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The larger glass particles restrict CNTs on their peripheries and an increase in the concentration
of CNTs is observed there, while the body of the particles remains devoid of CNTs. Nevertheless,
no area >1pum?2 was seen without MCWNTSs in composites. It can be inferred that the selection of
a uniform and small matrix particles (less than the diameter of CNTs) has several advantages in
colloidal mixing technique: they completely coat the CNTs to avoid their unwanted interactions,
improve CNT distribution quality by avoiding the particle boundary effects, and minimise the

inter-MWCNT distance to accommodate greater amounts of CNTs in composites.

Figure 7.11: SEI-SEM images of MWCNT-BS glass composites showing uniform (a) 2.5wt%,

(b) 5.0wt%, (c) 7.5wt% and (d) 10wt% MWCNT dispersion at the same magnification.
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7.2.3 Mechanical characterisation

Mechanical properties of MWCNT-BS glass composites showed a similar trend as already
observed in MWCNT-SiO, glass composites (Section 6.2.3); hardness and elastic modulus

decreased, while indentation fracture toughness increased with the addition of MWCNTs.

a. Hardness

The hardness of glass and composite specimens was measured by manual Vickers
micro-indentation and instrumented Berkovich nano-indentation techniques. Both of the

hardness results showed similar trends, although different values were observed at the two

different loads, i.e. 0.50N and 4.90N (Figure 7.12). The hardness values measured for the BS

glass matrix are similar to those already published 106111,

BS glass showed the maximum hardness, which decreased continuously with the
addition of MWCNTSs. The similarity of the current results with those on MWCNT-SiO; glass
composites (Section 6.2.3(a)) verifies the decreasing hardness trend in MWCNT reinforced glass
composites. The non-uniform CNT dispersion, which often leads to low hardness in composites,
was also absent in the current work, which thus enabled to explore the real trend of hardness in

a brittle matrix containing CNTs.

b. Elastic modulus

The Berkovich indentation technique was used to measure the elastic modulus of the

glass and composite specimens. A similar declining trend of the elastic modulus was observed

with the addition of MWCNTs (Figure 7.13) as found for the hardness. BS glass showed the

elastic modulus values comparable to those previously found 75111, The addition of MWCNTSs
continuously decreased the elastic modulus of the composites; the composites containing
10wt% MWCNTSs showed the lowest values. The possible reasons of a drop in elastic modulus
have been comprehensively discussed in Section 6.2.3(b) and the present results simply verify
the drop in elastic modulus, as previously observed in the model MWCNT-SiO; glass composite

system.

196



7. MWCNT-borosilicate glass composites

sk - 0.50N, Berkovich indentation |

7+ > i
T el 4
S N &
.l .
2 ¢ ¢
Q 4 . -
S, ¢ ¢ ]
I } *

2 4. 90N, Vickers Indentation il

1} 4

0 [ 5 [ 5 1 2 [ 2 [

0.0 2.5 5.0 7.5 10.0

MWCNTs (wt%)

Figure 7.12: Berkovich and Vickers indentation hardness measurements of BS glass and

2.5wt% to 10wt% MWCNT-BS glass composites.
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Figure 7.13: Elastic moduli of BS glass and 2.5wt% to 10wt% MWCNT-BS glass composites

measured by Berkovich indentation technique.

b. Indentation fracture toughness

The fracture toughness results {(Figure 7.14) of glass and composite specimens were

obtained by Vickers indentation technique using Anstis et al’s. expression 211. The fracture

toughness of BS glass is similar to that reported earlier 11l A rise in the fracture toughness of
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composites was observed with an increase in MWCNT content; BS glass showed a value of

~0.65MPam?/2 that increased to ~1.25MPam?/2 in 10wt% MWCNT composites.

The indentation fracture toughness results achieved in the present study on both the
glass systems (silica and BS) together with the available published data 9! indicate the
achievable degree of toughening in amorphous/brittle matrices with 10wt% MWCNT loading,
i.e. ~100%, which is significant but is not high enough to transform the brittle glass matrix into a

structurally reliable material.
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Figure 7.14: Indentation fracture toughness of BS glass and 2.5wt% to 10wt% MWCNT-BS

glass composites measured by Vickers indentation technique.

7.2.4 Functional characterisation

a. Electrical conductivity

The addition of MWCNTSs significantly increased the electrical conductivity of the

insulating BS glass, which otherwise showed a low value, i.e. 1.8x109S/cm. The composites

showed a typical percolation behaviour (Figure 7.15].

