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Investigations into the Potential of Constructing Aligned
Carbon Nanotube Composite Materials through Additive
Layer Manufacture

Abstract

Since their discovery Carbon Nanotubes (CNTs) have attracted much interest from many fields of the
scientific community owing to their range of unique and impressive properties. Measurements of
the mechanical properties of these nanoscale molecules have shown strengths up to five times
greater than that of steel at only a quarter of the density. Consequently many have attempted to
unlock these remarkable properties by creating nano-composite structures where CNTs effectively
reinforce materials with little increase in density. Unfortunately the tendency of CNTs to form
agglomerations when allowed to disperse in fluid suspensions has made this process non trivial, and
led to difficulties in achieving effective reinforcement when simply mixing CNTs into a matrix
material. As a result it has become clear that new approaches to composite construction will be

required if effective composite reinforcement using CNTs is to be achieved.

Recent advances in CNT synthesis using Chemical Vapour Deposition (CVD) where tall forests of
these nanoparticles are grown from the vapour phase have begun to solve the agglomeration
problem. These forests are produced in aligned and dispersed arrays, and wetting of these
structures with polymer matrices has demonstrated improvements in modulus of several hundred
percent. These improvements arise as the CNTs retain both the dispersion and alignment of the
forest when incorporated into the matrix thus overcoming the difficulties observed using traditional
manufacture methods. New complications arise when attempting to extend these promising results
to larger scale composite components owing to the typically millimetre size of CVD grown vertically
aligned CNT (VACNT) forests. From these results it follows that to create large composite parts it will
be required to incorporate many individually CVD grown VACNT forests into a single composite

structure.

Strategies to achieve such a composite are being developed, with a range of ideas extending from
knowledge gained from the emerging technology of additive manufacture (AM) described as ‘...the
process of joining materials to make objects from 3D model data, usually layer upon layer....". Indeed
it is desirable to reinforce materials used in AM processes and the nano scale diameter of CNTs

makes them the perfect choice owing to their high aspect ratios at the micron scale. In this thesis
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investigations are conducted into the feasibility of manufacturing CNT composite structures using
CVD grown forests and AM techniques. These investigations include measurement of the anisotropic
mechanical properties of composite samples, and studies of the wetting interactions that occur
between CNT forests and polymer materials. Composite samples are constructed and tested
mechanically in the transverse orientation and results compared to traditional fibre composite
reinforcement models in order to understand the material properties that can be expected if such an
AM process is achieved. Results show greater mechanical improvements in transverse modulus than
expected, and these results are attributed to the wavy nature of individual CNTs within forest
structures providing multi directional reinforcement to the matrix material. Further studies are
conducted to investigate the flow of molten thermoplastic materials into CNT forest structures
under capillary driven flow. Thermoplastics were allowed to flow into VACNT forests before being
cooled and inspected using micro x-ray computed topography (u-CT) to gain an understanding of the
wetting mechanism. Results from p-CT scans show that the polymer flows into the structure in peaks
of similar radius. Finally dynamic investigations were conducted into the fast capillary driven flow of
a low viscosity thermoset resin into VACNT forests using a high speed camera. Results are fitted to
traditional models for dynamic capillary driven flow in porous media and an effective radius and
porosity is calculated for VACNT forests. Experimental values illustrate that these nanoscale
structures still fit to traditional flow models of fluids where the height of capillary rise is proportional
to the square of the elapsed time. These results provide a further step in understanding methods of
incorporating many VACNT structures into polymeric matrices to achieve large scale effective

polymer VACNT composite materials.
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Chapter 1

Introduction, Motivation and Outline

1.1 Introduction

The development of innovative manufacturing techniques packaged as Additive Manufacturing (AM)
methods has provided engineers and scientists with the means to construct novel architectures
using a bottom up approach in contrast to traditional subtractive top down methods. These
processes are broadly defined through an ASTM standard as a ‘process of joining materials to make
objects from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing
methodologies, such as traditional machining’. Currently AM technologies are frequently used as a
tool for the rapid manufacture of components from a vast range of materials, including but not
limited to, photopolymer resins, metals, ceramics, and thermoplastics [1]. Figure 1.1 demonstrates
an example of a simple AM process known as fused deposition modelling (FDM) [2]. This process is
one of the simplest AM methods in use and builds components from extruded tracks of material, in

this case a thermoplastic.

CAAEIXS
CSSSCSRS

N\

Figure 1.1: Example of AM manufacturing technology, AM processes build parts from 3D model data in an
additive fashion. A- 3D model Data, B- FDM printing of part, C- Finished component

Despite great improvements in the performance of components produced using AM techniques over
the past twenty years there is still significant desire within the field to match or better material
properties when compared to those produced using traditional methods of manufacture [3]. More
recently comparable mechanical properties have been observed particularly in metallic AM
methods, for example in the Electron Beam Melting of Titanium powders to form solid components.

Indeed the EBM melting of Titanium components provides an excellent example of the potential of

23



AM manufacturing for use as a tool in high value manufacturing such as the aerospace industry
where such technologies are blossoming. Although success has been achieved in the AM of metals,
polymer processes are lagging behind and the mechanical properties of components produced in
such a fashion often fall considerably short of those produced traditionally using methods such as
injection moulding. In a bid to improve polymer AM methods much research is underway to
incorporate polymer composite materials into AM feed stocks using various approaches which are
usually specific to the precise AM technique employed. The development of traditional polymer
composites has illustrated the potential of these light weight high performance materials to find a
wide range of applications from consumer products to aerospace components. It is hoped that the
use of polymer composites in AM will enhance the properties of current polymer feed stocks,
mechanically or otherwise, and current research is already beginning to illustrate the potential of

multi material AM for a vast range of applications [4].

In composite science literature both experimental and theoretical works combined have illustrated
that precise microstructure of a composite is critical in achieving the desired performance from
components constructed from composite materials [5]. For example in fibre based composites the
precise orientation and dispersion of reinforcing fibres in a polymer matrix are critical in achieving
high performance. Consequently the marriage of AM methodologies and composite materials has
great potential to allow precise control of a components microstructure by using 3D model data to
define the location and even orientation of filler components throughout the interior of a complex
structure. In doing so it will be possible to build both components and materials simultaneously thus
providing the potential to construct highly specific parts for unique applications. Furthermore,
producing components in such a fashion also holds potential for realising graded multi-functional
materials where a filler component can be added to a feedstock material in varying volume fractions
thus modifying the material properties of a structure throughout its volume providing additional
functionality. For example the addition of conductive components could create built in circuits or
sensors where the flow of electrical current can be controlled by a conductive network which exists
throughout the interior of a 3D structure [6]. When considering the mechanical reinforcement of a
polymer matrix the optimum choice of filler material is often considered to be a form of high
modulus fibre. Fibres are high aspect ratio structures which allow a strong interaction between their
surface and the polymer matrix whilst retaining the ability to transfer load across the material
through their elongated form. Indeed the uniform distribution of such fibres in polymeric matrices
has already shown highly effective reinforcement and such materials are frequently in use in a wide

range of current applications.
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In tandem to the properties of its components the final properties of composite materials are also
highly dependent on the distribution and orientation of the composite structure as mentioned
previously. This is particularly true when considering fibrous materials that can often be considered
as a 1 dimensional reinforcement where significant enhancement of the composite structures
mechancial properties are only observed in the axial direction of an individual fibre. As a
consequence various techniques are currently utilised to precisely control the orientation and
distribution of fibres in composite materials. For example, in Carbon Fibre panels long pre-woven (or
even unidirectional) fibres are often employed which can be impregnated with thermoset resins to
form components with excellent in-plane properties but poor out of plane properties. Another
example is the use of advanced mixing techniques such as ultrasonication to create uniform
distributions of solid components within a fluid matrix prior to curing. Although numerous
techniques for controlling microstructure exist so far no technique truly offers precise
microstructure control of fibre orientation throughout a component as maybe possible through the

use of AM methods.

