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Abstract
A simple method of carbon nanotube (NT) composite preparation has been 

demonstrated that produces wide ranging and extremely high carbon nanotube mass 

fraction, mf, composites with minimal reagregation of the nanotubes (up to 81 wt% NTs). 

High mass fraction polystyrene-nanotube composite films were fabricated using this 

method from very low concentration dispersions of jV-MethyI-2-pyrrolidone by vacuum 

filtration. These films displayed conductivities between 1 OOS/m and 10'^S/m with densities 

in the region of 400kg/m . Taking into account their porous nature, the conductivity, a , was 

plotted as a function o f the true nanotube volume fraction, p. The conductivity scaled 

according to a percolation scaling law: a  <x p' right up to the nanotube only sample. This 

unexpected result shows that, in these systems at least, percolation scaling persists even at 

very high volume fractions. This indicates that the conductivity is limited only by the 

properties o f the nanotube junctions of which the network is comprised, not by polymer 

tunnelling barriers. Mechanical analyses were also preformed on these films and prompted 

investigation into the factors that control the mechanical properties of nanotube films.

The mechanical and morphological properties o f carbon nanotube films produced 

from a range o f commercial nanotube suppliers were studied. Significant correlation was 

found between the mechanical parameters (modulus, strength, toughness and ductility) and 

the morphological parameters (porosity and bundle diameter) of the films. Little correlation 

was found between the nanotube graphitization of the nanotubes themselves (investigated 

using Raman spectroscopy) and the mechanical properties of the films. The majority o f the 

mechanical properties showed decreased values at higher film porosity and nanotube 

bundle size. The number o f inter-bundle junctions per unit volume, Nj, was calculated and 

related to the film porosity and nanotube bundle size. Both the strength and toughness scale 

linearly with this figure. These films were also characterised for DC conductivity. It was 

found that the film conductivity tends to improve with increasing nanotube graphitization. 

However, as the film porosity and mean bundle diameter increase, the conductivity falls. 

The conductivity scaled only approximately with Nj. However, it was observed to scale 

more clearly with the product o f Raman G/D band ratio and the junction density indicating 

the importance o f both nanotube and network properties for DC conductivity.
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With the aim of increased stress transfer between the nanotubes and the polymer 

matrix, composites were prepared from polyurethane and functionalised (polyethylene 

glycol- PEG) nanotubes in a similar way. Layered composites were also prepared. 

Unfunctionalised nanotubes were dispersed in water using a surfactant and films prepared 

for comparison. Composites prepared with functionalised NTs dispersed in water show 

superior mechanical properties to those prepared using unfunctionalised tubes and a 

surfactant. The Youngs’ Modulus of these composites increased by three orders of 

magnitude from 3.7MPa for the elastomer only sample to 3.29GPa for the highest NT load 

composite (75 wt% NTs). The toughness scaled linearly with nanotube mf up to a nanotube 

load of 40 wt% after which the properties were dominated by those o f the nanotube only 

network. These PEG-SWNT polyurethane composites exhibit tuneable toughness, without 

sacrificing strength.



Chapter 1

Introduction

1.1 Background and Motivation

Since primitive times mankind has constantly sought ways to improve his 

situation, quality of life and ease of existence. Designing and building increasingly 

elaborate shelters to live in, sophisticated tools to work with and modes of 

transportation. All his endeavours required knowledge and development of the materials 

around him. Composite materials have played a huge role in mans journey from hunter- 

gatherer to space-traveller.

Composites consist of two or more components, which complement each other to 

produce a material with specifically required properties. Cement and steel are composite 

materials and both have contributed in a significant way to the evolution of modem day 

life.

At the beginning of the 20'*’ century a new chapter of material science began with 

the production of the first synthetic polymer, Bakelite[l]. Bakelite was used initially for 

radio and telephone casings replacing wood which was is more difficult to process. 

Nowadays thousands of natural and synthetic polymers (commonly referred to as 

plastics) are available to an ever growing consumer population.

The majority o f organic polymers are insulating in nature. However work done 

by Alan Heeger, Alan MacDiarmid and Hideki Shirakawa in 1977 on doped 

polyacetylene was awarded the Nobel Prize in 2000 "For the discovery and development 

o f  conductive polymers This advancement opened up new applications for polymers as 

light emitting diodes [2, 3]. However the intrinsic conductivity of these conducting 

polymers is still low and insufficient for many applications.
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Overall polymers are light weight, chemically stable and are more easily 

processed than most natural materials. More importantly they are relatively cheap, a 

vital quality in our “use once, throw away” society. What they often do not possess 

however is high mechanical strength or electrical conductivity. Polymers in general have 

strengths o f around 50MPa whereas high strength steel wires have shown strengths of 

2390MPa[4]. Although specific polymers have higher values, such as Kevlar which has 

a strength of around 3600MPa[4] most do not. This can limit polymer use to low tech 

packaging type applications.

With this in mind polymers as the matrix for strong conducting composite 

materials hold much potential. Polymer reinforcement with fibres has been common for 

many years[5]. An ideal filler material for polymers should possess good mechanical 

properties, be electrically conductive and have a high aspect ratio. With the discovery of 

carbon nanotubes in 1991 [6], a new extremely strong and conductive (both thermally 

and electrically) material became available. Carbon nanotubes since their discovery have 

been extensively studied in the field of polymer reinforcement[7J.

Several difficulties have arisen to hamper this research. Firstly carbon nanotubes 

bundle together and are difficult to separate [8]. These bundles do not possess the same 

properties as individual tubes and therefore do not provide the desired levels of 

reinforcement. As nanotubes are chemically inert they do not interact well with polymer 

matrices and therefore contribute less than expected to reinforcement[9]. This thesis 

looks to overcome these problems and to investigate carbon nanotubes in a macroscopic 

form and as the filler in two polymer matrices, examining them for both their electronic 

and mechanical properties.
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1.2 Thesis Outline

In this thesis, the electrical and mechanical properties of carbon nanotube films 

and composites based on these films are studied.

In Chapter 2, the structural, mechanical and electrical properties of carbon 

nanotubes are introduced. The most common methods of carbon nanotube production 

are explained and compared. The potential applications of carbon nanotubes and the 

difficulties facing researchers are also mentioned. Following this polymers are 

introduced with particular reference to their mechanical properties. The rest o f the 

chapter focuses on carbon nanotube polymer composites. The theory o f polymer matrix 

reinforcement is explained and a review of current carbon nanotube reinforced 

composite literature is included. Lastly the theory of electrical conduction in polymer 

composites is explained through percolation theory with reference to relevant literature.

In Chapter 3, all the polymers, nanotubes and solvents used throughout this work 

are described. The various experimental techniques for sample preparation and 

characterisation are outlined.

Chapter 4 discusses the measured electrical and mechanical properties of SWNT 

polystyrene composites with emphasis on the electrical results. It begins with a brief 

review of conducting nanotube-polymer composite literature. A novel method of carbon 

nanotube composite preparation is then introduced and described in detail. This method 

produces composites o f extremely high nanotube mass fraction, mf, something which 

has been previously very difficult to achieve. These high mf films were characterised by 

measuring their porosity and carrying out thermogravimetric analysis and scanning 

electron microscopy. Tensile measurements were made to investigate the mechanical 

properties o f the films. The focus of the chapter is on the electrical measurements where 

film conductivity versus true nanotube volume fraction is plotted and discussed in detail.

Chapter 5 investigates the mechanical and electrical properties of carbon 

nanotube films prepared from a variety o f commercially available nanotubes. The films 

were prepared by vacuum filtration of nanotube dispersions. Some of the nanotube types 

have functional groups attached to their surfaces that allow them to disperse in water, 

others require an organic solvent to disperse. The films were characterised by measuring 

their porosity and through scanning electron microscopy and Raman spectroscopy.
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Tensile measurements were made and plotted as a function of the Raman G:D band 

intensity, the nanotube bundle size and film porosity. The same was done for the 

measured conductivity values. In further analyses the chapter goes on to introduce a 

combined parameter, the nanotube inter bundle junction density which relates to both the 

porosity and the bundle diameter size o f the nanotube film. This parameter scales well 

with the mechanical properties of the films, while the Raman G:D band intensity seems 

to have little influence. The Raman G:D band intensity ratio was however found to 

influence the electrical properties o f the films. It is thus combined with the junction 

number density parameter and plotted against the conductivity.

In Chapter 6, composites were prepared using the method described in chapter 

four with functionalised nanotubes and the elastomer polyurethane. These films are 

compared to a set of composites prepared using pristine nanotubes which were dispersed 

using a surfactant in water. Composites were also prepared using a layer by layer 

method. The nanotube and polymer dispersions were prepared separately and alternate 

controlled volumes of each vacuum filtered as before. The films were characterised by 

thermogravimetric analysis and scanning electron microscopy. The electronic and 

mechanical properties o f the films were investigated, the focus of discussion being on 

the mechanical results.

Chapter 7 summarises the research presented in this thesis, discussing its most 

significant findings. Applications of nanotube polymer composites are discussed, as well 

as possible further work.
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Chapter 2

Theory and Background

2.1 Introduction

This chapter introduces carbon nanotubes (CNTs), their properties, synthesis and 

applications. Polymers and their properties are also introduced. It follows on to discuss 

nanotube polymer composites with reference to literature and explains the theory of 

polymer matrix reinforcement and the electrical theory of polymer composites. Carbon 

nanotube films, also known as Bucky papers, are introduced as a macroscopic form of 

carbon nanotubes. These films and composites prepared by a similar method are the subject 

o f study throughout this thesis.

2.2 Carbon Nanotubes
In 1991, while studying high resolution transmission electron microscopy images of 

the soot created in an electrical discharge between two carbon electrodes, Iijima[l], 

observed structures that consisted of several concentric tubes of carbon nested inside each 

other like Russian dolls ,figure 2.1.

Figure 2.1 TEM picture taken by lijima
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While the first carbon filaments of nanometre dimensions were prepared in France in the 

1970s[2], they were not recognised as tubes and were not studied systematically. lijima’s 

observation that the tubes were hollow, permitting experiments in ID quantum physics, 

initiated considerable excitement and research in the field of carbon nanotubes.

2.2.1 Structure of Carbon Nanotubes
A carbon nanotube (CNT) can be visualised as a graphene sheet rolled up into a 

cylinder. This cylinder can be capped at each end with a half-fullerene molecule. Ideally 

carbon nanotubes are entirely composed of sp  ̂ bonded carbon, similar to graphite, where 

each carbon is arranged in a hexagonal ring and is bonded to three others. Due to the 

curvature of the tube walls, some of the original planar sp bond vectors of the sheet are 

bent, picking up some of the characteristics and hence properties of sp type bonds, like 

those present in diamond.

Carbon nanotubes occur in two distinct forms; single-walled nanotubes (SWNTs), 

which are composed of just one rolled up graphene sheet and multiwalled nanotubes 

(MWNTs), which consist of multiple concentric graphene cylinders. Generally, CNT 

diameters vary between 0.4 and 3 rmi for SWNTs and 1.4 and 100 nm for MWNTs[3]. 

SWNTs exist in different forms that are identified by their chiral vector, Ch

Ch =  « a i +  w a2 2 .1

where n and m are integers. a\ and aj are the unit vectors of the two-dimensional hexagonal 

lattice. Carbon nanotubes can act as either metals or semiconductors, depending primarily 

on this roll up vector, which represents the full circumference of the tube, figure 2.2.

If m is zero, the nanotubes are referred to as “zigzag”. If both digits are the same, 

they are “arm chair”. Otherwise they are chiral, producing a mirror image of their structure 

upon exchange of n and m, examples of these three structural varieties are shown in figure 

2 .2 .
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(Ba) (Bb) (Be)

Figure 2.2 (A) Schematic representation of the construction of a nanotube by rolling-up an 

infinite strip of graphene. (Ba) Armchair Tube. (Bb) Zigzag Tube (Be) Chiral Tube.

6 is the chiral angle between the chiral vector Q , and the unit vector ai. From the («, m) 

values, the chiral angle, 6, and the diameter, d, of a nanotube can be calculated

d -  2.2
n

e  = Tan'  2.3
2m + n

where ac-c is the carbon-carbon distance in a graphene sheet (1.42 A[4]).
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2.2.2 Mechanical Properties o f Carbon Nanotubes
Carbon nanotubes are an extremely high strength material. Carbon-carbon sp bonds 

are very strong, being shorter and stronger than even the sp  ̂ bonds in diamond [5]. It is the 

arrangement of the sp^ bonds in CNTs that provide them with their unique strength [6], 

which has been measured experimentally to be in the order of 63 GPa [7]. The tensile 

strengths o f some common materials are listed in table 2.1 for comparison.

Material Tensile Strength GPa

Aluminium 0.090

Copper 0.200

Iron 0.262

Steel 0.380

Titanium 0.520

Polystyrene 0.052 (max)

Nylon 0.0945 (max)

Table 2.1 Tensile Strengths of some common materials[8J.

Mechanical measurements on individual carbon nanotubes are not straight forward 

due to their size and difficulties in obtaining an individual nanotube for testing. Before 

experiments could be carried out theoretical studies predicted that their Youngs’ modulus 

was close to ITPa [9], similar to that of in-plane graphite [10]. To begin with 

measurements were made in a transmission electron microscope [11] where intrinsic 

thermal vibrations were used to calculate the Youngs’ modulus.

The first direct measurements of Youngs’ modulus were made in 1997 by Wong et 

al. [12] inside an atomic force microscope, they were also successful in measuring an 

average bending strength of 14GPa. In 2000 Yu et al [7] carried out stress-strain 

measurements on individual MWNTs inside an electron microscope showing that MWNTs 

fracture at strains of up to 12%, allowing them to estimate nanotube toughness at around 

2232MPa. The Youngs’ moduli of some common materials are listed in table 2.2.

9



Material Youngs Modulus TPa

Aluminium 0.069

Copper 0.110

Steel 0.270

Titanium 0.107

Polystyrene 0.033 (max)

Nylon 0.038 (max)

Table 2.2 Youngs’ Moduli of some common materials[8].

Along with being exceptionally strong and stiff, CNTs are also light weight with a 

density o f approximately 1500kg/m^ [13]. Perhaps one of the most significant properties of 

carbon nanotubes is their large aspect ratio, often greater than a thousand, which coupled 

with the properties previously mentioned suggests them as an ideal filler for the mechanical 

reinforcement o f polymers [14].

MWNTs generally have inferior mechanical properties to SWNTs due to weak 

inter-wall bonding. The inter-wall interaction strength in multiwalled CNTs should be in 

the same order as that in graphite, which has a shear strength value in the range of 0.48 

MPa [5]. Under stress the failure of the outermost tube occurs followed by pullout of the 

inner tubes [7], often referred to as telescoping or “sword from sheath” behaviour, figure 

2.3.

(a)
\

Tb)
s ‘

(0

- --

Figure 2.3 Failure o f a MWNT demonstrating “Sword from Sheath” behaviour[15].

167nm
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2.2.3 Electronic Properties o f Carbon Nanotubes
Carbon nanotubes are a quasi 1 dimensional materials, having diameters o f  only a 

few nanometres and lengths o f often up to several microns. Their density o f  states (DOS) 

has been calculated as,

DOS = g(E) oc , 2.4
■jE-E,

where E q is the energy at the band edge, calculated from the E-k dispersion curve o f the 

energy band diagram. When the density o f states g(E) o f a carbon nanotube is plotted a 

series o f spikes are present at energies corresponding to the band-edge, were E = Eo, figure 

2.4. These spikes occur symmetrically about the Fermi level, and are known as van Hove 

singularities.

Dispfr'.ion relation D»nsin- of states Dispersion relation Densir*' of states

S =  Eo

E  = Bo

Metallic CNT Semiconducting CNT

Figure 2.4 Dispersion Relation and Density o f  States Diagram for a metallic and

semiconducting carbon nanotube.