Following the percolation theory 247, the increment in the electrical conductivity of

composites obeyed the scaling law (Equation 6.11); the inserted plots in log-log scale display the

electrical conductivity (o) values as a function of p-p., expressed in MWCNT volume fraction
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showing well fitted data. The exponent (t) of 1.01 and a percolation threshold (pc) of 1.26wt%
(2.1vol%) were obtained, which are similar to the values previously obtained in CNT-BS glass

composites 1%, This percolation threshold value indicates a uniform dispersion of MWCNTs, as

observed in SEM images (Figure 7.10[and|Figure 7.11) and already discussed in Section 6.2.4(a).

L} L) 1 ¥ )
= 100} . . *
§ .
2 a1t i
>
x=
>
- 0.01 25 — - r y r -
o .
s R’=0.9908 )
e e
c 1E4L - P
E 1E-6 | Le - 4
=
§ 1E-8 | s o5 o5 700 ¥ “
(1] | L 2 Logyo (p-pc)

1E-10 L A L A 1 A L A 1
0.0 25 5.0 7.5 10.0

MWCNTSs (wt%)

Figure 7.15: Experimental electrical conductivity data of BS glass and 2.5wt% to 10wt%
MWCNT-BS glass composites as a function of MWCNT content. Inserted plot shows a fit to

percolation theory.

b. Thermal conductivity

The room temperature thermal conductivities of the glass and composite specimens

were calculated from their thermal diffusivity, specific heat capacity and density values using

Equation 4.12{ A linear increase in the thermal conductivity was observed in BS glass after the

incorporation of MWCNTs (Figure 7.16). However, like in MWCNT-SiO, glass composites

(Section 6.2.4(b)), the improvement was modest due to a difference of only three orders of
magnitude between the two phases (BS glass and MWCNTSs). The presence of a large interfacial
surface area is the other reason for relatively small increase in thermal conductivity of the

composites, as discussed in Section 6.2.4(b).

By inserting the|Equation 6.13|with the measured thermal conductivity (Kw) of BS glass:

0.96W/m.K, published thermal conductivity (Kf) of MWCNTs: 3000W/m.K 66, the volume
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fraction of MWCNTs (Vi) in 10wt% MWCNT-BS composites: 0.17, the assumed random

orientation (cos208) of MWCNTSs: 1/3, length of MWCNTSs (L): 2.21pum, and the interfacial thermal

resistance (R;): 8x10-8m2/KW 250, the thermal conductivity (K¢) of 10wt% MWCNT-BS glass

composites was found to be 1.73W/m.K, which is close to the measured value of 1.72W/m.K.

The values for composites at other MWCNT loadings (2.5wt% to 7.5wt%) also provided good

matches with the calculated values (Figure 7.16), which indicate the applicability of

Equation

6.13|to calculate the actual thermal conductivity values by incorporating the thermal resistance

as a parameter in the equation due to the large interfacial area in MWCNT-BS glass composites.

-

~

w»
]

O Theoretical results

B Experimental results
150

1.25

1.00 |-

Thermal conductivity (W/m.K)

0.0 2.5 5.0
MWCNTSs (wt%)

7.5 10.0

Figure 7.16: Room temperature thermal conductivity of BS glass and 2.5wt% to 10wt%

MWCNT-Si0:; glass composites; theoretically predicted values (using

Equation 6.13

) of the

composites are also shown.

7.3 Summary

MWCNT-BS glass composites were manufactured and characterised for physical,

microstructural, mechanical and functional properties. The technique of heterocoagulation upon

colloidal mixing was successfully applied to prepare composite powders. PLS provided ~99%

dense BS glass specimens, while the densities of 2.5wt% to 10wt% MWCNTs-BS glass

composites were found to range between ~97% and ~93%, respectively. A predominantly

amorphous glass matrix was obtained with a homogeneous dispersion of MWCNTSs up to 10wt%
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(17vol%) without the formation of agglomerates. Although the large variation in the size of BS
glass particles slightly impaired the MWCNT distribution quality when compared to the
MWCNT-SiO- glass composites, the obtained dispersion results are still significantly better than
available in literature 195, Hardness and stiffness values decreased with MWCNT addition, i.e.
~58% and ~54%, respectively, in 10wt% MWCNT-BS glass composites, while a ~90% increase
in the indentation fracture toughness was observed. In similarly loaded MWCNT-BS glass
composites, the electrical conductivity increased >11 orders of magnitude, while thermal
conductivity displayed a linear improvement up to ~80%. In short, the applicability of the
developed MWCNT-SiO; glass composite model (Section 6.1) was successfully demonstrated on
a commercial BS glass system. The approach developed for the model system should thus be
relevant to other technically similar inorganic matrix composite systems and provide a route to

produce composites containing uniformly dispersed CNTs, at relatively high loadings.
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8. Conclusions and future work