This work seeks to investigate the potential of using the recently discovered nanoscale fibres termed

Carbon Nanotubes (CNTs) to reinforce a polymer matrix in a controlled fashion using an AM process.

CNTs are now well known for boasting superior mechanical properties when compared to most, if
not all, current fibre reinforcements [7]. Consequently significant research has been conducted in a
bid to realise the remarkable properties of these materials observed at the nanoscale into
macroscale components through their incorporation in composite materials. Despite almost twenty
years of intensive research the effective reinforcement of polymers on a macroscale using CNTs has
remained for the most part an elusive target. The problems in realising effective reinforcement using
CNTs can in large be attributed to the unavoidable difficulties involved in achieving a high volume
fraction and uniform dispersion of these nanoscale particles in a matrix material [8]. As a
consequence it is hoped that the development of a CNT reinforced AM process will assist in
furthering both the fields of composite materials for AM, and also the general development of CNT
composite materials simultaneously by allowing precise orientation and distribution of these
nanoscale particles throughout the microscale layers that exist in many AM manufacturing

techniques.

1.2 Key Historical Events and Motivation

This work has been for the most part motivated by two high profile research fields that have

emerged in the last thirty years. The first of these fields was born from the first recognised discovery
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of CNTs in 1991 by Sumio lijima whilst working at the NEC Research Facility in Japan. lijima’s original
paper entitled ‘Helical microtubules of graphitic carbon’ has now received over 29000 individual
cites, and many more papers in the field exist that do not cite his work. Despite the response that
lijima’s paper generated some evidence exists for the discovery of CNTs prior to the publication of
lijima’s work. Indeed CNTs may have inadvertently been synthesised previously by several groups,
for example by Davis et al. who identified 10nm diameter carbon filaments with catalytic Iron
particles embedded in the structures tip that were most likely Multi Walled CNTs (MWCNTSs) [9].
However the defining feature of lijima’s work is the precise identification of the graphitic structure
of CNTs through the use of electron microscopy thus confirming CNTs as new allotropes of Carbon

and consequently sparking a significant research effort.

The second source of motivation for this work stems from the recently developed set of engineering
tools now commonly referred to as 3D printing or Additive Manufacturing. Investigations into AM
methods were first envisaged shortly after the development of commercially available 2D printers.
Initial developments took two significant routes lead by Charles Hull and Scott Crump who are now
the founders of 3D systems and Stratysys respectively. Although manufacturing in an additive
fashion has been conducted extensively, for example welding maybe considered an additive
method, it is the development of advanced computer control systems leading to the automation of
the process that defines AM as a unique technology. The development of the hardware and
software required for 2D printers is not extensively different from that in use by modern 3D printers
and is sufficient to provide precise resolution on the micron scale. The following chronological list

illustrates key historical events that have provided motivation for the undertaking of this work:

e 1953 - W. R. Davis et al. publish their paper entitled ‘An unusual form of Carbon’. They
report the growth of carbon filaments from iron oxide contained in brick samples when
exposed to a Carbon Monoxide atmosphere at temperatures of the order of 450 °C. [9]

e 1985 — H. Kroto et al. publish their work describing the synthesis of a new carbon allotrope.
The molecules consist of a cage of 60 Carbon atoms and are called ‘buckminsterfullerene’
after Buckminster Fuller who designed geometrically intricate domes with near identical
structure. [10]

e 1986 - Charles Hull patents a new manufacturing process which will become the Stereo
Lithography AM process, he goes on to develop his techniques and found 3D systems. [11]

e 1988 — Scott Crump develops a Fused Deposition Modelling process as a new method of
Additive Manufacture. He founds Stratysys and begins development of a commercial system.

(2]
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1991 - S. lijima synthesises Multi Walled Carbon Nanotubes (MWCNT) in arc discharge
deposited in a similar experimental method to that used in the production of C4, by Kroto et
al. This publication creates a boom in CNT based research. [12]

1996 - First release of commercial 3D printer products by zcorp, Stratysys, and 3D systems.
2000 — M-F. Yu et al. measure the Young’s Modulus of an individual MWCNT by fixing it
between two Atomic Force Microscope tips. They report values as high as 63 GPa providing
significant experimental evidence of the high strength of CNTs. [7]

2000s — Development of Windform XT, the first commercially available short carbon fibre
reinforced AM feedstock material. [13]

2004 - Li et al. Report the first spinning of CNT yarns directly from a Chemical Vapour
Deposition furnace. These yarns offer great potential for use in composite materials. [14]
2005 - Open source RepRap project founded by Adrian Bowyer. The project aims to produce
a printer that can replicate itsself and sparks the development of many low cost FDM
projects. [15]

2008 — Wardle et al. report the first highly effective reinforcement of a high performance
resin using CNTs. They incorporate a high volume fraction vertically aligned CNT forest into a
low viscosity thermoset material. [16]

2012 - S. J. Leigh et al. develop a conductive feedstock for FDM. The material, entitled
‘Carbomorph’, consists of a thermoplastic matrix containing Carbon Black particles. It can be
used to print structures with in-built sensors. [6]

2013 — Many commercially available products exist which contain CNTs. These range from
high performance composites such as those used in boat hulls or sports equipment, to

transparent conductor for use in electronics. [17]

The above list is not an extensive list of historical events concerning AM and CNT composite

research, but is intended to highlight key factors that are explicitly relevant in the scope of this

thesis. This work aims to expand on knowledge gained from prior research outlined above to

ascertain the feasibility of introducing CNT reinforcements to an AM process in a controlled fashion.

1.3 Thesis Outline

This project began from a desire to improve current AM processes with polymeric materials by

introducing a controlled reinforcement to the structure. CNTs provide an ideal candidate for this

reinforcing filler as they can exhibit high aspect ratios without exceeding the AM processes z-axis

resolution. Furthermore CNTs have excellent mechanical properties thus indicating the potential for

significant mechanical reinforcement even at low volume fractions. In investigating the potential of
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this novel method for constructing nanocomposite materials through AM, significant investigations
into the interactions of vertically aligned arrays, or forests, of CNTs and fluid polymers have been
undertaken. Additionally mechanical investigations of large single layer VACNT composite samples
have been undertaken and comparisons between experiment results and theoretical models been
sought. These results have revealed how the alignment of the reinforcing CNT at the composites
microstructure combined with the nanostructure of the individual CNTs can greatly influence the
degree of reinforcement achieved in the material. The following chapters detail the findings of
investigations conducted to assess the feasibility of building net shape Nanocomposite components

using additive manufacture:

Chapter 2 provides a brief review of the relevant literature in the fields of Carbon Nanotube Science,
the current state of the art research in CNT based composite materials, and also that of the use of
polymer composite materials in additive manufacture to date. It also details an in-depth discussion
of the various strategies that have been identified in order to incorporate CNTs to a current AM
process. Although many other possibilities exist these ideas were identified as possibilities based on
the current state of research across the fields. Three ideas are presented including the inclusion of
CNTs in both a selective laser sintering (SLS) process and a stereolithography (SLA) process as

interlayer reinforcements.