The appearance o f  van Hove singularities is due to the quantisation o f the allowed 

electronic states around the circumference o f a nanotube, where the electrons are confined 

by the small circumference o f the tube. Therefore only certain wave numbers, k, are 

allowed. The Bom-Von Karmen periodic boundary condition is used to calculate the 

allowed states for a wave around the diameter o f  a carbon nanotube where.
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Cf, -k = 2 K j j = 0,1,2. 2.5

Ch is the chiral vector of the nanotube, k is the wave number and j is an integer. Carbon 

nanotubes are very long, and can be considered infinite along their length, thus the number 

o f allowed states along the axial direction is continuous. So for every allowed value o f k 

around the tube circumference there are corresponding bands o f energy levels along the 

length o f the tube. The lowest level of each of these bands is called Eo, figure 2.4.

For a given sub band the energy difference between the van Hove peaks in the 

valence and conductance band. Eg is,

E . -  2.6

where n is an integer, the carbon-carbon tight binding overlap energy y = 2.7 eV, the carbon 

lattice constant Ucc = 1.42A and d = diameter of the nanotube[16]. Thus Eg is inversely 

proportional to d. This makes sense as the curvature of a nanotube decreases the diameter 

increases accordingly and the band gap will reduce, this will eventually result in a flat sheet 

with no band gap, ie. graphene.

As the band gap energy is dependent on the tube diameter it must also depend its 

n,m values and so on its chirality. Thus the band gap energy will vary for different types of 

nanotubes. Nanotubes can be either metallic or semiconducting depending on the size of 

this energy gap. In general a nanotube will be metallic if.

m - n
 = p  2.7

where p  is an integer. This means 1/3 of nanotubes are metallic and have non zero density 

o f states at the Fermi energy. The other 2/3 are semiconducting and have a zero density of 

states or an energy gap between the van Hove peaks either side o f the Fermi level. For a
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semiconducting tube, the separation between these van Hove peaks is referred to as the 

band gap energy. The value of n between the peaks separated by the Fermi level is 1 so,

One of the most important electrical properties of carbon nanotubes is the reduced 

probability o f electron scattering as a result of the limited number o f allowed electronic 

states. This means that the transport is ballistic over distances greater than 1 |xm. Ballistic 

conduction occurs where the distance travelled by the electrons along the tube axis is less 

than their mean free path and no scattering occurs. The electrons encounter no resistance 

and dissipate no energy, therefore Joule heating is minimised. This allows high current 

densities to be tolerated without destruction of the tube. Carbon nanotubes can carry current 

densities of lOOMA/cm^ [17], in theory 1000 times that of copper.

2.2.4 Production and Synthesis
If carbon nanotubes are to be used in many applications, a cheap, efficient and 

plentiful supply is o f the utmost importance. The three most common methods of CNT 

production are arc-discharge, laser ablation, and chemical vapour deposition.

In the arc-discharge method which is illustrated in figure 2.5, a current is passed 

between two graphite electrodes, in a buffer gas causing the evaporation o f the anode.

Anode

Plsiemnn
Cfithode

G)

Figure 2.5 Arc-discharge scheme[18]. Two graphite electrodes are used to produce a dc 

electric arc-discharge in inert gas atmosphere.
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Laser ablation involves, the evaporation by a laser of a solid target of graphite, 

figure 2.6. The graphite target also contains a metal catalyst (Co, Ni) and is placed in a 

horizontal tube with a flow of inert gas. The pressure is controlled and the temperature in 

the tube furnace is usually ~ 1200 °C. The nanotubes are deposited on a water-cooled 

collector outside the furnace.

Furnace Î OÔ C

Laser Beam

Target

Figure 2.6 Laser-ablation scheme[18].

The growth material for the NTs is a hot expanding plasma of atomic or molecular 

carbon species and the atomic vapour of the catalyst (usually Fe, Ni,Co) which condense to 

form nanotubes. At present, laser ablation produces small amounts of cleaner nanotubes, 

whereas the arc discharge method produces relatively larger quantities (although still in the 

range of grams) of impure material. These were initially the most widely used methods, but 

were too expensive and slow and gave insufficient yields to remain dominant.

Chemical vapour deposition (CVD) involves the catalytic pyrolysis of 

hydrocarbons, providing carbon atoms for nanotube growth, figure 2.7.

Furnace 500-1000°C

CnHm, Inert Gas

Sample

Figure 2.7 Chemical vapour deposition scheme[18].

The hydrocarbon (usually acetylene or methane), and a carrier gas (argon) are heated in a 

furnace in the presence o f catalytic particles (usually Fe, Co, Ni). As the gas is heated, the
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hydrocarbons decompose, catalysed by the metal particles. The carbon atoms precipitate 

and form nanotubes. By choosing the appropriate growth conditions, it is possible to obtain 

single or multiwalled nanotubes with controlled average diameters and lengths[19]. The 

catalyst metallicity is crucial for the CNTs growth and generally CNT diameters depend on 

the catalyst cluster dimensions. The main advantage of CVD over other methods is the low 

cost associated with large scale production. However, the CNTs produced by the catalytic 

process are usually thicker than those by arc-discharge, contain more defects and often 

consist of large aggregates and many impurities[20].

The high-pressure carbon monoxide process (HiPco), developed at Rice University 

is effectively a CVD process without any substrate [21] and produces single-walled carbon 

nanotubes from gas-phase reactions o f iron pentacarbonyl with carbon monoxide at high 

pressures (10-100 atm). The product is reported to contain 97% SWNT. Unfortunately, as 

with all the other SWNT production techniques, metal catalyst, and possibly other 

impurities are also present.

To date all carbon nanotubes contain defects. Some deviation from the six- 

membered-ring structure, such as the inclusion of five- or seven- membered rings appear in 

the carbon network. These stem from the initial formation of the tubes. In general, 

impurities such as carbon-coated metal, carbon nanoparticles and amorphous carbon are 

also present.

There are many different methods of nanotube purification [22]. Liquid 

oxidation[23, 24], gas-phase oxidation[25-28] and electrochemical oxidation [29] have 

been employed to purify SWCNTs. Microfiltration [30], gel permeation chromatography 

[31] and centrifugation [32] have also been found effective. Due to the importance of 

purification in nanotube research, other alternative methods still need to be explored.

The route towards mass production o f CNTs has been hampered by a lack of 

understanding of their exact growth mechanism and kinetics. They remain expensive by 

industrial standards and the transference o f the various production conditions to an 

industrial scale has not yet been achieved. Nevertheless many commercial nanotube 

suppliers have recently come on line with the promise o f a reliable product at low cost. 

Already, Cheap Tubes Inc. claims to have the following mission:
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We are embracing the commodity status o f  Carbon Nanotubes. Many o f our competitors 

are unwilling to accept that ultimately CNTs are a commodity. We believe that when a 

product is a commodity then i f  features and quality are equal, then price is largest 

governing factor. We are striving to be the highest volume, lowest cost CNT supplier.

2.2.5 Applications

The properties o f carbon nanotubes have prompted much discussion on their 

application especially when dispersed within polymeric matrices [33]. As yet, scientists 

have been unable to fully harness the unique attributes exhibited by CNTs at the nano scale 

and transfer them to the macro scale. Poor dispersion is often cited as a process limitation 

and the key factor diminishing the mechanical properties of the composite materials [34], 

Weak interfacial bonding between the nanotubes and the surrounding polymer matrix also 

contributes to the poor performance of the composites.

The dispersion o f CNTs in polymers is crucial to their successful utilisation in 

practical applications, however CNTs do not spontaneously disperse in polymers. 

Unfortunately they are also insoluble in most common organic solvents. The strong 

attraction between CNTs in a polymer solution is enthalpic in origin and enhanced by their 

low dimensionality. Attractive forces in graphitic structures are due to their extended pi 

electron system, which is highly polarisable, and subject to large attractive van der Waals 

forces. These forces lead to bundles of tubes which are very difficult to disrupt. Extended 

structures are formed by lateral aggregation o f the bundles which further tangle together.

Due to the low entropy of mixing, rigid molecules of high molecular weight require 

strong attractive interactions with a solvent to disperse. Since the connectivity and rigidity 

of macromolecules drastically reduces the number of configurations available to them in 

the dispersed state, mixing becomes a problem. In the case of rigid fillers dispersed into 

stiff polymers, the problem is compounded in that neither species gains entropy on 

dispersion.

In certain circumstances, like the case of carbon nanotubes in polymers, thermal 

energy alone is insufficient to surmount the potential energy barrier to aggregation and 

specific measures need to be taken. Several methods have been reported to overcome the
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problem for CNTs, including the use of surfactants[35], functionalisation of the 

nanotubes [3 6], and the use of very specific amide solvents like dimethylformamide (DMF) 

or N-methylpyrrolidone (NMP)[37].

In spite o f the obstacles facing researchers the excellent mechanical and electrical 

properties o f carbon nanotubes make them a good candidate for a wide variety o f macro- 

and micro-application[38]. CNTs are the best known field emitters of any material. This is 

understandable, given their high electrical conductivity, and the size or sharpness of their 

tip. The sharpness o f the tip also means that they emit at especially low voltage, an 

important factor for building low-power electrical devices. As previously mentioned carbon 

nanotubes possess very high current densities. An immediate application of this is in flat- 

panel displays. Instead o f a single electron gun, as in a traditional cathode ray tube display, 

in CNT-based displays there is a separate electron gun (or even many of them) for each 

individual pixel in the display. Their high current density, low tum-on and operating 

voltages, and steady, long-lived behaviour make CNTs very attractive field emitters for this 

application [17].

There are countless applications for carbon nanotube reinforced polymers which 

seek to take advantage of their high strengths and inherent lightness particularly in the 

production o f efficient spacecraft and in the automotive industry. Plastics are often used as 

a replacement for metals. The lack of electrical conductivity in most common plastics can 

be overcome the addition of conductive fillers, such as carbon black and graphite fibres[8]. 

The loading required to provide the necessary conductivity using conventional fillers is 

typically high, and can result in increased weight and degradation of the mechanical 

properties o f the polymer. Carbon nanotubes on the other hand have a higher aspect ratio 

and so require a lower loading to achieve a given level of conductivity[39]. Applications 

which could exploit the high conductivity and aspect ratio of CNTs include electromagnetic 

interference shielding composites, antistatic materials and transparent conductive coatings.

Carbon nanotubes possess desirable characteristics for use as electrodes, in batteries 

and capacitors. They have a tremendously high surface area which has been reported as 

high as 1587 m^/g[40], making them highly accessible to the electrolyte and are good 

conductors o f electricity. Research has shown that CNTs have the highest reversible 

capacity of any carbon material for use in lithium-ion batteries [41],
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Carbon nanotubes are also being investigated for biomedical applications as drug 

carriers, sensors and reinforcement agents for prosthetics. Hydroxyapatite has been used in 

clinical bone graft procedures for many years but exhibits poor tensile strength and 

toughness when compared to bone. Carbon nanotubes are currently being investigated as a 

reinforcing filler for hyrdroxyapatite but more work needs to be carried out to assess the 

bioactivity and toxicity of carbon nanotubes and their composites before they can be 

considered for clinical applications[42].

As carbon nanotubes are a relatively new material there are almost certainly many 

more unanticipated applications yet to be discovered.

2.3 Polymers
Prior to the early 1920's, chemists doubted the existence o f molecules having 

molecular weights greater than a few thousand. Work by the German chemist Hermann 

Staudinger, on natural compounds such as rubber and cellulose challenged this view. A 

Nobel Prize was awarded to him in 1953 for the formulation of a polymeric structure for 

rubber, based on a repeating isoprene unit. Recognition that polymeric macromolecules 

make up many important natural materials lead to the creation of many synthetic polymers 

possessing a variety of properties.

Organic polymers are long, one dimensional macromolecules, made up o f repeating 

identical building blocks that consist mainly of carbon, oxygen, hydrogen and nitrogen 

atoms. They form a large class of natural and synthetic materials with a variety of 

properties and purposes. They typically have low densities with mechanical properties 

usually lower than those of ceramics or metal. However, on the basis o f their low densities, 

their stiffness and strength per mass is often comparable to those of heavier more robust 

materials. In general polymers are chemically inert. One of their major disadvantages is 

their lack o f electrical conductivity and the fact that they have a tendency to soften or 

decompose at modest temperatures.
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2.3.1 Mechanical Properties o f Polymers
The characteristics of a polymer depend on its chemical properties i.e. way the 

chains bond to each other and also on physical properties like the shape and uniformity of 

the individual chains. Side groups on a polymer chain can affect its molecular interactions 

with other chains and influence the materials strength and melting point. In Kevlar strong 

hydrogen bonds are responsible for its high strength and melting point. Branching and 

tacticity in polymers influence the way the chains arrange themselves and has considerable 

influence on their properties. The more entangled a polymer chain, the higher the melt 

temperature and the lower the percentage crystallinity o f the bulk polymer.

Polymers can be grouped into three major classes; plastics, fibres and elastomers, 

although there is no firm dividing line between these groups. One way of classifying a 

polymer is to examine a stress-strain plot of the material, figure 2.8. Rigid plastics and 

fibres are resistant to deformation and are characterised by a high modulus (or stiffness) 

and low percentage elongation. Elastomers readily undergo deformation and exhibit largely 

reversible elongations under small applied stresses, they exhibit elasticity.

rigid
plastic flexible 

plastic ^

elastomer

strain (% elongation)

Fig. 2.8 Stress-Strain curves o f different polymer types[43].

Plastics are probably the largest class o f polymer materials and are usually divided 

into two groups; thermosets and thermoplastics. Thermoplastics can be remoulded after 

heating, whereas thermosets cannot due to cross-linked bonds formed during processing.
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They may also be further classified as amorphous or crystalline depending on the degree of 

order present among their chains.

Elastomers are often weaker than plastics but are generally more ductile. They have 

the ability to undergo large deformations and elastically spring back to their original form. 

This is a result o f crosslinks within the polymer that provide the force to restore the chains 

to their original conformation after the stress has been removed. Unstressed an elastomer 

will be amorphous and composed o f molecular chains that are highly twisted and coiled. 

Elastic deformation occurs as these coils untwist under stress, figure 2.9.

Crosslinks

Crosslinks

Stress
<--------

Stress 
 ^

Figure 2.9 Schematic of elastomer chains unstressed and during elastic deformation 

in response to an applied tensile stress.

Elastomers must be kept above their glass transition temperature to deform in such a way, 

below it they become brittle.

Polymer fibres are often characterised by a high modulus and low percentage 

elongation. They are produced by drawing long filaments from the bulk polymer with 

aspect ratios of at least 100. They are often used in the textile industry in cloths or fabric. 

Some such as Kevlar can also be employed in composite materials. High tensile strength is 

desirable in polymer fibres as they are often subjected to considerable stretching, twisting, 

and abrasion during use.
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2.3.2 Electronic Properties o f Polymers
The majority of polymers are insulating in nature. Their valence electrons are used 

up in covalent bonds and so are localised and unable to conduct electricity. In some 

polymers however this is not the case. In Ti-conguated polymers like polyacetylene alternate 

single and double bonds are present along the polymer backbone. Single bonds consist of 

overlapping orbitals along the intemuclear axis, called a-bonds. Double bonds consist of a 

a-bond and also a parallel 7i-bond. The ;i-bond is a result of overlapping orbitals directed 

perpendicular to the intemuclear axis, figure 2.10.

In conjugated polymers the 7t-electrons can become delocalised and shared along the 

polymer chain, enabling them to conduct electricity. Other examples of conducting 

polymers are poly(aniline), poly(phenylenevinylene) and poly(pyrrole). Delocalised bonds 

in these examples are due mainly to the presence of aromatic rings. The electrical 

conductivity of conducting polymers is however far below the level required for many 

applications where metals are currently used.

p  ( I l l x u li i ih i i j l  p o r b i l i i l

sijim a
bt>rKi

Figure 2.10 Double bond consisting of a a-bond and a ;i-bond.
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2.4 Carbon Nanotube Polymer Composites
As discussed in the previous section polymers possess a host o f  attractive qualities 

including durability and mouldability. They are lightweight and chemically stable. One o f 

the most attractive properties o f polymers is the ease and low cost with which they can be 

processed. They are often however mechanically lacking for certain applications where 

particularly high strengths or stiffness are required and are poor conductors o f  electricity. 

The role o f  CNTs in polymer composites is to overcome these issues through mechanical 

reinforcement or by improving their electrical properties.