8.1 Conclusions

Good quality MWCNTs were synthesised by injection catalytic chemical vapour
deposition and subsequently acid-treated to improve their dispersion quality in order to be used
as the nano-reinforcement in glass matrix composites. The detailed microstructural, thermal and
dimensional characterisation of MWCNTSs assisted in understanding their role in dictating the
composite properties. During MWCNT synthesis, the catalyst particles were found at their base
showing a base-growth mechanism. The round tip and gradually increasing base structure of
MWCNTSs was observed originating from the growing catalyst particles. MWCNTs showed a high
crystallinity level although a variety of structural defects and impurities were also identified,
along with the characteristic MWCNT hollow core. The acid-treatment effectively reduced the
MWCNT impurities, significantly shortened their lengths and efficiently attached functional
groups to their surfaces for better dispersion. However, the process also introduced oxidation
debris on MWCNT surfaces, which increased surface roughness and reduced the crystallinity
and thermal stability of MWCNTSs. Surface roughness assisted in developing the mechanical
interlocking between the MWCNTSs and the matrix and resulted in a good bonding. In short, the
acid-treatment provided purified, fragmented, and functionalised MWCNTs in different aspect

ratios, for subsequent use in composite manufacturing.

A model MWCNT-SiO; glass composite system was successfully developed with different
MWCNT aspect ratios (~31-65) and loadings (2.5-10wt%). It was shown that the colloidal
processing by heterocoagulation provided homogeneous dispersion of MWCNTSs in composite
powders, which was retained even after densification. Pressureless sintering provided dense
(96-99%) and essentially amorphous matrix composites without significant MWCNT
degradation or graphitisation. A random orientation of MWCNTs was observed in the

amorphous silica matrix without grain size or boundary effects. A mechanical MWCNT //glass
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interface was formed without any chemical reaction between the filler and the matrix, as
evidenced by XRD and HRTEM. The physical attachment of MWCNTs was also ascribed to
residual stresses developed after consolidation at high pressure and temperature, thus

producing a good bonding.

The hardness and stiffness of composites decreased with the addition of MWCNTs by
21-38% and 20-37%, respectively. The lateral flexibility of MWCNTs and the absence of a strong
(chemical) interface were the possible reasons for a decrease in hardness and stiffness of
composites, respectively. It was found that the porosity due to MWCNT hollow core may also
have contributed to decreased hardness and stiffness. In contrast, an increase in the indentation
fracture toughness was noted by 100%, due to a good but weak interface. The toughening
mechanisms due to the presence of MWCNTs are likely to be the crack-bridging, crack deflection

and pullout, as observed by SEM/TEM.

The development of MWCNT percolating network tremendously increased the electrical
conductivity of composites, as expected for randomly dispersed high aspect ratio MWCNTs. The
thermal conductivity increased linearly but the magnitude of the effect was limited

(~41-48%) due to the thermal resistance of a large interfacial surface area.

The effect of different MWCNT sizes on the mechanical properties of composites could
not be identified due to the MWCNT effect on the composite density; an increase in the MWCNT
aspect ratio inversely affected the densification of composites. As a result, higher aspect ratio
MWCNT composites showed lower densities and hence lower mechanical properties. However,
the functional properties reflected the opposite effect by providing increased values in

composites containing higher aspect ratio MWCNTs.

Well-dispersed MWCNT-SiO; glass composites did not produce cracks due to the thermal
shock (quenching in water) from 1200°C to 20°C or even after twenty cycles from 1000°C.
However, heating at 1200°C for a single thermal shock cycle and at 1000°C for repeated cycles
encouraged surface crystallisation, which produced cracking after cooling. Thermal ageing of

composites was performed up to 1000°C for up to 96h; at 500°C, MWCNTs were partially
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oxidised from the specimen surfaces while increased ageing temperature and holding time
showed a parabolic increase in the MWCNT oxidation of composites containing 2.5wt%
MWCNTs. An increase in the MWCNT contents (5-10wt%) showed complete MWCNT oxidation,

leaving behind nanoporous silica glass.

A continuous decrease in the friction coefficient of composites was observed with the
increase in MWCNT contents, up to 10wt%. However, the wear rate increased with increasing
MWCNT content until a stable graphitic layer was formed in 10wt% MWCNT-SiO; glass

composites, which reversed the otherwise increasing trend.

After manufacturing the model MWCNT-SiO, glass composites, the developed powder
processing and sintering skill was successfully applied to fabricate commercial borosilicate glass
matrix composites containing MWCNTs, in order to confirm the suitability of this technology to
other relevant inorganic matrices. The extent of mechanical and functional property
improvement in MWCNT-BS glass composites was evaluated to further verify the already
observed MWCNT influence in silica glass matrix in order to assess the true effect of the
incorporation of MWCNTSs in inorganic matrices. The consistent results of both the composite

systems prove the reliability of the methods and conclusions.