Chapter 3 presents the experimental methods used throughout the studies detailed in this work. In
particular it provides details of the methods used for producing the large scale CVD grown vertically
aligned CNT forests that are used in the later chapters of this thesis. It includes methods used for
catalyst production as well as the CVD recipes used to grow the VACNT forests. Example scanning

electron micrographs of some CVD grown forests are also presented.

Chapter 4 presents experimental works to examine the influence of the precise micro structure of
the individual CNTs contained within a VACNT array on it potential to reinforce a thermoset resin.
Single layer VACNT resin composite samples are produced which are large enough to be tested using
Dynamic Mechanical Thermal Analysis (DMTA) and micro tensile testing. Experimental results are
compared to a wavy VACNT reinforcement model and good agreement between the two is

observed.

Chapter 5 details investigations conducted into the interactions that occur between VACNT forests
and molten thermoplastic polymers. VACNTs are brought into contact with molten polymers in an
attempt to achieve partially wetted forests by solidifying the thermoplastic through cooling after

contact with the forest. Successfully embedded samples are analysed using scanning electron
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microscopy and x ray micro computed tomography. Results indicate complex flow patterns occurring

in the interior of the forest structure.

Chapter 6 describes experimental investigations into the dynamic capillary driven wetting of VACNT
forests with a low viscosity thermoset resin. Forests are precisely dipped using a custom rig and the
wetting process is carefully monitored using a high speed camera fitted with a monozoom lens.
Video data is then analysed frame by frame to provide an estimation of the total time to required to
fully wet a VACNT forest of a given height under capillary driven flow. Experiments are conducted for
VACNT forests of various heights and then fitted to a modified Lucas-Washburn model
demonstrating that the capillary flow is in the early stages of the dynamic process and providing a

means to predict the evolution of the capillary driven flow.

Chapter 7 summarises the significance of the results found in the course of this work and places
them within the context of their implications in the feasibility of producing a CNT reinforced AM
process. Furthermore suggestions are made as to how further work could be conducted in order to

continue investigating the challenges that must be overcome in order to achieve such a process.
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Chapter 2

Introduction to Carbon Nanotube Science, Carbon
Nanotube Composites and Polymer Composite Additive
Manufacture Processes

2.1 Introduction

This section details a review of the state of the art research in the relevant fields. It contains details
of the remarkable properties of CNTs, methods of CNT synthesis, current CNT composite progress, as

well as the current progress in composite materials for AM.
2.2 Carbon Nanotube Science
2.2.1 Introduction

The first recognized discovery of Carbon Nanotubes (CNTs), graphitic tubes of a single carbon layer,
is often credited to the work of lijima [12], who in 1991 published the first details of this new
allotrope of carbon. This discovery was made soon after the published work of Kroto et al. [10]
showed the existence of buckminsterfullerene in 1985, see Figure 2.1, as another distinct allotrope
of carbon besides graphite, diamond and amorphous structures. Buckminsterfullerene is often
described as a closed cage of 60 carbon atoms with a similar structure to a football, where six
hexagons surround a pentagon causing the curvature of the molecules surface. It is these pentagons
that cause the structure to differ from that of graphene, a single layer of graphite, and form a closed
structure. The name of the allotrope buckminsterfullerene is a tribute to the late ‘Richard
Buckminster Fuller’ who was known for his geodesic dome designs that resembled fullerene like
structures. Indeed it was whilst experimenting with the production method for fullerenes that
lijima's discovery came about, and fullerenes were also produced in the very same experiment.
Although the paper showed accurate imaging of CNT structure, some authors [18] believe that
evidence for the existence of CNTs was shown and also published [9], [19] prior to lijima's work,

even as early as 1953.
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Figure 2.1: A comparison of Ceo, Buckminsterfullerene, and a single-walled CNT.

Despite this it is important to remember that these carbonaceous structures only showed similar
physical properties to CNTs and their structure was not well understood or characterised in
sufficient detail when compared to the specific characterisation contained in lijima's work. There is
also evidence of theoretical predictions of the existence of CNTs before their discovery as shown by
Fowler [20] who saw possibilities of these graphitic structures. As well as these early examples of
possible CNT existence it is more than likely that lijima himself came remarkably close to finding

these remarkable nanostructures but failed to notice their importance at the time [21].

Since the publication of CNT existence in 1991, a flurry of research was initiated to better
characterize and understand the properties and structure of CNTs. In fact CNT discovery has lead to
an entirely new field of research based almost solely around the remarkable features of these
nanoparticles and their endless possible applications. These properties include impressive
mechanical, electrical and thermal properties which will be discussed in due course. This review aims
to provide an assessment of the current state of published research in taking the exciting nanoscale
properties of CNTs and incorporating them into a polymer, or other matrix, in order to exploit these
advantages on a millimetre scale and above. This will involve assessing the known properties of
individual CNTs as well as looking into synthesis techniques along with characterization methods. It
is only by gaining a clear understanding of these areas that one can hope to fully understand the

possible benefits of producing CNT composites and any applications that these materials may fulfil.

2.2.2 Carbon Nanotube Structure

In general CNTs fall into two main structural groups, Multi Walled CNTs (MWCNTSs), and Single
Walled CNTs (SWCNTs). The first tubes synthesised by lijima [12] were reported to be MWCNTs
which were identified using high resolution transmission electron microscopy and typically had
between two and fifty walls creating a concentric tube structure. lijima also reported an inter wall

distance in these tubes of =0.34 nm which is similar to the inter-layer separation in bulk graphite.
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MWCNTs with two walls are sometimes referred to as Double Walled CNTs (DWCNTs), and some
[22] believe them to be of particular interest as they are the bridge between SWCNTs and MWCNTs
and consequently possess properties of both types of CNT. In 2003 Flahaut et al. reported a specific
method for the production of samples containing 77% DWCNTs which may be of importance in
future CNT research [22]. Flahaut suggested that the structure of DWCNTs would allow
functionalisation of the outer tube whilst maintaining the graphitic properties of the inner tube. The
first synthesis of SWCNTs was reported in 1993, soon after the first discovery of MWCNTSs, by two
groups independently [23], [24]. It is said that SWCNTSs can be referred to as ‘ideal’ CNTs as they are
reported to have few defects in their graphitic structure and are of small diameter, typically of the
order of a few nanometres, leading to suggestions that they may behave as ‘Quantum wires’ [25].
Overall it is clear that both types of CNTs may be able to lend themselves to some highly unique
applications and as a result it is well recognised that the purification of different types of tubes will
be an important achievement. Although purification remains challenging, modern techniques of
production have shown potential for the production of nanotubes of specific dimensions in larger

guantities and improved purities [22], [26], [27], and will be discussed later.