2.4.1 Theory of Polymer Matrix Reinforcement
The simplest way to model a fibre reinforced composite is to apply the rule o f 

mixtures. In the rule o f mixtures it is assumed that the reinforcing fibres are aligned and 

span the full length o f the composite and that there is perfect stress transfer between the 

matrix and the fibres[8]. Hence, equal strain occurs for both the fibre and the matrix. In this 

situation, the Young’s modulus o f the composite parallel, yc|| and perpendicular, Yc-i-, to 

the fibre direction are:

Y Y
Y„ II -  <i>fYf + (1 -  (Pf )7„ and Y,.^ = ----------------------------^ ------------------------- 2.9

where } /and  Y„ are the modulus o f the fibre and matrix respectively, and (f)f is the volume 

fraction o f the fibre.

Naturally this is a simplified situation. The rule o f mixtures only applies when the 

fibres are at least as long as the composites. It cannot be applied to nanostructure reinforced 

composites as the lengths o f the fibres, ~1 ^m, are substantially less than any composite 

films prepared. Matrix-fibre interfacial stress transfer, r, must be considered. Nanoparticles 

are ideal for reinforcement because o f their high surface area to volume ratio, which 

maximises the area available for interaction with the polymer matrix, thus allowing greater
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stress transfer. The stress transferred from the matrix to the fibre scales with fibre length, /. 

At a critical length, Ic, the transferred stress is enough to break the fibre.

For systems where short fibres are used for reinforcement, Cox derived his shear lag 

theory[44]. It states that for aligned fibres in a composite, the Young’s modulus of the 

composite is

Yc=(r i^Y ,-YJV^^Y „  2.10

where,

Tanh{a -U D)
n, = \ --------- ^ ^  2.11

' a - l I D

t]i is the length efficiency factor which describes the reduced effective modulus of the 

reinforcement fibres due to their shorter length, /. D is the diameter, and a is given by

a =  -----------^  2.12pr, InF,

In order to consider a more realistic situation still, the Krenchel orientation efficiency factor 

[8], rjo, is introduced for randomly orientated short fibres.

Y c = ( n o r ? J f - Y J V , + Y „  2.13

r]o is equal to 1 for aligned fibres, 3/8 for fibres aligned in the plane and 1/5 for randomly 

orientated fibres [14]. Similar calculations can be made to derive equations for composite 

strength [14].

The Halpin-Tsai theory [45] was developed for continuous fibre composites and 

accounts for a distribution of fibre lengths and orientations in the polymer matrix. The 

composite modulus Yc for randomly orientated fibres is
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Although the Halpin-Tsai theory works well at low volume fractions it is known to 

underestimate the increase in modulus at high volume fractions [14],

In composite materials the change of Young’s modulus with respect to the volume 

fraction of filler, dY/dVf, is often used as a marker for reinforcement. To achieve 

reinforcement in fibre-polymer matrices a large filler aspect ratio is preferred in order to 

achieve the maximum contact with the polymer with the least amount o f filler, so retaining 

the positive attributes of the host polymer. A good dispersion is also vital as previously 

mentioned in section 2.2.4. Perhaps most important is the interaction between the fibres and 

their host. There is little point in adding filler to a polymer if applied stresses are not 

efficiently transferred from the polymer to the filler particles. Improved interfacial stress 

transfer can be achieved in carbon nanotube polymer composites by functional isation of the 

nanotubes [46], in-situ polymerisation of the polymer with the nanotubes[47], or for semi 

crystalline polymers by crystallisation around the nanotubes [48].

2.4.2 Mechanical Reinforcement in Carbon Nanotube Polymer 

Composites
There have been literally thousands of studies on the reinforcement o f polymers 

with carbon nanotubes. In this section a brief overview of the field is presented.

Carbon nanotube composites can be prepared in a variety o f ways. Solution 

processing is perhaps the most common method, where the nanotubes and polymer are 

mixed together in a solvent before it is evaporated off to form a film. The main advantage

24



of solution processing is that the nanotube soot or powder is agitated in the solvent 

encouraging de-bundling and dispersion. The nanotubes are generally dispersed in the 

solvent or solvent polymer solution using magnetic stirring, shear mixing, reflux or 

ultrasonication. Sonication can be provided in two forms, mild sonication in a bath or high- 

power sonication using a tip. Solution processing relies on the efficient dispersion o f the 

nanotubes in the relevant solvent. Solvents are usually chosen based on the solubility of the 

polymer. As pristine carbon nanotubes do not easily disperse in most solvents a surfactant 

is often employed to disperse the nanotubes before mixing with the polymer solution [49, 

50], Nanotubes have also been dispersed in polymer solutions while insoluble in the solvent 

alone[51].

Studies using this method and non-functionalised nanotubes with various polymers 

[49, 51-56] have shown increases in the Young’s Modulus of the composites (which is a 

marker of mechanical reinforcement) at nanotube loading levels of between 1 and 60 wt %, 

usually with between a 1 and 3.8 times increase of the Young’s modulus. At lwt% loadings 

Qian et al. [53] observed an increase in the modulus of polystyrene from 1.62 to 1.69GPa, 

the tensile strength o f their composites also increased from 12.8 to 16MPa. They observed 

both fracture and pull out of the nanotubes on fracture of the composite suggesting non- 

uniform bonding. Studies on a methylethyl-methacrylate co-polymer reinforced with 

MWNTs [57] gave a modulus increase of 3.29 times from 0.71GPa to 2.34GPa. The 

MWNTs were dispersed using a surfactant before being added to the polymer.

Where sonication was used to disperse MWNTs in polyvinylalcohol (PVA) water 

solutions [51] the modulus was observed to increase by a factor of 3.6 to 7.04GPa at 0.6% 

volume nanotubes with a strength enhancement from 81 to 348MPa. Microscopy study 

indicated nanotube pullout but in this case a layer of polymer was still present around the 

nanotubes. This suggests the presence of interfacial crystallinity which aids reinforcement.

Melt processing is an alternative preparation method for insoluble polymers and 

involves mixing nanotubes with a viscous liquid form of polymer by shear mixing. This 

method is simple and fast and is compatible with industrial processing. It is particularly 

suitable for use with thermoplastics as they soften when heated. Amorphous polymers can 

be processed above their glass transition temperature while semi-crystalline polymers must
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be heated above their meh temperature to induce sufficient softening. After mixing, 

samples can be prepared by moulding or extrusion techniques.

Lower increases in Young’s Modulus are generally observed for melt processed 

composites[58-61]. CVD MWNTs meh mixed in polystyrene gave a modulus increase of 

2.25 times on the addition of 25wt% nanotubes[59]. The addition o f only 0.75wt% SWNTs 

to polypropylene observing the modulus increase from 0.85GPa to 1.19GPa[60]. 

Composite fibres are also often prepared by melt processing methods[62, 63] and generally 

show similarly lower reinforcement levels. The production process for fibres can act to 

align the nanotubes within the fibre. SWNT and polypropylene were used by Moore et al. 

[62] to produce fibres that were further drawn to improve nanotube alignment, they 

observed a 2.29 times increase in the modulus with 1 wt% nanotubes. The poorer 

reinforcement affects of melt processed composites are in part due to poor nanotube 

dispersion within the polymer and problems with nanotubes sticking to the walls of the 

processing equipment.

Composites containing functionalised nanotubes have shown the most positive 

reinforcement results. The graphene like surface of a carbon nanotube is relatively smooth 

and so quite difficult for a polymer to adhere to. In addition to this, nanotubes as previously 

mentioned bundle together, lowering the surface area available to the polymer and 

providing reinforcement through bundles which have lower mechanical properties than 

individual tubes. Functionalisation aids both dispersion and interaction between the 

polymer and the nanotubes in a composite material, and so increases the stress transfer 

between the nanotubes and their host.

Work by Hwang et al[15] using polymethyl-methacrylate (PMMA) grafted 

MWNTs in PMMA showed a ten times modulus increase to 29GPa on the addition of 20 

wt% CNTs, with an observed dY/dVf value of 115GPa. The nanotubes failed by “sword 

from sheath” behaviour suggesting good interfacial stress transfer as the nanotube polymer 

bond did not fail [37]. Small amounts of hydroxyl functionalised SWNTs were used by Lui 

et al [64] to reinforce PVA with a reinforcement value (dY/dVf) o f 305 GPa. A 

reinforcement value of ~380GPa was achieved by Bhattachararyya et al [47] by grafting a 

protein onto MWNTs and mixing them with PVA.
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In addition to these standard methods of composite preparation there are a few 

ahematives such as coagulation and electro spinning, layer by layer deposition and 

infiltration methods. Variations on the last two have been made possible in this work 

through recent advances in dispersion technology.

The basic infiltration method begins as a carbon nanotube film or bucky paper. 

Bucky papers have traditionally been prepared by the vacuum filtration of a nanotube 

surfactant water dispersion [65]. This carbon nanotube paper is then taken and soaked in a 

polymer solution to allow intercalation of the polymer into the considerable free volume 

(-70% ) o f the paper [13]. This results in very high volume fraction composite material 

[66].

2.4.3 Theory o f Electrical Conduction in Nanotube Polymer 

Composites
The majority of polymers are insulating in nature as their bonds are generally 

arranged in such a way that no electrons are free to conduct electricity. Polymers that are 

conductive have many uses as they combine the electrical properties of a metal with the 

low density and processability of a polymer.

Insulating polymers can be made conductive by the addition of a conductive filler. 

Silver, nickel, platinum, gold, palladium and carbon are all common fillers. One advantage 

o f composites over inherently conductive polymers is that the filler can simultaneously 

provide mechanical reinforcement along with increased conductivity.

Percolation theories are frequently applied to describe this insulator-to-conductor 

transition in composites comprising of conductive fillers in an insulating matrix and will be 

discussed in the following section.

2.4.3.1 Percolation Theory
Percolation theory describes random systems which have a sharp phase transition at 

which long-range connectivity suddenly appears or disappears[67]. The point at which the
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transition occurs is called the percolation threshold. This usually occurs over a small 

concentration range and depends on many factors including the connectivity o f the phases, 

the size and shape o f each phase and the wetting behaviour o f the phases.

In order for a current to flow through an insulating polymer the filler particles must form a 

complete pathway.

Volume Fraction

Figure 2.11 Predicted dependence o f conductivity on the concentration o f filler particles in 

an insulating matrix. Below the percolation threshold (^, ) A, no conducting network

exists. Above , B, long range conductivity begins to appear and conduction occurs. At C

multiple conductive paths exist and the conductivity increases slowly with increasing filler

content.

For conductive fillers in an insulating polymer matrix, the percolation threshold, ( jk , 

is defined as the filler concentration at which the composite conductivity begins to increase 

above that o f the polymer. Just above (fk  the conductivity starts to rise slowly, but as the 

concentration o f filler material, is increased further, the conductivity rises sharply as 

more parallel pathways appear, often by several orders o f magnitude. This is illustrated in 

figure 2.11. This increase in the conductivity of the system can be described by the 

percolation law in equation 2.16, but this is only valid in the critical region near the 

percolation threshold, where | (j) - (j)c | «  1.
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= <!>c)' 2.16

t is the critical conductivity exponent, and ao is related to the conductivity o f the filler, oo is 

an extrapolation o f  the percolation law to 100% filler material and is not necessarily equal 

the conductivity o f  the pure filler material, as the percolation law is not valid that far from 

the percolation threshold, Conductance barriers between the filler particles will reduce 

the conductivity o f  the system and have been assigned as the cause o f  low values for og 

[68]. The exponent t is expected to depend on sample dimensionality with calculated values 

o f / = 1.33 and t = 2.0 in two and three dimensions, respectively[69].

The volume fraction o f  filler required for percolation depends on the conductivity 

and importantly on the shape o f  the filler material [70]. Spherical particles require a higher 

loading, whereas fibres link up more efficiently and reach percolation at much lower levels. 

Excluded volume theories have been developed to explain the dependence o f  the 

percolation threshold on the geometry o f the filler particles. The excluded volume is 

defined as the volume around an object into which the centre o f a similar object is not 

allowed to enter if  overlapping o f the two objects is to be avoided [71]. For spheres, it can 

be shown that Vex is eight times the volume o f the sphere, as it relates to twice the radius.

Figure 2.12 Excluded volume o f a sphere
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In the case o f nanotubes, which can be approximated as prolate ellipsoids, the derivation of 

the excluded volume has dependence on both the nanotube length and diameter [72], this in 

turn can be related to the percolation threshold as

(t)c~0.6d/L 2.17

This suggests that due to the high aspect ratio o f carbon nanotubes very low percolation 

thresholds can be expected on their inclusion in an insulating matrix.

2.4.4 Conductivity in Carbon Nanotube Polymer Composites
Extremely low percolation thresholds have been reported for carbon nanotube 

polymer composites, as low as 2.5xlO'^wt% for un-entangled multiwalled-nanotubes 

(MWNT) in epoxy[39]. The maximum conductivities achieved in that and similar studies 

are low. Typically maximum values range between 1.4x10'^ S/m[73] and 1000 S/m, the 

latter value for a sample containing 10wt% nanotubes[74]. The vast majority o f results have 

appeared at the lower end of this range, often due to polymer tunnelling barriers[73] which 

limit inter-tube charge transport. Such low conductivities may not be suitable for many 

applications that hope to utilise the high electrical conductivity of carbon nanotubes. 

Nanotube only films have displayed much higher conductivities, like those prepared by Wu 

et al. who measured values of 6.6x10^ S/m[75]. The electrical properties of high load 

composites are therefore of interest and are discussed in chapters 4 and 6.

2.5 Carbon Nanotube Macrostructures
Composites are not the only way in which to arrange carbon nanotubes in a 

macroscopic form. Several preparation methods take advantage o f the fact that nanotubes 

are inclined to bundle together these include carbon nanotube fibres and carbon nanotubes 

sheets [76].
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2,5.1 Carbon Nanotube Fibres
Macroscopic carbon nanotube fibres have the potential to form high-strength, 

lightweight, thermally and electrically conducting structural elements. Futuristic 

applications such as space tethers and the space elevator [77] will require ultra-strong 

SWNT fibres but many other applications will require multifunctional properties without 

such high strengths [78], The potentially good electrical properties of nanotube ropes may 

be used for highly efficient transmission of electricity over long distances. Their thermal 

properties may be exploited in microelectronic applications where thermal management is 

an increasing problem as miniaturization progresses [77].

Continuous fibres consisting predominantly or solely of SWNTs have been 

produced by solution spinning. Several research groups have used solution spinning to 

produce bulk quantities o f SWNT fibres with lengths o f 1 m or above.

The first truly continuous process for making fibres composed primarily or solely of 

SWNTs was developed by Poulin et al [79]. This process produced fibres composed o f a 

network of SWTslTs and a polymer, typically polyvinyl alcohol (PVA) which could be 

removed by washing and heating. The fibres had an electrical conductivity o f lOOOS/m. 

Fibres have also been spun from DNA stabilized SWNT dispersions [80], A Young’s 

modulus of 19 GPa, and a tensile strength of 130 MPa was achieved in this study; these 

values are twice those achieved for fibres spun from SWNT-SDS dispersions. However, the 

electrical resistivity of fibres produced from the DNA-stabilized dispersions was more than 

50% higher than that of those produced form the SDS-stabilized suspensions.

Highly aligned fibres consisting solely o f SWNTs have also been produced by wet- 

spinning SWNT superacid dispersions [81, 82], The direct protonation of singlewall carbon 

nanotubes in superacids allows them to be dispersed at more than an order of magnitude 

higher concentration than that typically achieved in surfactants (8wt%). The fibre is formed 

by pushing the dispersion through a 125^m syringe needle into a diethyl ether coagulation 

bath [82]. A Young’s modulus of 120 GPa and tensile strengths of 120 MPa were achieved 

for these fibres which were on the order o f 50 micrometers in diameter and tens of meters 

in length. These fibres demonstrated conductivities of 5 x 10  ̂S/m.
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2.5.2 Carbon Nanotube Bucky Papers
Carbon nanotubes can also be macroscopically arranged in the form of a Bucky 

paper. A dilute nanotube dispersion of some kind, most commonly a water surfactant 

dispersion, is filtered through a filter paper leaving behind an entanglement of nanotubes. 