8.2 Future work

CNTs produced by different techniques offer varying characteristics in their purity,
crystallinity, straightness, diameter and aspect ratio; therefore, the optimum type, quality and
size of the CNTs, for composite manufacturing, is still an open question. The selection of
SWCNTs, DWCNTs or MWCNTs for reinforcement in inorganic matrices may have a strong
influence on mechanical and functional properties, particularly on toughening mechanisms. The
flexibility of CNTs and their high axial stiffness are contrasting characteristics. It remains to be
seen whether thin flexible SWCNTs or comparatively stiff, straight MWCNTs are most effective

as filler materials.
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The interface in nanocomposites occupies a large surface area. It might be possible to
develop in-situ interphases by the chemical reaction between CNTs and the surrounding matrix,

which may provide better and adaptable mechanical properties by controlling the interface.

The effect of CNTs on the thermal shock properties of inorganic materials prone to
thermal cracking, especially soda-lime-silica glasses, is another area of potential research. The
coating of CNTs with high temperature resistant materials may provide oxidation-resistant filler
for composites developed for high temperature applications. The process of developing a
nanoporous glass after burning the incorporated CNTs may be used for certain applications
where controlled nanoporosity is required, such as filters, catalyst supports, or sorbents. The
recipe of producing porous glasses can also be applied to other ceramic matrices to develop
porous materials. Moreover, increased CNT contents and different CNT sizes can provide the

materials with tailorable porosity volume, type and morphology.

The wear and friction testing of the composite containing higher CNT contents
(>10wt%) is another research area, as higher filler contents in glass matrix composites may

provide even better friction/wear resistant materials.

In future, CNTs may also be used in combinations with other fillers to fabricate hybrid
composites for desired properties. The combination of CNTs with conventional fibre

reinforcements has already been demonstrated in polymer matrix systems 259,

Finally, “carbon” enjoys a special place as a raw material for the manufacturing of
refractories 260 and high temperature ceramics (HTCs) 261-262, The uniformly dispersed CNTs
may, therefore, be utilized as a carbon source to develop and characterise a new class of

refractories and HTCs 263, and novel ceramic nano-structures 264,
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Table 9.1: Experimental elastic modulus

temperatures synthesis techniques.

values of CNTs grown by high and low

CNTs type Method Elastic modulus (GPa) Year (Ref)
MWCNTs* Tension 270-950 2000 (37)
MWCNTs* Tension 620-1200 2007 (38)
MWCNTs* Tension 590-1105 2008 (39)
MWCNTs* Bending ~900 2002 (265)
MWCNTs* Bending 670-1100 1999 (29)
MWCNTs* Bending 1280+550 1997 (266)
MWCNTs* Bending ~1060 2006 (267)
MWCNTs* Bending ~3300 2006 (2¢8)
MWCNTSs* Compression 920-1550 2006 (267)
MWCNTSs* Thermal vibration 420-4150 1996 (299)
MWCNTs* Electric vibration 100-1000 1999 (32)
MWCNT ropes” Tension ~450 2000 (270)
MWCNT ropes” Tension 450+230 1999 (42)
MWCNTs” Bending 12-50 1999 (26)
MWCNTs” Bending 350+110 2007 (271)
MWCNTs” Compression ~130 2011 (28)
23-32
MWCNTs” Electric vibration 2000 (272)
2-3 (Highly defective)
100-300
MWCNTs” Electric vibration 2005 (27)
~3 (Highly defective)

MWCNTs” Bending 1-100 2005 (29)
DWCNT Bundles” Bending 10-1000 2005 (33)
MWCNTs? Electric vibration 393+201 2008 (39)
MWCNTs” Radial Shear 1.4+0.3 2007 (271)
MWCNTs? Shear/Electric vibration 0.1-0.8 2008 (39)
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SWCNTs Thermal vibration 1250+450 1998 (22)
SWCNTs Electric vibration 320-1470 2000 (29
SWCNTSs Bending 67-1310 1999 (23)
SWCNTs” Thermal vibration ~10 2003 (25)
SWCNT ropes Radial Shear 0.7-6.5 1999 (23)

* High temperature (EAD and LAE) grown * Low temperature (CVD) grown

Table 9.2: Experimental fracture strength values of CNTs grown by high and low

temperatures synthesis techniques.

CNTs type Method Strength (GPa) Year (Ref)
SWCNTs Tension 3.6-22.2 2000 (39)
SWCNTs Tension 13-52 2000 (24)
SWCNTs Tension 25-100 2010 (3¢)

SWCNT strands Tension ~1.0 2002 (*0)
DWCNT strands” Tension ~1.2 2005 (#1)
MWCNT ropes” Tension ~1.7 1999 (+2)

MWCNTs” Compression ~2.0 2011 (28)

MWCNTSs* Tension 11-63 2000 (37)

MWCNTSs* Tension 10-66 2007 (38)

MWCNTs* Tension 35-110 2008 (39)

* High temperature (EAD and LAE) grown * Low temperature (CVD) grown
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