Another important structural feature of CNTs is the chirality which arises from their hexagonal lattice
structure. Considering nanotubes as a rolled up sheet of graphite, it is clear that the helical structure
of the tube can vary considerably as noticed by lijima [12]. The helical nature of nanotubes was
confirmed in 1993 by Ge and Sattler who probed individual nanotubes using a scanning tunnelling
microscope [28]. The helical nature of an individual CNT is described using the unit vectors of the
two-dimensional lattice in a standard geometric format originally defined by Hamada et al. [29] as
shown in Figure 2.2. The helicity of a CNT is then defined using these unit vectors to describe a chiral

vector defined below [30],
C,=na+ mb

where Cj is the chiral vector, a and b are the unit vectors, and n and m are integer values
(0 < |m| £ n) defining the specific CNT. The chiral vector is always orthogonal to the axis of the
tube and effectively corresponds to the circumference of the tube, meaning that in rolled form the
ends of the vector will meet, see Figure 2.2. This means the diameter of a CNT, d-yr, can be

calculated as follows [30],

JnZ + m? + nm

ac_cV3
dCNT:Ch/T[:%

where the value of a._.is about 0.142 nm and is the nearest neighbour distance in graphite.
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dimensional lattice, a and b. Armchair (n, n)

Figure 2.2: a) A diagram showing how the chiral vector of a zigzag and an armchair CNT lie on a single
graphene layer. b) & c) Side profiles of a zigzag and armchair CNT respectively [30]

A final point concerning CNT structure with application to composites is the existence of certain
defects in synthesised tubes and some unusual structural irregularities as follows. It has been shown
that CNTs can be produced with a bamboo like structure consisting of small hollow compartments
separated by graphitic layers [31] although mechanical properties were not investigated. CNTs have
also been reported to grow in spiral or helix shapes [32], and it has been suggested that this coiled
structure arises from pentagon-heptagon pair formation in the graphitic walls of the tubes causing
the curvature of the CNT structure [33]. Another paper [34] has also reported the synthesis of
SWCNTs with encapsulated buckminsterfullerene molecules described by the author as ‘nanoscopic
peapods’. Although these intricate structural morphologies are of great interest, and may provide
key details in understanding the growth mechanisms of these complex carbon structures this work

focuses on simpler CNT structures as they are in general better understood.
2.2.3 Mechanical properties

It is well reported that CNTs exhibit some remarkable mechanical properties leading many people to
believe that they are the strongest material currently known to man with high tensile strengths of up
to 63 GPa reported [7] for MWCNTs. There is much speculation about the use of CNTs in ultra strong
fibre reinforced composites due to this strength as well as their large length to diameter ratio,
reported up to 28,000,000:1 for a SWCNT [35] and more recently 132,000,000:1 [36], although often
lower for typical MWCNTs depending on the method of synthesis. This makes CNTs highly desirable
for use in mechanical applications but the implementation of these properties in macro scale

structures had proved non-trivial. A paper published in 2006 [37] included an interesting discovery of
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CNT inside a sabre that was forged in the 17" century from a lost recipe for Damascus steel.
Historically these blades were known for being sharper and stronger than other weapons of the time
and it is highly possible that this could be a result of the CNTs contained within them. The
remarkable strength of CNT can be accredited to the ability of Carbon atoms to form different types
of covalent bond depending on the hybridisation of the atoms [38]. In diamond carbon atoms are
bonded in the sp® hybridised state, where the four valence electrons are shared equally between
nearest neighbours. It is this that provides diamond with its strong isotropic state that it is known so
well for. Graphite on the other hand forms the sp? hybridisation state that leads to stronger in plane
bonding of three of the valance electrons leaving the fourth to be delocalized among the remaining
atoms similar to metallic bonding. In graphite this leads to a layered structure of graphene layers
held together by weak Van der Waals bonding between the sheets of 2-D carbon giving it its
conductive and lubricating properties. This type of sp? bonding is the same as that in CNTs, except
due to the tubular structure of CNTs there are no weak interlayer bonds resulting in their strong
characteristics. Figure 2.3 shows examples of the hexagonal structure of sp? bonding and the

tetrahedral structure of sp® bonding in different hydrocarbon molecules.
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Figure 2.3: a) An example of sp® hybridisation in a methane molecule, note the 3-D structure, and b) an
example of 2-D sp? bonding in an ethylene molecule

The measurement of the strength of a single CNT is certainly no easy task due to its nanodimensions.
In 2000 this was achieved via the use of a technique which allowed the attachment of a single CNT to
the tip of an atomic force microscope (AFM) [26]. Using this technique an individual CNT was joined
between two AFM tips allowing measurement of its tensile strength [7]. These strengths are
measured to be up to 100 times the strength of steel even though CNTs are only a fraction of the

density [40] owing to the atomic weight of carbon atoms when compared to Iron and other metals.
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It is these properties that make CNTs highly attractive for use as a filler material in advanced
composites, as the inclusion of CNTs in a polymer, or other, matrix could provide a method of
employing these exciting properties on a macro scale. As with all fibore composites an accurate
understanding of CNT-matrix interactions, and of the CNT breaking mechanism, are crucial in

advancing towards the large scale production of such composites.

2.2.4 Thermal Properties

CNT have also been reported to have valuable thermal properties, with thermal conductivities that
are greater than 3000 W/m.K for a MWCNT at room temperature [41] and as high as 6600 W/m.K
for a SWCNT [42], which is higher than that of diamond and the basal plane of graphite [43]. This is
believed by some [42] to be down to the large phonon mean free paths present in these structures.
More recently the accuracy of these values has been questioned with other groups reporting
considerably lower values of thermal conductivity of CNT [44] suggesting precise thermal properties
are still not well understood. CNT are also known to possess excellent thermal stability and
experiments have shown them to be thermally stable in a vacuum up to temperatures of 2800 °C
[40]. It has also been shown that CNT can absorb microwave radiation resulting in various effects
such as light emission, intense heat, out gassing and structural reconstruction [45]. These effects
have been utilised to cure CNT/matrix composites with as little as 1 wt% CNT and results show a
similar cure quality as conventional thermal curing of the samples [46]. The high thermal
conductivity of CNT has also been used to help introduce CNT to a thermoplastic through the
absorption of microwave radiation. Sunden et al. [47] placed an array of vertically aligned CNTs
(VACNTSs) attached to a silicon substrate tip down on a Polycarbonate layer. The substrate and the
VACNTSs were then heated using microwaves and the excellent thermal conductivity of the VACNTs
resulted in high temperatures at the polymer interface. This locally raised the polymer above its
glass transition temperature and resulted in the VACNTs being anchored in the polymer whilst
remaining vertically aligned. When considering composite materials the conductive properties of
CNTs lend themselves to creating thermally conductive composites that could be used in many
applications, particularly in the automotive and aerospace industries where the dissipation of heat is
critical [48]. In fact composites with 1 wt% CNT filler have already been shown to increase the

thermal conduction of a polymer matrix by 125 % [49] and higher for larger CNT concentrations.