This residue is a Bucky paper. Bucky Papers are very promising materials [76] having 

demonstrated actuation properties [83], high conductivities of up to 6.6xlO^S/m [75] and 

potential as transparent electrodes [84], Strengths and Youngs’ moduli o f up to 15MPa and 

2GPa respectively have been observed for these structures [85]. This thesis as a whole is a 

study o f carbon nanotubes in this macroscopic form.

2.6 Conclusions
As discussed in the previous sections carbon nanotubes are both interesting and 

very promising for material scientists. However problems involving their dispersion and 

adequate stress transfer in polymer matrices need to be addressed.

Chapters 4 and 6 of this thesis concern themselves with the study o f high volume 

fraction composites prepared through the vacuum filtration o f a nanotube polymer 

dispersion, a one step version of the previously described infiltration method. The 

advantage o f this new method is that neither a surfactant nor second soaking step is 

required.

In chapter 5 the control factors of the mechanical and electrical properties of Bucky 

paper are investigated.

Chapter 6 also investigates a layer by layer deposition method. This consists o f thin 

alternate layers of nanotube dispersion and polymer solution being deposited one on top of 

the other. This method also facilitates composites of high nanotube volume fractions.
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Chapter 3

Materials and Methods

3.1 Introduction

This chapter includes a brief description o f  the materials used throughout this thesis 

and outlines the experimental methods used to characterise them, and the nanotube (NT) 

and NT/Polymer films prepared from them.

3.2 Polymers
As discussed in section 2.3 polymers can be grouped into three major classes, 

plastics, fibres and elastomers. Two very different polymers were chosen for study in this 

work. The first was the thermoplastic polystyrene and the second was the elastomer 

polyurethane.

3.2.1 Polystyrene
Polystyrene [CH2CH(C6H5)]n is a long chain non-conjugated hydrocarbon with 

every second carbon connected to a phenyl group (figure 3.1).

Figure 3.1 Chemical structure o f  polystyrene
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In ordinary atactic polystyrene the phenyl groups are randomly distributed on both sides o f 

the chain. This random positioning prevents the chains from ever aligning with sufficient 

regularity to achieve any crystallinity, so the plastic has no melting temperature, T ^ -  

Polystyrene is a thermoplastic polymer meaning that it will soften when heated above its 

glass transition temperature (Tg), can be shaped and, on cooling, will harden into the form 

o f its container or mould. Importantly, this is a repeatable process. Solid polystyrene is 

transparent, rigid and electrically insulating. The typical mechanical properties o f  

polystyrene are shown in table 3.1. Polystyrene (PS) with a molecular weight o f 

350,000g/mol was purchased from Aldrich for use in this work.

3.2.2 Polyurethane
Polyurethane [(-R|-NHC00R200CHN-)n] is a thermosetting elastomer, where R 

can be any organic molecule, figure 3.2.

H O  O H  
■R’'-N -C -0 -R 2-0 -C -N -

Figure 3.2 Chemical structure o f  polyurethane

It is an amorphous polymer which behaves as an elastomer above its glass transition 

temperature which is far below room temperature. An urethane linkage is produced by 

reacting an isocyanate group, -N =C =0 with a hydroxyl group, -OH. Polyurethanes are 

produced by the polyaddition reaction o f a polyisocyanate and a polyalcohol (polyol) in the 

presence o f a catalyst and other additives. Polyurethane is opaque, flexible and electrically 

insulating. The typical mechanical properties o f  polyurethane are listed in table 3.1. A 

polyurethane dispersion, in the form o f a waterborne emulsion with particle size <3 

microns was provided by Hydrosize® Technologies, Inc. (www.hydrosize.com).
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Polymer Youngs’ Modulus 

GPa

Tensile Strength 

MPa

Strain at Break

%

Toughness

MPa

Polystyrene [1] 2.28-3.28 35.9-51.7 1.2-2.5 -0.21*

Polyurethane [2] 0.002 32.8 700 20-60

Table 3.1 Mechanical properties o f polystyrene and polyurethane

3.3 Carbon Nanotubes
The properties o f carbon nanotubes have already been discussed in chapter 2. 

Several varieties o f  unfunctionalised and functionalised tubes were used during the course 

o f this work. Their names, production method, supplier and functionality are listed below in

table 3.2.

Name Production

Method

Supplier Functionality

Purified HiPCO 

SWNT

HiPCO www.cnanotech.com N/A

As Prepared (AP) 

Elicarb SWNTs

CVD www.thomas-swan.co.uk N/A

Annealed Elicarb 

SWNT

CVD www.thomas-swan.co.uk N/A

Nanolab DW NTs CVD www.nano-lab.com N/A

Swent SWNTs CVD www.swnano.com N/A

AP-SW NT CVD www.carbonsolution.com N/A

P2-SWNT CVD www.carbonsolution.com Lowly-COOH

P3-SWNT CVD www.carbonsolution.com Highly-COOH

(4-6 atomic%  COOH [3])

P5-SWNT CVD www.carbonsolution.com Octadecylam ine (ODA)

P7-SWNT CVD www.carbonsolution.com Polyethylene glycol (PEG)

P8-SWNT CVD www.carbonsolution.com Polyaminobenzene Sulfonic 

Acid (PABS)

Table 3.2 Carbon nanotube supplier and information.

“ Toughness value of Polystyrene from own work. Unavailable in literature.
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3.4 Solvent Choice
As was previously mentioned in chapter two pristine nanotubes do not disperse in 

most common solvents. The noncovalent attachment of surfactants[4] is often used to 

facilitate dispersion. Surfactants have been found to form micelles around SWNTs, 

following a high power sonication step. The energy from the sonic tip disrupts the van 

der Waals forces that hold the NTs together and they debundle. The surfactants have a polar 

head group and an apolar tail. The head group is soluble in water and the tails are attracted 

to the surface of the nanotubes forming micelles. These micelles act as a protective sheath 

around the SWNTs shielding them from the solvent and preventing the rebundling that 

normally occurs due to the large surface energy difference between nanotube surface and 

the solvent[5].

When the use o f a surfactant is not desirable specific amide solvents have been 

found to disperse carbon nanotubes [6], one of these is N-methyl-2-pyrrolidone (NMP). In 

this study by Giordani et al., it was found that using this solvent good quality SWNT 

dispersions could be routinely fabricated without the need for ultracentrifugation and that 

these dispersions were stable against both sedimentation and aggregation. AFM studies 

show that the nanotube bundle diameters tend to decrease with concentration until very 

small bundles are found at low concentrations [6]. The first polymer that was chosen for 

study in this work was polystyrene which is soluble in NMP.

When carbon nanotubes are functionalised it allows them to be dispersed in other 

solvents[7]. In this study the polyethylene glycol and the polyaminobenzene sulfonic acid 

functionalised nanotubes could be dispersed in water[8]. Where water was not an adequate 

solvent with which to disperse the carbon nanotubes organic solvents were used. The 

carboxylic acid functionalised nanotubes were dispersed in NMP. The octadeycylamine 

nanotubes were dispersed in chloroform.
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3.4.1 N-methy 1-2-pyrrolidone (NMP)
N-methyl-2-pyrrolidone (NMP) is a solvent containing a 5-membered lactam 

structure, figure.3.3. It has a boiling point o f  202 ° C  [9] and was purchased from Aldrich.

CHj
Fig.3.3 Chemical structure NMP.

3.4.2 Chloroform
Chloroform (CHCI3) is a common lab solvent with a boiling point o f -60 .5  °C [9] 

and was purchased from Aldrich.

3.5 Sonication
Throughout this work nanotube dispersions were prepared using ultrasonication. A 

sonic tip (or horn) provides sufficient energy to the nanotubes to break the van der Waals 

interactions between them (which are the cause o f  bundling[1 0 ]) and facilitate dispersion.
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Fig.3.4 Schematic of NT dispersion through ultrasonication.

Dispersions were typically exposed to a sonication power of 120W at 60KHz for a few 

minutes. Mild sonication was also used by placing the dispersions in a sonic bath often for 

longer periods of time.

3.6 Buchner Filtration

Buchner filtration was used to prepare all the NT containing films described in 

chapters 4, 5 and 6. A schematic of the apparatus is shown in figure 3.5.

C arbon  N anotube 
Bucky P aper

Filter Paper

R ecovered  Solvent

/
r '

Fig. 3.5 Buchner filtration apparatus
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A teflon filter paper is placed on the porous sintered glass of the Buchner funnel. The NT 

dispersion is poured onto the filter paper and a vacuum pulls the solvent through the filter 

leaving behind a mesh of entangled NTs.

3.7 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is a technique often used to determine the 

thermal stability o f a material. A sample is placed in a furnace on a sensitive balance and 

heated at a chosen rate. The furnace environment is controlled by air or nitrogen purging. A 

characteristic curve is obtained displaying mass against temperature. The mass of the 

sample decreases as the temperature increases due to oxidation. The derivative of this curve 

may show more than one distinct peak, especially in composite materials. Each peak may 

be assigned to a process involving a material in the composite and the area under the curve 

can be used to calculate the filler to matrix mass ratio o f the composite.

In Chapters 4 and 6 a Perkin Elmer Thermogravemetric analyser Pyris 1 was used to 

calculate the nanotube mass fraction, mf, of each composite film.

3.8 UV-Vis Absorbance Spectroscopy
Ultraviolet and visible (IJV-vis) absorbance spectroscopy monitors the attenuation 

of a beam of light as it interacts with a sample. It is governed by the Beer-Lambert Law 

(eqn. 3.1) where the Absorbance, A, is related to the incident and transmitted intensities.

The Beer-Lambert law states that the absorbance of a solution is directly proportional to the 

solution's concentration. Thus UV/VIS spectroscopy can be used to determine the 

concentration of a solution.

On examining a NT or any other type of dispersion, the absorbance. A, is equal to 

aCl, where a is the extinction coefficient, C is the concentration and / is the length of the
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cuvette. If the initial concentration of the NT dispersion is known, changes due to 

sedimentation over time or by an acceleration o f this process by centrifugation result in a 

change in the value o f  A. As  the path length / and extinction coefficients a do not change, 

the change in A is therefore proportional to the change in concentration C of the dispersion. 

In Chapter 6 a Cary 6000i UV-Vis Spectrometer was used to find post-centrifuge NT 

dispersion concentrations.

3.9 Raman Spectroscopy
Raman spectroscopy is a fingerprinting technique that gives information about the 

vibrational frequencies o f a material and hence can be used to identify its composition. 

When monochromatic light is shone on a sample not all light is scattered at the same 

frequency as the incident light. The oscillating electric field o f the incident wave can induce 

an oscillating dipole moment in the material and although the majority of the light is 

elastically (Rayleigh) scattered, some is Raman shifted to a higher or lower frequency. 

This occurs when the incident photons exchange energy with molecules in the sample. 

Whether a sample is Raman active or inactive depends on the polarisability o f its electron 

cloud. For instance water is highly polar and hence its polarisability does not change as it 

molecules vibrate. Strong Raman scatterers have distributed electron clouds such as pi- 

bonds which are easily polarised. This change in polarisability is what causes a material to 

be Raman active. Raman spectroscopy is therefore a useful tool for the examination of 

CNTs. Several distinctive modes are observed for carbon nanotubes and are shown in 

figure 3.6.
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Figure 3.6 Typical Raman spectra for single-walled carbon nanotubes.

Raman active peaks are observed for SWNTs in the low frequency area o f a Raman 

spectrum and are referred to as radial breathing modes (RBM). The RBM frequency is 

inversely proportional to the diameter of the tube, making it an important feature for 

determining the diameter distribution of a sample. Its absence in other graphitic forms 

makes it a useful diagnostic for confirming the presence of SWNTs in a sample.

The D- band is called a defect mode as it indicates the presence of sp^ hybridised 

carbon. It usually occurs at 1280 cm '. The relative strength and width of the D band mode 

gives a qualitative measurement of how large a fraction of graphitic material and nanotubes 

with defects are present in a sample.

The G band is a tangential shear mode of carbon atoms. In graphite, there is one 

single G mode at ~1580 cm ''. In carbon nanotubes, the single G band transforms into 

several modes due to the confinement o f wave-vectors along the circumference. The quality 

of a carbon nano tube sample is often evaluated by comparing the D to G band intensity. For 

high quality samples, without defects and amorphous carbon, the D/G ratio is often below a 

couple o f percent[l 1, 12]
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In Chapter 5 Raman spectroscopy was carried out on various kinds of CNTs using a 

Horiba Jobin Yvon LabRam HR with the 633nm excitation wavelength laser.

3.10 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) involves scanning an electron beam across a 

sample line by line to build up an image of the sample. The basic principle of SEM is that 

a stream of electrons is formed and accelerated towards a specimen using a positive 

electrical potential. A cold field emission source is used as the electron source. A tip acts as 

a cathode and is usually made of an electrochemically etched length of single crystal 

tungsten wire. When a voltage is applied to the anode and intense field is experienced at 

the tip. This results in a potential barrier small enough for conduction electrons to tunnel 

out of the tungsten into the vacuum. A second anode is provided to accelerate the electrons 

to the desired total accelerating voltage, figure 3.7.

The beam is then confined and focused using metal apertures and magnetic lenses. 

When the beam hits the sample a detector monitors the backscattered secondary electrons 

emitted and converts them into a voltage which is applied to the grid of a cathode ray tube.

second anode

20 kV
first anode

3kV

field emission tip 
(Electron Source)

Fig.3.7 Scheme of a cold emission gun. The proximity o f the first anode (the extraction 

anode) and the sharpness o f the tip bring an intense electric field at the tip, capable o f 

extracting the electrons by tunnelling; the second anode further accelerates the electrons.
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The obtained images have a characteristic three-dimensional appearance and are 

useful for judging the surface structure of a sample. As samples are inundated by an influx 

o f electrons, a charge will tend to accumulate unless the specimen is earthed. This is 

typically achieved by coating objects with a nanometer thick layer of gold.

In Chapters 4, 5 and 6 Scanning Electron Microscopy was preformed on uncoated 

NT and NT/Polymer films using a Hitachi S-4300 Field Emission Scanning Electron 

Microscope.

3.11 Tensile Testing

Tensile testing is a direct way to characterise the mechanical properties o f a material 

by applying an increasing force (stress) and measuring the elongation (strain) incurred. 

Alternatively the elongation can be incremented and the force required to achieve the strain 

can be measured. Deformation where stress (a) and strain (e) are proportional is called 

elastic deformation and is non-permanent elongation. Hookes law states that for elastic 

materials, stress is proportional to the strain at loads less than the yield point of the 

material. This constant of proportionality is Young’s modulus (Y) and is calculated from 

the linear part of a stress/strain curve. The stress corresponds to the force per unit area 

(N/m^) while strain is dimensionless -  this means Y has the unit of stress (Pa). Other useful 

parameters are the toughness (T) and the ultimate tensile strength (at). Ultimate tensile 

strength is the maximum stress applied before fracture of the sample. Toughness is 

calculated from the area under the stress strain curve and is the energy absorbed per unit 

volume at fracture.
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ULTIMATE TENSILE STRENGTH

STRENGTH 
AT BREAK

TOUGHNESS

STRAIN

Figure 3.8 Illustrative stress-strain curve.

In chapters 4, 5 and 6 mechanical testing was performed using a Zwick tensile tester 

ZlOO with a 100 N load cell.
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Chapter 4

Carbon Nanotube Polystyrene Composites:

The observation o f percolation-like scaling, far from the 

percolation threshold, in high volume fraction, high 

conductivity composite films.

4.1 Introduction and Relevant Background Literature
As has been discussed in Chapter 2 carbon nanotubes are ideal fillers in conducting 

and reinforced composites. In this chapter CNT polystyrene composites have been prepared 

and tested both mechanically and electrically. The emphasis of discussion is on the 

electrical results. Chapters 5 and 6 will focus more on the mechanical properties o f bucky 

papers and bucky composites.

There have been many studies on low volume fraction composites where the 

addition of a very small amount of nanotubes substantially modifies the electrical properties 

of polymer matrices[l-9J. The critical filler concentration needed to achieve electrical 

conductivity, the percolation threshold, has been reported to be as low as 1.3xlO'^vol% for 

inorganic nanowires in PMMA[7] and 2.5x10'^wt% for un-entangled multiwalled- 

nanotubes (MWNT) in epoxy[9]. However, the maximum conductivities achieved in these 

low volume fraction composites are commensurate with low nanotube loading levels. 

Typical maximum values range between 1.4x10'^ S/m[3] and 1000 S/m, the latter value for 

a sample containing 10wt% nanotubes[10]. The vast majority of results have appeared at 

the low end of this range, probably due to ever-present polymer tunnelling barriers[3] 

which limit inter-tube charge transport. Such conductivities are small relative to those 

observed for nanotube-only films, prepared by the vacuum filtration o f a nanotube
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dispersion, which display values up to 6.6x10^ S /m [ll]. Fewer studies have appeared on 

composites with volume/weight fractions above 20%[12-14], due to severe difficulties in 

maintaining nanotube dispersion.

In polymer nanotube composites mechanical reinforcement is often initially 

observed at low nanotube loading levels. Above a certain point aggregation o f the 

nanotubes occurs changing the behaviour of the system and so affecting the properties of 

the composite. This effect can be seen in the work of Blond et al[15] on the addition o f 

multi-walled nanotubes to Poly(methyl methacrylate), figure 4.1.

1.6x10*

1.4x10*-

1.2x10*-

 ̂ 1.0x10*-

1 .2  8.0x10*-

6.0x10*-

4.0x10*
0.000 0.002 0.004 0.006

Vf=VNT/VF|m

Fig.4.1 Youngs’ modulus as a function of nanotube volume fraction in PMMA-

MWNT composites[15]

Often carbon nanotube polymer films are cast from solution. A high polymer 

concentration is required, typically around 30mg/mL[15], this allows the preparation o f free 

standing films suitable for comprehensive testing. In order to achieve a high volume 

fraction composite, a high nanotube concentration is then also necessary. However this 

means that the issue of nanotube aggregation becomes a serious problem making it virtually 

impossible to fabricate high mass fraction composites where the nanotubes remain well 

dispersed[16].

In this and subsequent chapters advantage has been taken of recent advances [16] in 

nanotube dispersion research. Giordani et al[16] have reported that SWNTs can be
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dispersed in N-methyl-2-pyrrolidone (NMP), without aggregation at concentrations below 

~0.02mg/ml. They measured the absorbance of the supernatants of different nanotube NMP 

dispersions after a centrifugation process which removed aggregates. The mass fraction of 

nanotube material removed by centrifugation was, ^Agg- This value was plotted against the 

original concentration of their dispersions. At high concentration, the fraction of material 

removed by centrifugation approaches one, but falls off gradually to close to zero for the 

low concentration samples. Visual inspection confirmed that centrifugation had removed 

the aggregates. The fact that XAgg*0 at low concentration would suggests that good 

dispersions can be obtained at low nanotube concentrations in NMP.

A NMP

0 .5 -

0 .0 -

1E-3 0.01 0.1 1

Initial C oncentration , C| (mg/ml)

Figure 4.2 Fraction of the nanotube mass contained in large aggregates as a function of

initial concentration [16].

In this work polymer has been added to similar dispersions to give composite 

dispersions which display minimal aggregation. However, these cannot be deposited to 

form films by the usual means, as the large solvent volumes involved are prohibitive. If a 

typical drop cast film were to be prepared using such low concentrations it would involve 

dropping several hundred layers. This combined with the high boiling point of NMP which 

is 202 °C[17] makes the usual method of solution casting highly impractical.

In this chapter extremely high mass fraction polymer-nanotube composite films 

were prepared in a simple and straightforward way, achieving nanotube mass fractions of
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between 22% and 82%. These films have extremely high conductivities, varying between 

-100 and -7000 S/m for the lowest and highest nanotube content composites respectively. 

The latter value is close to that measured for pure nanotube control films (mass fraction 

100%) of -9000 S/m. Furthermore, when the nanotube mass fraction is transformed into 

nanotube volume fraction (including the effect of film porosity) we observe percolation

like scaling of the conductivity with volume fraction. The conductivity scales with the 

volume fraction as a power law with exponent 2.2, extremely close to the value o f 2.0 

predicted by percolation theory[18] for three dimensional systems. More surprisingly, this 

scaling persists from the lowest nanotube content sample right up to the nanotube only film 

in contrast with the expectation that percolation-scaling breaks down at higher volume 

fractions.

In Section 4.2 of this chapter a method for producing relatively thick films of very 

high volume fraction nanotube content, commonly referred to as “Bucky Papers”, is 

described. Sections 4.3 to 4.5 investigate the composition, morphology and thermal 

properties of these films. Results o f tensile testing are included in section 4.6. Finally the 

electrical results are presented in section 4.7 with further discussion in section 4.8.

4.2 Film Fabrication

Dispersions were prepared by adding purified HiPCO SWNTs to solutions of 

polystyrene (PS) in NMP at various mass fractions and sonicating for 3 min using a high- 

power ultrasonic tip.

To achieve a nanotube concentration of 0.0875mg/ml, one that reduces NT bundling 

while remaining practical, an initial dispersion of 0.35mg/ml was diluted twice, sonicating 

for 1 minute between steps. The dispersion concentration of 0.0875mg/ml involved using 

400ml of NMP. The diluted dispersions underwent a further 4hrs sonication in a low-power 

ultrasonic bath followed by 1 minute under the sonic tip. The dispersions were then vacuum 

filtered trough a Teflon filter paper (pore size=0.45|j,m), washed with dionised water and 

methanol and dried at ambient temperature for 12 hrs in a vacuum oven. The filtration 

times for the dispersions were between several hours and three days depending on the 

amount of the polymer that was included. It should be noted that much polymer was lost 

during filtration. The films were free standing when peeled from the filter paper and were

53



cut into strips of width 2.2mm and lengths o f several centimetres using a non-shear method. 

A photograph of the nanotube only bucky paper is shown in figure 4.3.

A polystyrene only film was also prepared by diluting PS at high concentrations and 

dropping 4 layers onto a teflon boat. A polystyrene only film cannot be prepared by 

Buchner filtration as the polymer chains can pass through the pores of the filter paper.

4.3 Porosity Measurements
The dimensions and masses of all films were measured using a digital micrometer 

and a microbalance. Film thicknesses ranged from 50fxm to 290|j,m. The density of each 

film, pfiim, was calculated. Porosity, P, was calculated from P = , where the

nanotube density was taken to be Pni=\ 500 kg/m^[19]. The porosities o f the prepared films 

ranged from 54 to 78%.

4.4 Thermogravimetric Analysis o f Composite Films
Thermogravimetric analysis (TGA) was employed to calculate the nanotube mass 

fraction, mf, of each film as not all the polymer in the original dispersion remained part of 

the final film. Neglecting the region of the mass versus temperature curve where the solvent

Figure 4.3 A Carbon Nanotube Bucky Paper
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is removed from the sample, the normalized nanotube peak was subtracted from the 

original composite curve. This new curve was integrated along with the original composite 

curve and the ratios o f their areas used to find the percentage polystyrene present in the 

composite and so in turn the nanotube mass fraction.

A second method o f analysis was also employed to ensure accuracy. Purified 

HiPCO nanotubes contain an amount of residual catalyst material from their production, 

namely iron, Fe. The ratio of nanotube to iron content should be constant throughout the 

nanotube soot. Considering both the reference NT only film and a composite film the 

relation between the nanotubes present and the remaining catalyst material should be the 

same, equation 1.

^ N T  in Composite ^ N T  in Reference  ̂ ,
----------------  = ------------------------  4.1

^  Fe in Composite ^  Fe in Reference

The amount o f nanotubes in the composite is the mass of the composite minus the mass of 

the polymer present. (All values of mass were taken after the point where all solvent had 

burned off)

Total Composite ^ N T  in Reference

M Fe in Composite M
4.2

Fe in Reference

Simply by rearranging equation 4.2 the mass of polymer in the composite can be found.

Total M Composite

M NT in Reference

y ^  Fe in Reference y
^ F e  in Composite ^ P o ly m er  in Composite

Both methods consistently agree within 2 % of each other. Composites were found to have 

nanotube mass fractions between 22% and 82%.

To achieve low nanotube mass fractions, large excesses o f PS had to be used to 

counter polymer loss during film formation by filtration, figure 4.4.
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Figure 4.4 PS mass fraction film as a function of mass fraction PS:NT ratio of dispersion.

A representative TGA curve of the nanotube mf = 0.77 composite along with the nanotube 

only reference film and the drop cast polystyrene film shown in figure 4.5.
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Figure 4.5 Derivative TGA curves o f polystyrene, nanotube only and composite films.
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From the TGA curves a small amount o f trapped solvent can be seen, an average of 

4.0% ± 2.4%. This is probably a combination o f both NMP and water, and is to be expected 

when dealing with such porous material.

4.5 Scanning Electron Microscopy of Composite Films
Scanning electron microscopy (SEM) images were taken o f all films, the software 

package Image Tool was used to analyse them. An image of the surface of one of the 

composite films (mf=0.77) is shown in figure 4.6A. For comparison purposes, an image of 

the nanotube only bucky paper is shown in figure 4.6B.

B

500 nm

Figure 4.6. SEM images of A) a high volume fraction composite film (mf=0.77), B) a film

of nanotube-only Buckypaper.
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It can be seen that the nanotube-only film consists of a network of bundles with a mean 

diameter o f 13±3 nm. At the nanotube concentrations used to prepare these films, AFM 

measurements show that the typical bundle size in solution is approximately 8nm[16]. The 

fact that the bundles observed in the film are slightly larger shows that slight aggregation 

occurs during film formation. However, this effect is relatively small. As the bundles in 

NMP dispersions are known to have lengths o f >1 micron [16], these diameters mean that 

the bundles have aspect ratios of at least 75. It is also clear from this image that these films 

contain large numbers o f irregular pores with diameters in the range lO-lOOnm. This is in 

agreement with previous measurements on bucky paper and indicates significant 

porosity[20], The importance of the porosity o f the films will be discussed further in 

section 4.8.

It may be noted that it would be possible to significantly reduce the bundle size in 

solution by working at lower concentrations. Recent work has showTi that mean bundle 

diameters o f ~2nm can be achieved in NMP at concentrations below 5x10'^ mg/ml[16]. 

However, fabrication o f thick films from solutions of such low concentrations becomes 

more problematic because as the concentration is lowered very long filtration times are 

required to filter off the excess solvent. In addition, working with low concentration 

dispersions, attaining reproducible high power sonication on the litre scale becomes a 

problem. The Ultra Sonic Processor used throughout this work can handle a maximum 

volume of 25ml at any one time.

While the image o f the composite surface (4.6A) looks similar to that o f the 

nanotube only film, there are some significant differences. The 1-dimensional objects 

making up the film are much less well defined compared to those found in the nanotube 

only sample. This is largely because they have large diameters, with means between 13 and 

22 nm, depending on the polymer content of the film. In addition, while pores are still 

visible, they are smaller compared to the nanotube-only film with typical diameters in the 

10-30 nm range. Both o f these differences can be explained by the presence o f a polymer 

coating on the SWNT bundles of the composite film. However, the combination of thicker 

objects and narrower pores would suggest that the coating forms in the drying phase.
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4.6 Mechanical Analysis o f Composite Films
Stress-strain measurements were made of all nanotube containing films using a Tensile 

Tester with a 100 N load cell and cross-head speed of 0.5 mm/min (Figure 4.8). 

Measurements were also made of the drop cast polystyrene film for comparison.

  Mf= 1
1.6x10'-I  M f=0.82

 Mf=0.77
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Figure 4.8 Selected Representative Stress Strain Curves of Composite and non-composite

films.

The nanotube only film (in black) shows behaviour typical of a thermoplastic polymer, very 

similar to that o f polystyrene itself, with reasonably high strengths and little elongation. 

The high mass fraction composites appear similar in behaviour to the polymer and 

nanotube samples. The low mass fraction composites however appear to perform worse 

than either o f their component materials.

From these stress strain curves it was possible to deduce the stiffness (Youngs’ Modulus, 

Y), Strength at Break ( o b ) ,  Toughness (T) and Strain at break (Ductility) o f the films.
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Figure 4.9 Youngs’ Modulus of o f Composite and non-composite films.

The mechanical results show very modest reinforcement o f the polystyrene, when the 

composites are compared to the drop cast polystyrene only film. The Youngs Modulus 

increases slightly to a value o f 1.72 GPa, 45 % above that of polystyrene itself The same 

can be said o f the ultimate tensile strength which increases by 9%, the toughness however
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actually shows a slight decrease and the strain at break remains pretty much unaffected. At 

lower nanotube mass fraction the case is worse still with the composite properties actually 

being below that o f polystyrene. Similarly, low reinforcement values been found by other 

authors [21, 22].

There may be two reasons for these low reinforcement values. Firstly, as was seen 

from the SEM images in section 4.5, the polymer layer probably does not form in the 

dispersion but in the drying phase, meaning that the composite consists of nanotubes 

bonded to each other by weak Van der Waal interactions surrounded by an over cover of 

polystyrene that is absent at the nanotube cross-over junctions. This may indicate poor 

interaction between the nanotubes and their host polymer, which is a constant problem in 

nanotube polymer reinforcement[23]. Often the use of a surfactant is blamed for this lack of 

interaction [24]. There was no surfactant used to disperse the nanotubes in this case but the 

affect of the solvent used is worth considering. It has been shown that nanotube 

dispersibility is maximised in solvents whose surface energy matches that of graphitic 

surfaces, such as NMP[25]. The disadvantage o f this enhanced dispersibility is that the 

NMP can form a barrier around the nanotubes and so hinder good stress transfer to the host 

matrix[26]. We know from the TGA measurements in section 4.4 that in spite of washing 

with both water and methanol a certain amount of trapped solvent remains.

These results strongly suggest that there is little stress transfer between the 

polystyrene and nanotubes and consequently poor reinforcement o f the polymer.

From this piece o f work two main questions arouse. The first being “what makes a 

good bucky paper in the first place (mechanically speaking)?” and also “how is it 

possible to increase stress transfer within a composite bucky paper?”. These two 

questions provided the motivation for the work in chapters 5 and 6 respectively.
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4.7 Electrical Measurements o f Composites Films
Bulk, in-plane, electrical measurements were carried out on the films by painting 

silver electrodes onto the ends of the strips. All strips were cut to the same length. Current- 

voltage (I-V) measurements were made using a Keithley Model 2400 sourcemeter over the 

range of 0 to 3 Volts with a 0.03V increment. All curves were Ohmic in the voltage range 

studied. A plot o f current density versus field for selected films is shown in figure 4.10. The 

resistance calculated from the slope o f the I-V curves matched well to that measured using 

the method described below.
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Figure 4.10 Current Density versus Field for selected nanotube loading levels

Resistance ( R t) measurements were made as a function o f length (/), as shown in 

figure 4.11 by measuring the resistance, cutting the end off the strip, repainting the end with 

silver paint, re-measuring the resistance and repeating. This method was used as opposed to
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4-probe measurements to ensure uniform current flow through the entire cross section of 

these (thick, see section 4.3) films.
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Figure 4.11 Resistance versus sample length for selected nanotube loading levels. The

straight lines are fits to equation 4.

The total measured resistance of a strip of the film is a combination of its actual resistance 

and the added resistance due to the contacts (silver paint). The resistance scaled linearly 

with strip length as described by equation 4.4

Rj.=— l + R,. 4.4
'  (tA '
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Where a  is the bulk conductivity, A is the strip cross-sectional area and Rc is the contact 

resistance. The contact resistance was close to zero in all cases. The slope of these lines was 

used to find a , which is plotted as a function o f nanotube mass fraction in figure 4.12a.
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Figure 4.12. a) DC conductivity versus nanotube mass fraction, the curved line is to fit 

equation 4.5 b) Film density versus nanotube mass fraction, c) Free volume versus

nanotube mass fraction.
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Conductivities ranged from ~100S/m for papers o f ~22wt% NT up to ~10‘*S/m for 

the nanotube-only bucky paper. These values compare well with the most conductive 

composites found in the literature. In comparison, polyacrylonitrile/SW NT composite films 

with 40wt% nanotubes display conductivities o f 1.5x1 O'* S/m[12] and maximum 

conductivities o f 2.5x10^ S/m were measured for composites o f 80wt% MWNT, coated 

with polyaniline [14].