2.2.5 Electrical properties

CNTs have also been shown to exhibit extraordinary electrical conductivity, which has been reported

to be 1000 times higher than that of traditional copper wires [40], [50]. This has lead to some large
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scale interest into CNT-polymer composites with the ability to conduct electricity through a
percolating network of CNT [48]. It is the graphitic nature of the structure of CNTs that leaves a
delocalized electron from the sp? hybridization of the carbon atoms which in turn allows electrical
conduction. An interesting effect occurs from the chiral nature of SWCNTSs and it is documented that
the conductivity of a SWCNT is controlled by its defining chiral vector. Saito et al. whilst working as
visiting scientists at Massachusetts Institute of Technology (MIT) reported that SWCNTs could
conduct as a metal if they were of the armchair structure and would act as a semiconductor if they
were zigzag SWCNTs [51]. From structural simulations the same group realised that the chiral vector
was a critical factor in CNT conductivity and formulated which vectors would allow metallic
conduction and which would act as semiconductors based on the density of states available and the
location of the Fermi level for each structure. Overall it was hypothesized that only 1/3 of all
SWCNTs would be metallic and the rest semiconducting. The electrical properties of MWCNTs are
known to resemble those of graphite, as the smaller inner tubes structures are superimposed by the
structure of the larger outer tubes [38] and the band gap of a semiconducting CNT tends to zero as
the diameter increases. This has been show by experimentally obtaining the band structure of a

single MWCNT and comparing this with that of graphite [52].

Other experiments [53], [54] have shown potential for use of CNTs as excellent field emission
devices particularly when the ends of the CNTs are opened by laser heating in a vacuum [53]. Using
CNTs as field emitters could create electron sources [54] that could be useful in many applications,
from simple lab equipment to electron microscope beams. It has also been shown experimentally
that the emission properties of CNTs could allow the production of flat panel displays that are
‘nanotube-based’ [55]. Another group [56] proposed the use of CNT as ‘Supercapacitors’ and carried
out experiments separating two SWCNT by a layer of polymer in order to create a capacitor. The use
of CNT as capacitors has also shown application to Li-ion battery technology where the use of CNT
coated paper can be used to make highly effective current collectors [57]. CNTs have also been used
to operate as nanoscale transistors that function at room temperature [58]. These devices rely on a
semiconducting SWCNT mounted between two electrodes. The SWCNT can be switched between an
insulator and a conductor by applying different gate voltages to the electrodes, hence performing as

a transistor.

37



2.2.6 Characterisation of CNTs

The characterisation of CNTs has been an important technique since their first discovery [12] as in
nearly all CNT applications it is of interest to know the structure of any CNTs that are produced.
Currently there are several methods of spectroscopy and microscopy available to assess the types of
CNT present in a given sample. The first techniques used to identify the structure of CNTs were
carried out by lijima et al. [12] and published in the same paper as the discovery of CNTs. They used
high resolution transmission electron microscopy (TEM) to identify the number of walls present in
various MWCNTSs. Scanning electron microscopy (SEM) is useful when dealing with CNTs but even
the best SEM available will struggle to resolve a single CNT. The greatest use of SEM is in imaging
bundles of as produced tubes to gauge an estimate at the length of the tubes present in the sample.
As previously discussed the chiral structure of CNTs has important implications to their electrical
properties and thus identifying chirality is useful, particularly for electrical applications. Recent
advances in scanning tunnelling microscopy (STM) have allowed imaging of structures on the atomic
scale and applying this to CNTs has been shown to reveal their chirality [59]. The same images can
also be used to confirm the hexagonal lattice structure and quality of the graphitic structure of each
individual CNT. Another useful application of STM is that the tip of an atomic force microscope can
be used to manipulate CNTs both testing them mechanically [7] and orientating them into a desired

position [60].

One of the most important techniques for identifying CNTs is the use of Raman spectroscopy in
order to detect the unique atomic structure of CNTs [61]. An important known use of Raman
spectroscopy in identifying CNTs is the dependence of the radial breathing mode (RBM) on the
diameter of the CNT [62]. This allows the RBM for a batch of tubes to be measured and an
approximate diameter for the CNT to be deduced. SWCNT can be more accurately identified by
Raman spectroscopy as their structure is nearly always more perfect than that of MWCNT as they
contain fewer defects or impurities [23]. As Raman spectroscopy relies on the use of optical light it
can only be focused to about one micron, despite this, effective measurement can be performed on
individual SWCNT as long as they are well isolated [61], [63]. More importantly micro Raman of
SWCNTs has revealed a method for non-destructively identifying the chiral vector of individual
SWCNTs and consequently allowing precise knowledge of their electronic structure and properties
[63]. Finally a further useful result of this non destructive testing in composite manufacture is the
use of Raman spectroscopy to assess any damage to CNTs during composite processing, for example

as used by Kwon et al. [64].
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2.2.7 Functionalisation of CNTs

Functionalisation of CNTs refers to the modification of the surface of CNTs, usually by the covalent
bonding of a molecule to the carbon structure. Such a process is desirable as certain chemical groups
could provide CNTs improved surface properties, such as better fibre-matrix interaction in
composites [65]. Often when functionalising CNTs it is important that the CNTs are purified and
often activated to allow the covalent attachment of chemical groups [66]. One of the first used
methods of purification of MWCNT is oxidization at high temperature, (>700°C) in a suitable
environment, leading to the removal of most amorphous carbon and other nanoparticles [67].
Activation of CNT is another important procedure in functionalisation and is usually performed as a
‘cutting’ procedure in which CNT are treated with sulphuric or nitric acid and sonicated creating
oxidizing conditions. This causes the CNT to be cut down into many pieces which are approximately
100-300nm in length [68]. Often this process leaves the CNT open ended which allows the covalent
attachment of a variety of oxygenated groups including carboxylic and hydroxyl groups [65],
although the reduction in aspect ratio of individual CNTs may affect their efficiency as fibre
reinforcements in composite structures. Following from this a similar technique was used by Shaffer
et al. to obtain an electrostatic stabilised dispersion of cut CNTs in water [69], [70]. Once activated, a
great deal of chemical groups can be attached to the CNT, for example Gojny et al. [71] attached
amine groups to CNTs creating amino-functionalised CNTs. They showed that this not only has
potential improvements for CNT-Matrix interactions but also helped prevent agglomeration and to

disperse the CNTs better, as a result of the modified CNT surface properties.