The conductivity, a , o f  a percolative system is generally described as a function o f 

volume fraction, p, (as opposed to mass fraction) by the scaling law[27]

(7 = (Jr
P - P c

^ - P c
CToP 4.5

where ao is related to the conductivity o f  the filler, pc is the percolation threshold and t is 

the conductivity exponent. The left side o f 4.5 is a special case o f a more general effective 

media equation and holds when p>pc and when |cTpoiymer|—>0[27]. If pc is very small, then p- 

P c ~  p, even at reasonably low volume fractions. As discussed previously in section 4.5 the 

bundles present in these films are expected to have aspect ratios greater than 75. This 

allows us to predict the percolation threshold to be <lvol% [28]. Thus, we might expect the 

approximation cr « cTgp' to hold when p is greater than a few percent; ie for all loading

levels studied here. (It should be pointed out that due to this approximation it is impossible 

to calculate the percolation threshold fi-om this data.) However, it is crucial to note that, in 

general, percolation scaling expressions are only valid near the percolation threshold. Thus 

we might expect the approximation stated above to hold at intermediate volume fractions 

but to break down at high volume fractions.

For these composites we can most easily quantify the nanotube content in terms o f 

mass fraction (as opposed to volume fraction) as measured by thermogravimetry. Equation 

4.5 has been fitted to the conductivity versus nanotube mass fraction data in figure 4.12a. 

While percolation scaling laws are often applied to data expressed in terms o f mass 

fraction, we note that this procedure is not strictly correct unless the mass fraction is 

proportional to the volume fraction ie. at low nanotube content or when the polymer and
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nanotube densities are equal. The poor quality of the fit can be partly explained by the fact 

that nif and p are not proportional at the high NT loading levels used here. However there is 

also another reason. The measured density of the films (figure 4.12b) is much lower than 

the density of either PS (-1100 kg/m^) or o f SWNTs (-1500 kg/m^), indicating that the 

films are porous in nature, in agreement with the SEM observations in section 4.5. This 

porosity must be accounted for when calculating the volume fraction, p, from mf.

The fractional volume taken up by pores (Vpore/Vjotai) can be calculated as follows:

Pore V,,•ilm V - VNT Polymer

'ilm V,,'ilm

Pore
=  1 -

'ilm

y
^  Polymer

V V
V  I'ilm  ^  /•■/Hm J

=  1 P j-ilm m
+ • Polymer P r

Film Pm 'ilm P  Polyme^

ilm

>mer ^  Film J

V ^^ Pore _  J
V

I'llm \

(1-w,)
Pm  P Polymer

4.6

where piotai, Pnt, and ppoiy are the film, nanotube and polymer densities respectively. This 

is illustrated in figure 4.12c. The largest free volume is found for the films furthest away 

from either pure NT or pure PS composition. It is not clear why this should be the case but 

may be related to the mechanism of deposition of polymer on the nanotubes during the 

drying phase and the fact that at high polymer contents, significant amounts of polymer get 

washed through the filter.

The nanotube mf and measured film density values can be used to calculate the true 

nanotube volume fraction, p=VNT/VFiim, from
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4.7

giving values in the range 7.5vol% to 38vol% for the composites and 44vol% for the 

(porous) nanotube-only film.

Shown in figure 4.13 is the conductivity versus this true nanotube volume fraction, 

p. The conductivity scales with p as predicted by equation 4.5. Moreover, this scaling 

extends right up to the bucky paper sample at p=0.44. This is an exciting and wholly 

unexpected observation. Percolation scaling laws are only strictly valid close to the 

percolation threshold. That the scaling continues to apply right up to the nanotube only film 

is an important result which we will address in more detail in section 4.9.

0.1
True Volum e fraction, p

1

Figure 4.13 DC conductivity versus nanotube volume fraction, calculated having 

accounted for the film porosity. The straight line is a fit to equation 4.5.
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Fitting equation 4.5 to the data gives a value of Log(ao/Sm'')=4.7±0.2. This value 

represents the extrapolated conductivity of a non-porous nanotube only film and is 

significantly below the in-plane conductivity of graphite[29], suggesting that charge 

transport is limited by inter-nanotube charge transfer. The power law exponent t=2.2±0.2 

agrees well with the universal scaling value of t=2. The fact that t is not significantly 

greater than 2 also suggests that inter-nanotube polymer tunnelling barriers do not limit the 

conductivity[30], as is the case in most composites[3]. That the bundles are not separated 

by polymer tunnelling barriers shows that the polymer coatings observed in figure 4.5A 

cannot simply coat individual bundles but must coat the network as a whole, allowing 

intimate contact between bundles at junction sites. This supports the idea that the coating 

forms during the drying phase.

In previous studies, percolation scaling has never been observed at volume fractions 

approaching the pure nanotube based material. Shaffer et al.[31] observed an exponential 

increase in conductivity up to a conductivity o f 10 S/m at 60wt% MWNTs in PVA. 

Percolation scaling has been observed up to 15vol% MWNT polyurethane composites with 

maximum conductivities of 2000S/m[32]. Composites based on PMMA and SWNT have 

shown scaling for nanotube concentrations of up to 10 wt% with maximum conductivities 

of 1700S/m[33], figure 4.14A. The highest loading level at which scaling was still observed 

was 40wt% for a MWNT/PMMA composite with a maximum conductivity of 

3000S/m[13], figure 4 .14B.
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While scaling right up to p=l has been observed for 2-dimensional systems of 

nanoparticles[34], it is thought that this is the first time scaling has been observed right up 

to the filler only material for rod-like fillers.

4.8 Discussion and Conclusion
Percolation-like scaling at high volume fractions has not previously been observed 

partly due to the difficulty in preparing high nanotube-content samples. However, it must 

be stressed that such scaling can only be observed in composites where the filler particles 

come into intimate contact at junction sites as mentioned above. Otherwise, as is generally 

observed in polymer-nanotube composites, the fillers (nanotubes) tend to be separated by a
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polymer layer that acts as a tunnelling barrier, hindering inter-filler electron transport[3]. 

By definition, these barriers are not present in the filler-only material leading to different 

inter-filler charge transfer mechanisms for composites and filler only material. Thus, 

observation of continuous scaling up to the nanotube-only film, confirms the absence of 

polymer tunnelling barriers in these high-content composites.

The fact that the composite conductivity scales right up to the nanotube-only bucky 

paper shows the conductivity of these composites is limited only by the conductivity of the 

nanotube networks themselves. Thus, it may be possible to increase the conductivity of 

these composites at all volume fractions by taking steps designed to produce more 

conductive nanotube-only films. For example, it might be possible to use intrinsically more 

conductive nanotube material (higher proportion o f metallic tubes) or to prepare films from 

smaller bundles by working at lower concentration[16]. Such efforts would increase 

composite conductivity by effectively increasing ao. Conductivities o f up to 1 O'* S/m for the 

pure NT non-composite films have been observed. While not exceptional, this value 

compares fairly well with current literature values. Films of SWNT, originally dispersed in 

oleum, have shown conductivities of lO"* S/m[35]. However, carbon nanotube sheets, 

transfer-printed onto a polyethyleneterephthalate substrate, have demonstrated 

conductivities as high as 2x10^ S/m [36], while ultra-thin SWNT films prepared by Wu et 

al. gave conductivities of 6.6xlO^S/m[l 1]. By combining the processing techniques used to 

prepare these very high conductivity nanotube films with the composite formation methods 

described here, it should be possible to make composites with conductivity as high as 

lO^S/m thus paving the way for applications such as composite electrodes.

In conclusion, a novel method has been used to produce high mass fraction 

polymer-nanotube composite films that display extremely high conductivity. When the 

conductivity was plotted versus true volume fraction, percolation scaling was observed 

right up to the nanotube only bucky paper. This unexpected result shows that, in these 

systems at least, percolation scaling persists even at very high volume fractions. In addition, 

unlike most composites, the conductivity is limited by the conductivity o f the nanotube 

network and not the presence o f polymer tunnelling barriers.
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Chapter 5

The factors controlling the Mechanical and 

Electrical properties of nanotube films (bucky 

papers)

5.1 Introduction and Relevant Background Literature

As previously mentioned, tiie outstanding therm al[l], electrical[2] and 

m echanical[3] properties o f  carbon nanotubes have m ade them  the m ost studied o f  all 

nano-m aterials in recent years. Their low density, high aspect ratio, exceptional strength 

and stiffness and high conductivity suggest them as an especially prom ising m aterial for 

m any m echanical and electronic applications.

However it has been extrem ely difficult to turn this potential into a recipe for 

practical structural materials. The main reason for this is that, although strong, 

nanotubes are o f  course very small. Thus any real structural m aterial w ill be fabricated 

from arrays or netw orks o f  nanotubes[4] or from com posites o f  nanotubes em bedded in 

a m atrix. In either case, the resulting m echanical properties will depend strongly on the 

stress transfer either between nanotubes or from the m atrix to the nanotubes. The 

conductivity o f  these structures will depend on the num ber o f  conductive paths through 

the film and on the typical num ber o f  inter-bundle junctions encountered on a given 

path.

This has resulted in m acroscopic nanotube based m aterials with m echanical and 

electrical properties far inferior to those o f  the nanotubes them selves. For exam ple, 

fibres fabricated from nanotubes alone have dem onstrated strengths m any tim es lower 

than the strengths o f  the individual nanotubes[5].

As m entioned already in relation to com posites, single wall nanotubes tend to 

bundle together due to  van der W aals interactions between them  [6]. A lthough 

individual nanotubes are strong, nanotube bundles are w eak and exhibit low shear
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m oduli[7]. Tiius, nanotube networks or fibres made from bundles are expected to have 

different properties to those made from individual nanotubes. In composite materials, 

aggregation o f  nanotubes into bundles acts to decrease the nanotube surface area 

available to make contact with the chosen polymer, inhibiting their reinforcement 

capabilities[8] and in the case o f conducting composites, raising the percolation 

threshold[9].

A number o f studies have looked at the mechanical properties o f macroscopic 

materials fabricated solely from carbon nanotubes. These materials include sheets[4], 

film s[l, 10-12] and fibres[5, 13], A very wide range o f mechanical properties have been 

measured with strengths ranging o f ~5MPa for bucky papers[12] to IGPa for fibres[5]. 

The common factor between these materials is that they are held together by van der 

Waals interactions between nanotubes or nanotube bundles. However, other than 

nanotube alignment, it is not clear what factors control the mechanical properties.

Electronically, much work is underway to develop thin, flexible films o f carbon 

nanotubes for applications such as transparent electrodes[4, 14-20]. Little work has been 

done on the effect o f the morphological properties o f the films on the conductivity.

Nanotubes films, commonly known as bucky papers, are always porous and always 

built from networks o f bundles, not individual nanotubes. The porosity tends to vary 

from film to film as does the bundle size. These properties are expected to significantly 

affect the DC conductivity and the mechanical properties o f the films. Any attempt to 

maximize the DC conductivity or film robustness must first optimise the morphological 

properties o f the film.

From the work on polystyrene nanotube composites in chapter 4, it was clear that 

investigation was necessary into the control factors that influence the mechanical and 

electrical properties o f  carbon nanotube bucky paper.

In this chapter, carbon nanotube films were prepared by the vacuum filtration o f 

a range o f pristine and functionalised carbon nanotube dispersions. Stress-strain 

measurements show that the mechanical properties depend primarily on the 

morphology o f  the nanotube network, specifically on the number density o f inter

bundle junctions which can be derived in terms o f porosity and bundle diameter. Little 

dependence was seen on the graphitisation o f the nanotubes themselves. DC 

conductivity measurements were also made, demonstrating that the film conductivity 

increases with increasing nanotube graphitisation and is inversely proportional to film 

porosity and bundle size. The conductivity scales approximately with the inter-
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nanotube junction density but more accurately with the product o f  the junction  density 

and Raman G:D band ratio.

5.2 Film Fabrication

A range o f  com m ercially available nanotubes were used in this study. Purified 

HiPCO SW NTs, as prepared and annealed Elicarb SW NTs, N anolab DW NTs and 

Swent SW NTs w ere purchased and used as supplied. As-prepared (AP) SW NTs, along 

with several varieties o f  functionalised SW NTs were purchased from Carbon Solutions 

Inc and used as supplied. In all cases NM P[6] was used as a solvent unless otherw ise 

specified. The nanotube functionalities were (acronym s in round brackets)[solvents used 

in square brackets] carboxylic acid, both lightly and heavily functionalised (-low- 

COOH, -high-CO O H )[N M P], octadecylam ine (ODA) [chloroform ], poly-

am inobenzene-sulfonic-acid (PABS) [water] and poly-ethylene-glycol (PEG) [water].

D ispersions were prepared by adding the SW NTs to the appropriate solvent at a 

concentration o f  0.33mg/ml and sonicating for 3 min using a high-pow er ultrasonic tip 

(G EX600, I20W , 60kHz). To achieve a nanotube concentration o f  0.08mg/m l, which, 

as m entioned previously in chapter 4, m inim ises NT bundling[21] w hile still rem aining 

practical, the initial dispersions were diluted tw ice, sonicating for 1 min between steps. 

These diluted dispersions underw ent a further 4hrs sonication in a low -pow er ultrasonic 

bath, followed by 1 min under the sonic tip. They were then vacuum  filtered through a 

Teflon filter paper (pore size=0.45|am), w ashed with deionised w ater and acetone and 

dried at am bient tem perature for 12 hrs in a vacuum oven. The film s were free standing 

after being peeled from the filter paper and were cut into strips o f  width 2.2m m  and 

lengths o f  several centim etres. Film thicknesses ranged from l l | im  to 22^m . Porosity 

m easurem ents were made as described in chapter 4, the values obtained along with 

o ther physical m easurem ents are listed in Table 5.1.

5.3 Film Analysis

It m ight be expected that the properties o f  nanotubes film s w ould depend on two 

m ain factors: the properties o f  the nanotubes them selves and the topological properties 

o f  the nanotube network. SEM was used in order to  explore the topological properties o f
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the network along with careful measurements o f the film porosity. Direct measurement 

o f  the mechanical properties o f the nanotubes themselves is less straightforward. 

However nanotube strength, stiffness and conductivity are sensitive to the population o f 

defects present. Thus the defect content as measured qualitatively by Raman 

spectroscopy may be used as a proxy for nanotube mechanical properties and 

conductivity.

The electrical characterisation and analysis o f these films was undertaken by Philip 

Lyons and Dr. Sukanta De.

5.3.1 Scanning Electron Microscopy o f  Carbon Nanotube 

Films

Scanning electron micrographs o f SWNTs films prepared from Hipco SWNTs, 

Elicarb annealed SWNTs, Carbon Solutions ODA functionalised SWNTs and Carbon 

Solutions PEG functionalised SWNTs are shown in the Fig. 5.1. These images are 

typical o f nanotube films in general.

Hipco

5 0 0 ^ 1

* , «

Eli annealed
* " • • f  -

500 nm

ODA

600 nrn
<

V -

500 nm

Fig.5.1 SEM images o f  surfaces o f nanotube films prepared from (top left) Hipco 

SWNTs, (top right) Elicarb annealed SWNTs (bottom left) Carbon Solutions ODA 

functionalised SWNTs and (bottom right) Carbon Solutions PEG functionalised

SWNTs.
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The film surfaces consist o f randomly orientated porous entanglements o f nanotube 

bundles. The mean size o f the nanotube bundles measured from the SEM images are 

given in table 5.1 and range from 9.8nm for the SWNT-high-COOH film to 21nm for 

the SWNT-low-COOH film. These means are slightly overestimated as the SEM used 

here does not have the resolution to see bundles with diameters below ~4nm. It can be 

seen that all films are porous. The porosity was calculated from the measured densities 

o f  the films and varied from 42% for the SWeNT sample to 72% for the SWNT-PABS 

film. This range encompasses previous values observed for bucky paper prepared from 

surfactant dispersions[12].

5.3.2 Raman Spectroscopy o f Nanotube films
Raman spectroscopy was carried out on the films using a 633nm excitation wavelength 

laser to investigate the intrinsic properties o f  the various types o f  nanotubes. For each 

film, Raman measurements were made on five different regions o f the films. In all cases 

the spectra were similar within a given film. The five spectra were then averaged to give 

a final representative Raman spectrum, and are offset for clarity. The representative 

spectra are shown in fig. 5.2.
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Fig 5.2. Raman Spectra o f NT films studied in this work

Raman spectra o f  carbon nanotubes exhibit two strong bands at approximately 1280 

cm ' and 1580 cm’' that are known as the D-band and G-bands respectively [22]. While 

the G band is associated with the tangential modes o f pure sp" hybridised graphitic 

carbon, the D-band corresponds to the presence o f deviations from the hexagonal lattice, 

such as sp^ type defects. Thus the ratio o f intensities o f the G and D  bands, Ig /d , is a 

crude measure o f the perfection o f the nanotubes. These intensity ratios have been 

measured for all nanotube films studied and range from 12.3 for the SWeNT nanotubes 

to 3.2 for the SWNT-PEG film. Overall, the Ig /d  ratio was smaller for functionalised 

nanotubes compared to the AP and Hipco tubes. Complete G:D band ratios can be 

found in table 5.1.
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5.3,3 Mechanical Analysis o f  Carbon Nanotube Films

Stress strain curves were measured, as in chapter 4, for each film type with 

representative curves plotted in fig 5.3. The four main mechanical parameters were 

again obtained from these curves: the Youngs’ modulus, Y, the toughness, T (energy 

required to break per volume), the strength at break, Gb, and strain at break, 8b.
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Fig 5.3. Representative Stress Strain curve for each film type.

The ranges o f values measured were: modulus (1-3 GPa), strength (2-30 MPa), 

toughness (4x10^-2x10^ J/m^) and strain at break (1-2%). In general, these values do not 

differ greatly to those observed for weak, brittle thermoplastic polymers such as 

polystyrene[23]. However, there is a significant deviation in each o f  the properties over 

the range o f tube types studied. It is o f interest to ascertain the reasons for these 

deviations as this will lead to an understanding o f the maximisation o f the mechanical 

properties o f nanotube based solids.

When considering a nanotube film, the topological properties o f  the network affect 

the properties o f the film. This is because the structure o f  the film determines the 

number and nature o f nanotube-nanotube junctions. As these junctions are responsible
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for the transfer o f stress between nanotubes and are essentially what hold the film 

together, we expect their properties to significantly affect the mechanical properties of 

the film.

It is not straightforward to measure directly the global topology o f the film or even 

the nature and distribution o f the junctions. However, two film properties that are 

strongly coupled to the properties o f the network and can easily be measured are the 

film porosity and mean bundle diameter.

Also, the mechanical properties o f the nanotubes themselves might be expected to 

influence the mechanical properties o f the films. Well-graphitised SWNT have moduli 

and strengths o f  up to ITPa and 60GPa respectively[24]. However, the presence o f 

defects can result in significant reductions in both strength and modulus[25]. Thus, one 

might expect the mechanical properties o f nanotube films to depend on the density and 

nature o f defects associated with the nanotubes themselves. While we cannot measure 

this directly, we can crudely quantify the presence o f defects through the Raman G/D 

ratio shown in section 5.3.2.

Thus, we expect the mechanical properties o f the nanotube films to vary with film 

porosity, P, mean bundle diameter, D, and Raman Intensity ratio, I g / d - Values for Y, a s , 

T and 8b calculated from the stress-strain curves were each plotted individually as a 

function o f  P, D and I g /d  and are shown in figures 5.4 to 5.7.

Examining first o f  all the strength at break, Gb, versus P, D and I g / d  i n  figure 5.4 we 

find unsurprisingly, that gb falls o ff as the bundle size and porosity values increase (the 

black arrows are not a fit to the data). This makes sense as we would expect increasing 

bundle size and porosity to reduce the number o f bundle junctions within the film and 

so decrease the effective number o f van der Waals interactions between adjacent NT 

bundles. Surprisingly though the Gb displayed no clear trend with I g /d - This suggests 

that the film strength is not affected by variations in the defect populations, and hence 

the strength, o f the tubes themselves.
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Fig. 5.4 Strength at break as a function o f I q /d , Bundle Size, D, and Porosity, P.

Looking at the toughness and strain at break data in figures 5.5 and 5.6 respectively, 

similar trends are evident. These mechanical parameters decreased as both P and D 

increased. In addition, like the ob, both T  and Sb proved invariant with I g /d -
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Fig. 5.5 Toughness ,T, as a function o f I g / d  , Bundle Size, D, and Porosity, P.
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Fig. 5.6 Strain at break, sb as a function o f  1g /d  , Bundle Size, D, and Porosity, P.

The only exception to this trend was the Y oung’s m odulus (fig.5.7), which 

decreased consistently with increasing 1g / I d  from 2 GPa for the SW NT-PEG to 0.6 GPa 

for the SW NT-AP. Taken as a whole, these results m ean that the m echanical properties 

o f  the nanotubes them selves have relatively little im pact on the m echanical properties o f  

the films. M uch m ore im portant is the film morphology, with porous film s m ade from 

high diam eter bundles displaying much poorer properties. This strongly suggests that 

the num ber o f  inter-bundle junctions may be an im portant param eter.
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Fig.5.7 Youngs’ modulus as a function o f Ig /d  , Bundle Size, D, and Porosity, P.

The scatter present in all these plots may be accounted for by the fact that the 

mechanical properties o f the films are most likely controlled by a combination o f the 

bundle size and porosity. Plotting the mechanical properties versus a combined 

parameter, which is a function o f both P and D should reduce this scatter.
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5.3.4 Electrical Characterisation o f Carbon Nanotube Films

Direct current conductivity m easurem ents were made for the nanotube film s (by 

Philip Lyons and Sukanta De). The bulk conductivity was calculated by m easuring the 

film resistance as a function o f film length as describes in chapter 4 [26]. In all cases the 

contact resistance was close to zero. The conductivity o f  the film s ranged from 6.35 

xlO- Sm ' for the SW NT-PABS film up to 1 .56x |0^ Sm ' for the HiPCO SW NT film. 

Notably, the highly carboxylic acid functionalised SW NTs displayed a reasonably high 

conductivity (1 .3xlO ‘*Sm'') despite their high levels o f  functionalisation. T his is 

probably because their -C O O H  functionalities are predom inately at the tube ends[27] 

and so have limited effect on charge transport through the tube bodies.

Sim ilar reported bucky paper conductivities have appeared in literature[28]. 

However, much higher conductivity values o f  up to 6><10^Sm'', have been reported for 

thin nanotube films[20] as previously m entioned in chapter 4. The discrepancy between 

this value and those obtained in this study are m ost likely due to differences in film 

morphology.

Two main factors control charge transport through nanotube films; the 

conductivity o f  the tubes them selves and the ability o f  carriers to tunnel from tube to 

tube. To sim plify things, variations in m etal/sem iconductor populations were neglected 

along with the effects o f  slightly different diam eter distributions for different tube types. 

Within this approxim ation, the conductivity o f  the nanotubes them selves is controlled 

by the defect population associated with a given tube type[29], which can be obtained 

from Raman data. The rate o f  tunnelling across a given tube-tube junction  is controlled 

by the junction width and the electronic properties o f  the tubes and so the mean 

tunnelling rate is controlled by the distribution o f  the junctions. This is not easy to 

control for a given sam ple o f  nanotubes. However, the num ber o f  junctions that a carrier 

m ust traverse, on average, when travelling through a nanotube film depends on how  the 

nanotubes are arranged within the film ie the film m orphology which can be described 

by the porosity and mean bundle size.

A plot o f  film conductivity as a function o f  I q / I d  is shown in figure 5.8C. 

A lthough the data is quite scattered, the conductivity tends to be larger for film s made 

from tubes with higher I q / I d , ie. higher structural perfection. This is unsurprising as the 

conductivity o f  individual carbon nanotubes has been shown[29] to be heavily 

dependant on the presence o f  defects in the graphitic structure.
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Figure 5.8 Dependence o f  film conductivity on both nanotube properties (Ig/Id) and 

network properties, Porosity and Bundle Size.

Film conductivity is plotted as a function o f porosity and bundle size in figure 

5.8 A and B respectively. While the data displays considerable scatter, there is a trend 

towards decreasing conductivity with increasing porosity. Qualitatively, this trend 

makes sense as a sparser network (more porous) would certainly be expected to be less 

conductive. Conductivity also decreases with increased bundle size. Hecht et al 

recently predicted that the conductivity o f thin nanotube film should scale 

approximately as 1/D', based on an analysis o f  the dependence o f the number o f 

junctions in a system on the level o f bundling[30].

However, more detailed analysis o f the conduction process would have to 

consider the number o f  conducting pathways through the film. This is less than 

straightforward and would require detailed knowledge o f the arrangement o f  bundles 

within the film. However we can postulate that the number o f conductive paths is 

related to the number density o f inter-nanotube junctions.
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5.4 Further Analysis and Discussion with consideration o f

Inter-Nanotube Junction Density 

5.4.1 Analyses o f  Mechanical Results

As discussed above, it is suspected that the num ber o f  inter-nanotube junctions is 

the key factor in both the m echanical and electrical properties o f  bucky paper films. We 

can estim ate the num ber o f  junctions per unit volum e o f  film, Nj, by calculating the 

num ber o f  bundles per unit volum e. This param eter is o f  course related to the film 

density and the bundle diameter. M ultiplying by h a lf the mean num ber o f  junctions per 

bundle, a , gives;

^ ^ 2 ( 1^  5 . 1*
2 nD^LIA TtD^L

w here L is the m ean bundle length. The mean num ber o f  junctions per bundle, a  is 

halved to avoid double counting o f  junctions, a  can be estim ated by using the film 

density to calculate the average m ass in a shell o f  thickness D surrounding a test bundle. 

The approxim ation is made that this mass is concentrated in bundles that are in contact 

w ith the test bundle. A pproxim ating the volum e o f  one bundle intersecting the shell (at 

right angles) by a triangular prism gives the volum e o f  intersection as ~(3D^)/2. 

Averaging over all angles o f  intersection gives a mean volum e o f  intersection o f 

~ (3tiD^)/4. Then by dividing the average mass within the shell by the average 

intersecting volum e per bundle, pNT37tDV4, the num ber o f  bundles w ithin the shell and 

hence the num ber o f  junctions can be estim ated as:

= 5.2*p,r 3/) 3D

Calculating a ,  assum ing L == l|xm, gives values ranging from 73 to 160 junctions per 

bundle for the -low -C O O H  and HIPCO sam ples respectively. Com bining this with the 

previous equation, gives an expression for the num ber o f  junctions per unit volume:

* Derived by Johnathan Colem an
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5.3^
" 3;r

The junction density was found to vary from 2.7x10" m'^ for the Nanolab DWNT tubes
^3 3to 2.8x 10" m' for the as-prepared Elicarb sample.

If the number of junctions per unit volume is a key factor, it would be expected 

that some or all of the mechanical parameters scale with { \ -  P f  I . Shown in figure 

5.9 are plots of Y, as, T and Sb as a function of junction number density, 

Nj  ^ \ . 1 { \ - P f  I D \
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Fig. 5.9 Youngs Modulus (Y), Strength at Break (ae). Toughness (T) and Ductility 

versus the combined parameter o f [1-P]/D" o f functionalised and pristine NT films.

No overall relationship is apparent between the Young’s modulus and Nj. The 

dotted line shows a linear trend for comparison. While the functionalised nanotubes 

may display a weak dependence with Nj, overall the data is too scattered to confirm a 

definite relationship. This is almost certainly because the modulus, unlike the other 

parameters scaled with 1q/d as well as with the morphological parameters (fig 5.7).
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However, in the case o f CTb, the dependence is close to linear as evidenced by the 

dashed linear fit line. It should be noted that three o f the samples with low Nj lie slightly 

above the fit line (Nanolab DWNT, low-COOH and PEG). Interestingly, these samples 

lie on a linear fit with intercept (dotted line). For the toughness, the dependence is also 

linear, with the regression line well fitting all the data. Even the ductility tends to 

increase weakly with the junction number density.

In the case o f the tensile strength, the analysis can be taken a step farther. We 

might speculate that fracture involves the rupture o f junctions in a volume, V,^~ A L , 

where A is the film cross-section area and L is the mean bundle length. We speculate 

that, on fracture, every bundle in this volume has half its junctions with other bundles 

severed. Taking the average force to break a junction as fj, we can write the film 

strength as

A 2 2

Approximating the mean bundle length to be l(im, and using the fit to the tensile 

strength data in fig 5.8 we can estimate f j ~  113pN. If we assume that the application o f 

this force leads to an opening o f the gap between bundles to ~ l nm just before fracture, 

then we can calculate the fracture energy to be ~0.7eV per junction. This compares well 

with the value o f -0 .9  eV per junction calculated assuming a nanotube surface 

energy[31] o f 70m J/m ' and a junction cross section o f 1 nm" (almost certainly an over

estimate). In fact, the agreement between the estimation o f junction fracture energy 

from the mechanical measurements with that from surface energy considerations is 

remarkable given the approximate nature o f  the calculations.

Attempting a similar calculation for the toughness o f  the film in terms o f  the 

work done breaking junctions, wj (estimated above at 0.7-0.9 eV), gives the expression:

where / is the gauge length o f  the film (-0 .02 m). Substituting in w j-0.9eV  gives a 

value o f dT/dNjs:3.6xI0 ‘"* J, a value much smaller than the measured value (3.6x10'
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'^J). W hile this discrepancy is larger than expected, it is consistent with the fact that 

m ost o f  the w ork o f  fracture is done deform ing the network, not ju st breaking junctions.

We can also try to understand the weak dependence o f  the strain at break on Nj. 

T he num ber o f  junctions per unit length is If  we assum e that strain involves the 

m otion o f  junctions, then a given extension, l-lo~ Nj'^^lA w here 1 is the gauge length and 

A is the junction  displacem ent under strain. The strain at break is then

5.6

This expression has been fitedt to  the strain at break data in figure 5.8 giving a 

reasonable fit. From the fit we get Amax~0.34 nm. This m eans that the junctions are not 

free to m ove very far before failure occurs som ewhere in the film. It is not clear w hether 

or not it is significant that A^ax is so close to the van der W aals distance. H ow ever it 

m ay not be as one would expect the junction  to m ove along the bundle under strain, not 

aw ay from the bundle.

5.4.2 Analyses o f  Electrical Results

As discussed above, we expect the network conductivity to depend on both the 

nanotube conductivity and the network morphology. However, if  the nanotubes 

them selves are m uch less resistive than the junctions we m ight expect the conductivity 

to be dom inated by the network properties. In this scenario, the conductivity w ould be 

expected to scale with Nj. Shown in fig 5 .I0A  is a plot o f  a  versus Nj which 

dem onstrates reasonable scaling. However, from fig 5.8C, we know  that variations in 

the defect population and hence variation in the nanotube conductivity result in 

variations in the film conductivity. This m eans that unlike the m echanical properties 

the conductivity should scale with a param eter which includes contributions from both 

nanotube and netw ork properties. The sim plest way to do this is to look for scaling o f  

the conductivity with the com bined parameter: Ig/IdxN j, shown in figure 5.10B. This 

graph displays convincing scaling o f  the conductivity with Ig/IdxN j ., indicating that, in 

addition to depending on the conductivity o f  the individual nanotubes, the film 

conductivity depends on the m orphological properties o f  the network, or more 

specifically the junction num ber density.
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So higher conductivity is achieved for lower porosity films and/or films 

produced from sm aller bundles. High conductivity films are generally made from ultra

centrifuged dispersions which consist m ainly o f  individual nanotubes and very small 

bundles. This translates into low values o f  D and hence high conductivities. In this 

w ork no attem pt was m ade to exfoliate the nanotubes, resulting in large D values and 

so lower conductivities.
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Figure 5.10 Sem i-em pirical scaling laws for conductivity o f  nanotube films. A) 

A pproxim ate scaling o f  conductivity w ith num ber density o f  inter-nanotube junctions. 