Riggs et al. [72] also reported better dispersion of MWCNTs when functionalised with the soluble
poly (vinyl acetate-co-vinyl alcohol) group via ester linkages. This resulted in ‘polymer-bound’ CNTs
that were soluble in both organic solvents and water, forming homogenous solutions that are
surprisingly highly coloured. CNTs have also been functionalised with many other polymers such as
poly-vinylbutryal (PVB) [73] and poly (styrene-co-p-(4-(4’-vinylphenyl)-3-oxabutanol)) (PSV) [74].
These functionalisations have also achieved soluble functionalised CNTs in specific polymers. As well
as the addition of complex chain molecules, simpler functionalisation of CNTs has also been studied
in detail. A good example is that of the fluorination of CNTs where fluorine atoms are attached to
the sidewalls of the tubes and the results confirmed by infra-red spectroscopy to show the presence
of covalent C-F bonds [75]. Interestingly the fluorination of SWCNTs appears to be reversible in a
similar technique used with graphene involving the use of a deflourinating agent. Importantly this
process has been shown to leave the graphitic structure of the CNTs intact [75]. More recently it has

been shown that SWCNT can also be bonded covalently to Fullerene molecules to form what has
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been termed as ‘nano-buds’ [76] and have shown ‘promising field emission properties’ when

compared to as produced SWCNTSs.
2.3 Synthesis of CNTs
2.3.1 Background

Since the first synthesis of CNTs there have been many attempts to find methods of producing CNTs
using various novel techniques. Much of this interest has been due to the lack of methods for large
scale cost effective production of high quality CNTs with potential to be scaled up to a commercial
level. As with all production, if an economically viable technique for CNT synthesis cannot be found
then there is to be little benefit from the years of research put into the area. This section aims to
assess the main advantages and disadvantages of the various techniques and provide an insight into

these processes.
2.3.2 Arc Discharge CNT Synthesis

The arc discharge method of CNT synthesis is regarded by many to be one of the simpler processes,
and is also the first process where CNTs were observed to be synthesised [12]. The process involves
the use of two graphite electrodes placed in an inert atmosphere, usually of Helium. Both electrodes
are water cooled, and the anode, which is usually of slightly smaller diameter, is mobile allowing it to
be brought closer to the cathode as required. The anode is then moved to within less than 1 mm of
the cathode allowing a 100 A current to pass between the two causing the creation of a plasma that
is of temperatures of around 4000 K [77]. This causes the graphite anode to be vaporized and in turn
deposited on the cathode resulting in the synthesis of CNTs, amongst other carbonaceous
structures, during the process the anode is moved continually closer to the cathode to maintain a
constant distance as it is consumed. It is also possible to include a metal catalyst in the electrodes

allowing synthesis of MWCNTs and SWCNTs depending on the presence and type of catalyst [77].

In the case of purely graphitic electrodes the resulting CNTs are usually MWCNTs [12] that are
formed on the cathode, although impurities such as amorphous carbon and fullerenes are always
present. During the process carbon structures have also been observed to be formed in a deposit
that builds up on the reactor walls, although lijima noticed no MWCNTSs contained within this soot.
By varying the pressure of He in the reactor, Ebbesen et al., showed that the rate of formation and
the total yield of CNTs can be drastically improved, with a maximum efficiency seen at pressures of
500 torr [78]. The deposit formed on the cathode usually consists of a hard grey outer shell and a
softer fibrous core, the core consists of about two thirds MWCNT and the remaining third consisting

of other carbon nanoparticles [79]. The MWCNTs produced in this technique usually consist of
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approximately between 2 and 50 layers and are not normally of lengths greater than 1 um, in a
typical arc-discharge experiment [12]. This process of synthesis is generally considered to be highly
energetic and as a result despite good vyields it still remains high cost. Variations on this technique
have shown the possibility of cost reduction by carrying out the process in liquid nitrogen thus
removing the need for a vacuum and cooling system. This technique was demonstrated by Jung et al.
[80] in 2002 and shows promising yields and no contamination of the MWCNT with nitrogen atoms
as a result of the process being carried out in a dewar of the liquid. Due to the relatively simple steps
involved in this method and the high yield produced, there is clearly some potential for scaled up

mass production.

The production of SWCNT through an arc-discharge process requires the integration of a metal
catalyst into one of the graphite electrodes. This process was first published by lijima in 1993 [23],
and involved the incorporation of iron filings into a dimple in a vertical cathode used in the
apparatus. Interestingly the formation of SWCNTs does not occur on the electrodes as seen with
MWOCNT, but rather they are formed in the soot that is left on the walls of the reaction chamber.
Another distinct difference in this synthesis is that SWCNTs were only found to form when methane
was present in the chamber as well as inert argon unlike in the case of MWCNTs. In the same issue
of Nature, Bethune et al. [24] also reported synthesis of SWCNTs through a very similar method
although they used cobalt as their catalyst and reported much more consistency in the diameters of
the SWCNTs that were produced. Since these first experiments many reports have shown that a
wide range of metal catalysts can be used to synthesise SWCNTSs through the arc discharge method
including mixtures of metals and mixtures of metals and graphite powders as well. Larger scale
synthesis of SWCNTs has also been reported using this method allowing the production of gram

scale quantities of approximately 80 % purity [81].

In summary the arc discharge method has been shown to produce various forms of CNT in a well
repeatable process. The main downfalls of the technique are the formation of many impurities in the
produced CNTs and the problems involved with removing these in order to obtain pure samples of
CNT as well as the high energetic cost involved. Also it is often the case that the purification process
can be damaging to the fine structure of the individual CNTs [78]. The other problem with arc
discharge is the limitation of the length, about 1 um [12], of the CNTs produced as it is clear that
some applications would favour longer CNTs. Finally CNTs produced via this technique are formed in
a so called ‘spider web’ style where they are highly entangled with each other unlike other

techniques such as Chemical Vapour Deposition (CVD) which allows the production of aligned CNT
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[82]. As a result practical processing of arc-discharge CNTs can be challenging furthering the need for

improved CNT production methods.

2.3.3 Laser Ablation CNT Synthesis

The laser ablation technique of CNT synthesis uses laser radiation to vaporise a graphite target inside
of a furnace leading to the formation of CNTs. The set up typically consists of a high power laser, of
at least 500 W [83], that is focused onto a graphite target and can be continuous or pulsed. The
target is typically positioned in a quartz tube that is evacuated, filled with a flowing inert atmosphere
and placed inside of a furnace that is typically heated to 1200 °C. The laser radiation then causes the
vaporisation of the graphite target and the particles in the gas phase travel down the tube in the
inert flow where they are collected on a water-cooled conical copper collector. It is here that CNT
are collected although CNTs have also been found to be present on the walls of the quartz tube and

also in other areas that are down flow of the target [84—86].

Similarly to arc-discharge, MWCNTs and SWCNTs can both be synthesised depending on the
composition of the target. Purely graphitic targets yield MWCNTSs as originally found by Guo et al.
[84] in the first production of CNT through the laser ablation technique. After this report many
groups experimented with similar procedures in order to understand the effectiveness of this new
method and it was soon shown by the same group that SWCNTs could be produced by including
metal catalysts in the targets [85]. Other than the target composition, the power and type of the
laser is known to affect the quality and quantity of CNTs produced. Zhang et al. [83] showed in 2001
that the yield of SWCNT was greatly improved with higher laser power, with the best results at laser
powers greater than 800 W. They also showed that at low powers, less than 500 W, the laser was
not powerful enough to produce high enough temperatures for the ablation process to occur. Most
laser ablation synthesis involves the use of an Nd:YAG laser with either the primary beam of

wavelength 1064 nm [84] or secondary beam of wavelength 532 nm [86].

Later experiments attempted to use a larger wavelength, 10.6um, CO, laser causing some notable
effects on the synthesised SWCNTSs as follows. The most interesting point of using a continuous CO,
laser to synthesise SWCNTSs is that Raman spectroscopy of produced samples has revealed that the
average diameter of SWCNTSs produced increases by approximately 0.3nm [83] illustrating a degree
of control over SWCNT dimensions. Another important effect was that using a CO, laser the
synthesis of SWCNTSs was possible at room temperature where as other experiments had shown that
the yield of SWCNTs always increased with temperature [84] and was minimal at room temperature.

Other groups have also used different techniques to attempt to increase the yield from laser
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ablation. After noticing that catalyst containing targets became metal rich over time Yudasaka et al.
[87] synthesized SWCNT using separate metallic and graphitic targets positioned face to face. Their
experiments revealed a method of expanding the effective life span of targets used for laser ablation
CNT production, which is important in producing CNTs in larger quantities. A further area of
research, as with most CNT production methods, is the effect of the catalyst on the process. It has
been found that by using a mixture of catalysts, usually Ni or Co based, can increase the yield of
SWCNTs many times [88] with yields greater than 70 %. The yield of laser ablation is also dependant
highly on the atmosphere inside the reactor, with successful synthesis being reported in both Argon
[85] and Nitrogen [89] atmospheres. Strangely in the presence of a helium atmosphere almost no
SWCNT synthesis is observed despite keeping all other parameters constant [89] and also at
pressures below 200 Torr the soot deposits are dominated by amorphous carbon. Munoz et al.

report the greatest yields of CNTs at pressures between 200 and 400 Torr [89].

In conclusion, similarly to arc discharge CNTs, laser ablation produces tangled CNT that are difficult
to separate from the amorphous carbon and other impurities formed during the process. This said
yields are fairly good, approximately 70% [88], when the process is fully optimised. The main
downfall of laser ablation is that it is only feasible on a lab scale due to the fact that the power of the
laser will always be limited allowing the ablation of only small amounts of the target at any time. As
well as this it is a highly energy intensive process which drives up the cost of manufacture despite

the possibility of production at room temperature.
2.3.4 Chemical Vapour Deposition CNT Synthesis

CVD of carbon containing gases has been studied for many years prior to the discovery of CNTs,
some of the earliest reports of carbon deposition over iron catalysts date back to the 1960s [90].
This specific report concerns the formation of various carbon structures via the decomposition of
carbon monoxide over iron surfaces in a furnace at 550°C. Despite the well known process of CVD it
was not until 1993 that the technique was used to produce samples of CNTs by Jose-Yacaman et al.
[91]. These CNTs were grown via the decomposition of a flowing acetylene/nitrogen mixture over
iron particles at 700°C for several hours. The process produced MWCNTs of up to 50um in length

which formed due to the catalytic nature of the iron particles.
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Figure 2.4: Examples of aligned CVD CNTs grown at The University of Exeter both images are of the same
sample at different magnifications

The basic design of a CVD set up is actually rather simple, and does not involve any particularly
expensive apparatus when compared to arc discharge and laser ablation processes. It consists of a
quartz tube placed inside a furnace with a gas flow from one end of the tube to the other through
the furnace. A crucible is positioned in the centre of the furnace and filled with a catalyst, typically a
metal such as iron or cobalt, that is known to aid the decomposition of the flow gases and also to
favour the formation of CNTs. Due to the low cost involved it was quickly realized that CVD had a lot
of potential for large-scale production of CNTs and as a result many different variations of the
standard CVD set up were quickly developed and tested [82], [91-93]. Early methods of CVD CNT
production often produced a thin film of randomly orientated MWCNTs that contained many
amorphous carbon impurities and often the as grown CNTs were coated in a layer of amorphous
carbon [94]. In 1996 Li et al. used a mesoporous silica substrate embedded with iron nanoparticles
to catalyse CNT grown through CVD [93]. This report had important implications for the future of
CVD as the CNTs produced grew in an aligned ‘“forest’ that grew approximately perpendicular to the
substrate. An example of an aligned CVD CNT forest grown using ‘sabretube’ apparatus is shown in
Figure 2.4 under different SEM magnifications and the ‘sabretube’ CVD system in use is shown in
Figure 2.5. All mentioned CVD experiments thus far have resulted in MWCNT growth however by
fine adjustment of the settings; Kong et al. reported growth of individual SWCNTs on to patterned
wafers in 1998 via the decomposition of methane gas [95]. Expanding on this, millimetre length
SWCNTs have also been formed on flat substrates that appear to be orientated in the direction of
the flow gas [96], and even more recently SWCNTs of length of 4cm that grew at rates of 11um/s

although these were more randomly orientated [35].
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Figure 2.5: Detail of the CVD ‘SabreTube’ equipment in use at The University of Exeter.

CVD is clearly highly dependent on the presence of a catalyst to form CNTs as even MWCNTSs will not
grow without its presence unlike in previously mentioned techniques. This has sparked many groups
to investigate the effect of various catalysts on the CVD process in order to optimise the procedure.
A growth mechanism for CNTs based on vapour phase growth using metal catalysts has been
proposed via both tip and root growth of the CNTs [97], evidence of this has also been seen in the
presence of catalyst particles embedded in the roots and tips of CNT. As well as this mechanism
there is other evidence [98] in the literature to suggest that the annealing of a thin film of catalyst in
specific atmospheres leads to the formation of nanoparticles of catalyst on the substrate and each
particle gives rise to a single CNT. This has been shown by the production of CNTs of different
diameters via the use of different transition metal catalysts and different thin film thicknesses [99],
[100]. As a result of this annealing process, it has been observed that the presence and composition
of a buffer layer under the catalyst can have a significant impact on CNT growth [101]. Although
originally SiO, [93] buffer layers were used recent experimentation has shown longer and more
prolonged growth via the use of Al,Os [101] buffer layers. The annealing process is also dependant
on the thickness of the metal catalyst layer and the ability of the process to form nanoparticles
suitable for the initiation of CNT growth. Bronikowski et al. [102] showed a peak in CNT length
occurred with relation to the thickness of the catalyst layer with a maximum occurring between 1

and 2 nm. This is believed to be a result of thicker layers resulting in too much catalyst being present
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meaning that small nanoparticles of the catalyst will not form under heating in an inert and then
reducing atmosphere [103] . Further details of the chemistry involved in the CVD process is detailed

later in Chapter 3 of this work.

Another useful technique with CVD synthesis is the ability to create substrates with a patterned
catalyst layer through photolithography resulting in the production of patterned CNT forests [82],
[104]. Despite the focus of producing carefully constructed thin film catalyst layers deposited on
substrates for CNT growth another group has also recently reported the growth of CNTs onto bulk
alloy. Talapatra et al. found that CNTs could grow on bulk samples of inconel, an alloy consisting
mainly of nickel, chromium and iron, in various geometries [105]. These CNTs were also observed to
grow in a vertically aligned fashion perpendicular to the surface of the metal similarly to those that
were substrate grown, although smaller final lengths, of approximately 300 um, were observed. In
order to improve the CVD process some groups have experimented with growing CNTs using a
plasma enhanced CVD (PECVD) set up. This process has been shown to not only improve the
alignment of the CNTs but also to lower the production temperature [92]. This is particularly
desirable when producing CNTs on glass substrates for use in electronic devices such as in field
emission applications [53] as temperatures greater than 666 °C can damage even the most advanced
glass substrates [92]. Furthermore plasma enhanced CVD growth has been shown to improve CNT
alignment when compare to self aligned VACNT structures by Bower et al. who proposed that CNT
could be switched from a wavy to an aligned state by switching the plasma on and off respectively
[106], [107] A final development in CVD growth of CNTs is the use of water vapour in CVD systems to
promote so called ‘super growth’ of CNT forests. Using this process CNT forests have now been
grown to taller heights with CNT growing to greater than 2 mm in height in larger areas as originally

shown by Hata et al. [108].

In summary CVD production of CNTs shows great potential for low cost large scale production which
is greatly desired. Recently the ability to grow CNTs on a moving substrate has been demonstrated
hinting towards the possibility of a constant CNT production process [109]. Also a technique for the
removal of CNT from a moving substrate has been suggested by a member of the same group at
Massachusetts Institute of Technology [110]. As well as this by carefully selecting catalysts and
buffer layers deposited on the substrate, the dimensions and quality of the CNTs produced can be
controlled. CVD also allows the production of the longest CNTs to date, which is highly desirable for
many applications particularly in electronics and advanced CNT composites. Finally the total CVD
production time for CNT can be well under an hour for a large batch of CNT produced to lengths of

several millimetres, where the area of growth is only limited by the size of the reactor available [26].
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Arc-Discharge, Laser ablation and CVD are by far the most common techniques of CNT synthesis and
show the most promise for commercial application and are comparatively summarised in Table 2.1.
Although other CNT production techniques exist these have been studied considerably less and as a

result are only reviewed in brief as follows.

Method Advantages Disadvantages

Arc Discharge | High yields CNT often entangled, Highly Energetic,
Post processing of CNT required, Short

CNT aspect ratios

Laser Ablation | High Yields of Pure CNT CNT often entangled, Highly Energetic,
Post processing of CNT required, Short

CNT aspect ratios

CVvD Very High yield, Suited to automation, | Large scale production often lowers
Low energetic cost, Pure CNT | product quality (aspect ratio), precise CNT
produced, Can produce highly ordered | structure is catalyst driven so precise

CNT structures such as forests, CNT | control is required for reliable production.

can have large aspect ratios

Table 2.1: A Table summarising the advantages and disadvantages of the three most common methods of CNT
synthesis

2.3.5 Solar Energy CNT Synthesis

The method of CNT production through the use of solar energy can be compared to that of laser
ablation in that sunlight is focused using a solar furnace resulting in the vaporization of a graphitic
target. This technique was first used to produce fullerene samples in 1993 by Chibante et al. [111]
who believed that solar production could lead to cleaner fullerenes with less damage to their overall
structure usually caused by photochemical destruction during synthesis. The synthesis of CNTs
produced by solar energy was first reported in 1996 at a conference and later in a paper by Laplaze
at al. [112]. They produced a mixture of both SWCNTs and MWCNTSs in an argon atmosphere using
the same technique as Chibante et al. [111], but incorporating a catalyst into the graphite target.
Through the adjustment of precise experimental conditions they found that the structure of the
CNTs produced could be varied including the length and the number of walls present. Similarly to
laser ablation these CNTs are formed in tangled networks containing nanoparticle impurities and

overall the technique appears to hold little promise for mass production of useful CNTs.
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2.3.6 Electrolysis CNT Synthesis

The synthesis of CNTs has also been reported through an electrolysis process [113], [114]. This
process involved a graphite crucible filled with lithium chloride with a graphite rod dipped inside.
The salt was heated to above its melting point before a current was passed through the system
causing the cathode rod to be consumed through electrolysis. Carbon nanostructures formed in the
liquid salt which was then cooled and removed by dissolving in water. The carbon nanostructures
contained in the resulting solution can then be removed and viewed under TEM allowing the
observation of MWCNTs. The CNTs formed in this process are quite varied and it is clear that the
precise conditions of the set up affect the quality of the yield greatly. Although interesting, low

quality CNTs and low yields limit this techniques usefulness in practical CNT production.

2.3.7 Flame CNT Synthesis

The production of various Carbon structures such as fullerenes [115] in hydrocarbon flames was
originally observed in 1991. Although carbon soot deposits have been observed from flames for
centuries it was not until 2000 that CNTs were first observed within these deposits [116]. These
CNTs were observed to be formed when an acetylene/nitrogen flame had a metallocene vapour
injected to it acting as a catalyst for CNTs formation. This experiment produced a range of SWCNTs
although a lot of amorphous carbon embedded with metal particles was also found to be present in
the collected soot. Another group [117] found that MWCNTs could be grown on a Ni-Cr wire placed
in a methane flame. They proposed a catalytic root growth mechanism similar to that of CVD growth
but different as they believed the catalyst particles to be metal oxides that were formed during the

process thus hinting at the possibilities of low cost large scale manufacture.

2.3.8 Bulk Polymer CNT Synthesis

The production of CNTs via heat treatment, a form of pyrolysis, of a polymer was first reported in
1996 by Cho et al. [118]. They found that by heating a specific polymer on an alumina boat, at
temperatures up to 400 °C, produced CNT samples from the polymer. The samples were then left to
cool and dispersed in ethanol in order to allow the observation of the CNTs. These CNTs were
identified as MWCNT with lengths of less than 1 pm. More recently another report [119] used a
similar process where polypropylene was used as a carbon source for CNT synthesis. They used a
specific combustion process at temperatures of 630-830 °C combined with Ni compound catalysts to
form MWCNTSs. They showed that at higher temperatures it appeared that the yield of MWCNT was
increased, by up to 10 %, and also that the form of the Ni catalyst played a significant role in the

process.
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2.4 CNT Composites

2.4.1 Background

The inclusion of CNTs in composite materials is of interest for several reasons that arise from the
properties of individual CNTs. The most desirable of these are the remarkable mechanical properties
of individual CNTs [7] and also their excellent conductive properties both thermal [41], [42] and
electrical [40], [50]. Consequently by using CNTs as a filler in a matrix these properties have the
potential to be scaled up resulting in very unique composite characteristics. Although this process
sounds simple the nanoscale nature of CNTs has made composite production remarkably difficult in
practice, mainly due to the strong interaction of van der Waals forces between individual tubes [40],
[65]. As a result of this interaction, as formed MWCNTs and SWCNTSs tend to aggregate into bundles
or ‘ropes’, particularly when allowed to disperse in a suspension. In order to form effective
composite materials it is necessary that any filler used should be well dispersed in order to maximize
the surface area contact between filler and matrix [121] as well as ensuring uniform reinforcement.
Although the main focus in this review will be the inclusion of CNTs in polymer matrices, it should
also be noted that CNT fillers have already been tested in ceramics [121], [122] and metals [123] as

well.

2.4.2 Dispersion of CNTs in a Matrix