B) Scaling o f  conductivity with the product o f  the junction  num ber density and the

Ram an ratio.
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Lastly , it is im portan t to  con sid er the e ffec t o f  the  functional g roups on  the 

p ro p erties  o f  the film s. In genera l, the  m echan ical p ro p erties  fo r all the  film s studied , 

inc lud ing  those  fab rica ted  from  functionalised  nano tubes, lie c lose  to  the  { \ - P f  /  D "  

trend  lines. T he o bv ious ex cep tio n s are the  S W N T -P E G  and S W N T -low -C O O H  film s. 

T h ese  m ateria ls  d isp lay  streng ths sligh tly  above w h ere  w e m ight expec t acco rd in g  to  

the  ana lysis . H ow ever, th e  general scaling  w ith  suggests  tha t film

m o rp h o lo g y  co n sid era tio n s are  far m ore im portan t than  any in terac tions betw een  

functional g roups o f  ad jacen t bundles. T h is is not so su rp rising  as the  functional g roups 

a ttached  to  these  sort o f  nano tubes are  expected  to  be p redom inate ly  a t the  ends[32]. 

F u rtherm ore , the  ag reem en t betw een  the  estim ation  o f  ju n c tio n  fracture  energy  from  

m echan ica l m easu rem en ts w ith  tha t from  surface energy  co n sid era tio n s sugg ests  that 

in te r-bund le  in terac tions are  sim ilar to  g raph ite -g raph ite  van d e r W aals in terac tions 

ra th e r than  in terac tions betw een  functional g roups. In add ition , the  fact tha t the 

m echan ica l p roperties  in g enera l do  not scale w ith  the  d efec t co n ten t co n firm s th a t the  

ju n c tio n s  are m uch w eak er than  the  nano tubes th em se lv es  as one w ould  expect.

W hile the  excess stiffness o f  the SW N T -P E G  sam ples m ay be due to  som e 

en tan g lem en t o f  PEG  ch a in s  associa ted  w ith ne ighbouring  bund les, it is felt tha t th is  is a 

sm all e ffec t in these  sam ples. H ow ever, i f  one w ished  to  enhance  th is effec t, it w o u ld  be 

necessary  to  use n an o tubes w ith a high degree o f  fu nc tiona lity  a long  th e ir  bodies, 

lead ing  to  increased  en tan g lem en t in the region o f  ju n c tio n s . H ow ever, th e  large deg rees 

o f  func tiona lisa tion  requ ired  m ight very w ell red u ce  the  m echan ical p ro p erties  o f  the 

n an o tubes th em selv es  to  a level w hich could  in fluence  the film  streng th . T h e  ideal 

s itua tion  w ould  be to  co va len tly  a ttach  cross-lin k in g  m o lecu les th a t jo in  ad jacen t 

n an o tu b es only  at ju n c tio n s . T h is w ould  s ign ifican tly  increase ju n c tio n  strength  w hile  

m in im isin g  the deg radation  o f  nano tube strength .

O vera ll, considering  the  d a ta  to  hand, it is felt th a t the  role o f  the  fu n c tio n a lities  is to  

in fluence  the d ispers ib ility  o f  the  nano tubes d u rin g  the  p rep ara tio n  stage, thus 

co n tro llin g  the bund le  size. T he bundle  size m ost like ly  then  sets the  po rosity  w hich , 

co u p led  w ith the  bundle  size , con tro ls  the  ju n c tio n  n u m b er density
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5.5 Conclusion

In conclusion the m orphological, mechanical and electrical properties o f  a range 

o f  nanotube film s m ade from a selection o f  com m ercially available nanotubes were 

m easured. Strong correlation was observed between the mechanical and electrical 

properties o f  the film s and the film m orphology. The defect population as indicated by 

the Raman G/D ratio correlated strongly with the electrical properties, but only w eakly 

with the m echanical properties.

It has been shown that the num ber density o f  inter-bundle junctions is related to 

both the film porosity and the mean bundle diameter. Both the film strength and 

toughness scale linearly with junction  num ber density while the strain at break scales 

sub-linearly. Each o f  these trends can be explained by simple models. These results 

underline the im portance o f  m orphology to the mechanical properties o f  nanotube films. 

It is likely that these findings also apply to  recently reported nanotube fibres[5, 13] and 

sheets[33]. Reasonable scaling o f  the conductivity with the junction num ber density  has 

also been observed. However, much better scaling is observed when the conductivity is 

plotted against the product o f  the Ram an ratio and the junction number density. This 

dem onstrates that the properties o f  both nanotubes and the network are im portant for 

high conductivity films.

This work illustrates that if  highly conductive films are required, very 

conductive, defect free nanotubes are needed which have been extensively exfoliated 

and arranged into dense films, if  m echanical robustness is required the sam e controls 

apply but with far less em phasis on the graphitisation o f  the nanotubes them selves.
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SWNTs Solvent Y

GPa
O b

MPa

S B % I

kJm'^

G/D P % D

nm

a
10  ̂S/m

As

Prepared

NMP 0.6±

0.2

3.5±

1.0

1.5±

0.2

13± 7 9.85 66.4±7

.2

14.5±

3.08

1.449±

0.126

Purified,

low-

COOH

NMP 0.9±

0.4

7.1±

4

1.3+

0.4

14±

10

8.34 58+

9.04

21 + 

6.65

1.832±

0.308

Purified,

high-

COOH

NMP 2.6±

0.3

28±5 2.4±

0.6

176±

70

6.57 48.2±8

.04

9.8±

3.31

13.353±

2.232

Purified,

-ODA

CHCI3 1.6±

0.4

9.5±

3.0

1.5±

0.2

37+

15

5.47 51.5± 

7.1

14.9±

3.01

1.704

0.386

Purified, - 

-PEG

Water 2.0±

0.6

11±3 1.8±

0.6

35±

15

3.16 65.9±8

.2

14.9± 

3.63

1.341 + 

0.187

Purified, - 

-PABS

Water 0.9±

0.2

2.7±

0.5

0.9±

0.3

5± 0.5 5.3 71.8± 

5.9

14.3± 

4.54

0.635±

0.081

HipCo NMP 1.0+

0.3

8.6±

4

2.1 + 

0.68

47±

31

11.1 50.7+.

5.9

18.3+

5.3

15.54±

2.89

Elicarb-

AP

NMP 0.932

±0.27

10,8+

3.18

1.79±

0.003

109±

63.6

3.5 47.8 + 

5.04

14.74±

3.72

3.187±

0.271

Elicarb-

Annealed

NMP 0.289

±0.09

3.6±

2.05

1.76±

0.66

36.4+

29.4

5.8 68.2±5

.9

13.1± 

2.99

2.151±

0.165

Nanolab NMP 0.695

±0.25

4.9±

1.48

1.8±

1.6

24±

12.9

10.4

3
64.6±7

.4

20.4±

3.9

2.625±

0.311

SWent NMP 0.795

±0.39

6.94±

1.7

1.31±

0.37

28.4±

6.1

12.3

4
44.1+5

.7

15.9±

2.6

1.1±

0.104

Table 5.1. Mechanical and Electrical Properties of NT films.
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Chapter 6

Functionalised Single-walled Carbon Nanotube 

Polyurethane Composites

6.1 Introduction and Relevant Background Literature
The virtues o f carbon nanotubes as reinforcing fillers in polymer based composites have 

been thoroughly discussed in previous chapters. Significant advances have been made in 

this field in recent years resulting in composites demonstrating large relative increases in 

stiffness and strength [1-3]. These advances have been enabled by improvements in 

nanotube dispersion and a deepened understanding of how to improve stress transfer from 

polymers to nanotubes. Both the issue of stress transfer and dispersion can be addressed 

simultaneously by using nanotubes which have been covalently functionalized with long 

molecules that are miscible with the polymer matrix.

Unlike pristine nanotubes which require a surfactant or specific amide solvent to 

disperse, functionalised nanotubes have been shown to disperse in a wide range of 

solvents[4-6]. The motivation behind functionalisation is the introduction o f defects which 

disrupt the pi system of the carbon nanotubes reducing their polarisabilty and thus the van 

der Waal interactions between them. Functionalised nanotubes are then predicted to show 

greater interaction within polymer matrices through these functional groups, so aiding 

stress transfer [7].

There are other obstacles remain regarding efficient carbon nanotube polymer 

composite preparation, which need to be addressed. In general, reinforcement is not 

maintained beyond very low nanotube content. This relates to the fact that nanotubes tend 

to aggregate even at moderate volume fractions, due to effects related to the volume of 

space available to each nanotube [8], this problem was addressed in chapter 4 [9].
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Thermoplastic polymers have been extensively investigated for reinforcement with 

carbon nanotubes [3]. The addition o f nanotubes to a thermoplastic matrix results in an 

increase in the strength and Youngs’ Modulus but a significant decrease in ductility and so 

toughness [10]. Toughness is the resistance to fracture of a material when stressed and is 

one of the most important properties for virtually all design applications. Several studies 

have shown increases in toughness values in polymer matrices on the addition of carbon 

nanotubes [2, 11-19]. O f these reports, by far the most impressive results have been for 

composite fibres [14, 20] where large toughness has been achieved even at low nanotube 

content nanotubes[15, 21], Recently values o f up to 417MJ/m^ were achieved by the in situ 

polymerisation of Nylon in the presence of 1 wt% functionalised nanotubes [15], However, 

these results notwithstanding, progress towards tough composites has been significantly 

slower than in other areas.

Fewer studies however have been undertaken to investigate similar reinforcement in 

elastomeric materials and fewer still discuss the effect on composite toughness. However, a 

change in the stiffness or Youngs’ Modulus is often taken as the marker for reinforcement 

in composites. This has been observed to a varying degree in several studies on carbon 

nanotube elastomer composites. Increase factors of between 0.5 and 4 times the original 

stiffness o f the elastomer have been typical involving NT loadings o f up to 12.2wt%[22- 

31]. Less frequently higher increases are achieved. Koemer et al. used a loading o f over 16 

wt% MWNTs in the elastomer Morthane to achieve a Youngs’ Modulus o f 165MPa, 16.5 

times that o f the unfilled elastomer [32]. A composite modulus of 140MPa was observed by 

Chen et al., 28 times that of the unfilled elastomer, after preparing MWNT polyurethane 

fibres using an extrusion method [33].

Outside the composite area a number o f studies have looked at the mechanical

properties o f macroscopic materials fabricated solely from carbon nanotubes. These

materials include sheets [34], films [35-38] and fibres [39, 40]. A very wide range of

mechanical properties have been measured with strengths ranging from ~5MPa for bucky
•2

papers [38] to IGPa for fibres [40]. Toughness values of 14MJ/m have been measured for 

carbon nanotube films [37] while a toughness value for carbon nanotube fibres appears 

unpublished to date.
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An alternative approach to the problem of toughening thermoplastics is proposed in this 

chapter. Instead of attempting to increase the toughness o f an already stiff and strong 

plastic it was attempted to improve the stiffness o f an already strong and tough elastomer. 

As elastomers have stiffness’s in the range o f MPa and the target for a thermoplastic like 

stiffness would be ~GPa, this requires a huge relative increase in stiffness. In addition, in 

the ideal case it would be hoped to minimize the degradation of strength and toughness.

A novel approach to composite preparation is to add polymer to dilute nanotube 

dispersions prior to filtration. This method allows the fabrication o f previously unattainable 

levels o f nanotube loading (~ 81wt% NT) within the composite material with minimal 

reaggregation o f the nanotube bundles as was demonstrated in chapter 4 [9]. For this 

method to succeed, the nanotubes need to be well dispersed in the solvent. Thus 

functionalized SWNT are a good choice. To facilitate composite formation, the functional 

groups are required to be compatible with the polymer. To this end, polyethylene glycol 

functionalized nanotubes (PEG-SWNT) were used and polyurethane was chosen as the 

polymer. The Hildebrand parameters of PEG and PU are similar (§ peg= 2 1 .1  MPa’^̂  and 

6 p u = 2 0 .5  MPa'^^), strong interactions and mixing between the functional groups of the 

nanotube and the polymer can be expected. This may facilitate stress transfer between 

polymer and nanotube. For comparison purposes unfunctionalised nanotubes dispersed 

using a common surfactant we also prepared.

Thermogravimetric analysis revealed that almost all of the polyurethane included in the 

original dispersions remained present in the final composite, allowing great ease of 

reproducibility. A wide range o f nanotube mass fraction composites were prepared. Stress- 

strain measurements show, that on varying the functionalised nanotube mass fraction, the 

strength o f the composite remained relatively unchanged while the toughness scaled over 3 

orders o f magnitude. The stiffness o f these composites increased dramatically by almost 

three orders of magnitude, far more significantly than what is currently observed in 

literature.

This tuneable composite is weak, ductile and tough at low nanotube loadings yet strong, 

stiff and brittle at high nanotube loadings. Speculatively, this method may also be applied 

to other polymer matrices to attain specific composite properties.
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6.2 Film Fabrication

From previous study in chapter 5 nano tube films prepared using PEG and COOH 

functionalised nanotubes showed superior mechanical properties to those prepared from a 

range o f other commercially available nanotubes. The PEG functionalities, as previously 

mentioned, allow the nanotubes to disperse in water, therefore eliminating the need for a 

high boiling point solvent or surfactant. This characteristic was considered a serious 

advantage and was the motivation in selecting PEG-SWNTs for further study.

The PEG groups of the functionalized nanotubes possess a Hildebrand or solubility

parameter o f 5p eg=21.1  MPa'^^ very close to that of the elastomer polyurethane, 6pu=20.5  
1MPa [41]. The Hildebrand parameter is the square root of the cohesive energy density 

which is the energy of vaporisation in calories per cubic centimetre and is a direct reflection 

of the degree o f van der Waals forces holding the molecules o f the substance together. If 

two substances possess similar Hildebrand parameters they are miscible [42].

When incorporating functionalised carbon nanotubes into polymers, compatibility 

between the functional groups o f the nanotube and the polymer is desirable to ensure 

improved nanotube matrix stress transfer. For this reason polyurethane was chosen as the 

host matrix for these composites. For comparison a set of surfactant dispersed Hipco 

nanotube composites were also prepared.

Two methods were used to prepare films of both SWNT varieties. The first, a 

combined dispersion method, involved adding Hipco SWNTs at 0.0875mg/ml and SDBS 

(sodium dodecylbenzene sulphonate) at 0.4375mg/ml to dionised water and sonicating for 5 

min using a high-power ultrasonic tip (GEX600, 240W, 120kHz). These dispersions then 

underwent an hour sonication in a low-power ultrasonic bath followed by a further 5 mins 

under the sonic tip. They were then mildly centrifuged at 5500rpm for 90mins. The 

absorption spectra from before and after centrifugation were compared to find the resulting 

NT concentration of the dispersion. Varying amounts of waterborne polyurethane was 

added to obtain a range of NT mass fractions. The NT polyurethane dispersions were 

sonicated in a low-power ultrasonic bath for 20 minutes. Lastly they were vacuum filtered 

trough a Teflon filter paper (pore size=0.45|am), and dried at ambient temperature for 12 

hrs in a vacuum oven. PEG-SWNT / polyurethane dispersions were prepared in a similar 

way but without the use o f SDBS as PEG-SWNTs disperse well in water [6].
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A layer by layer (LBL) approach was taken for the second method. The SWNT 

dispersions were prepared as above, but instead o f combining the polyurethane with the NT 

dispersion, separate polyurethane/water dispersions were prepared. Alternate controlled 

volumes o f SWNT and polyurethane dispersions were passed through the filter. Each 

additional layer added only after the previous had fully filtered.

A drop cast film of polyurethane was also prepared for comparison.

A 1 — ® B
N T + P U  J  PU y  NT

Figure 6.1 Illustration of A) the combined preparation method. B) Layer by layer

preparation method.

All films were free standing and had thicknesses of between 10 and 77|im after 

being peeled from the filter paper. They were cut into strips o f width 2.2mm and lengths of 

several centimetres.

6.3 Film Analysis

Porosity measurements were made of the films as in chapter 4. The measured 

porosities range between 20 and 82%. Thermogravimetric analysis was carried out to find 

the nanotube mass fractions of the composites again as in chapter 4. On this occasion there 

was very little loss of polymer during the filtration process, typically between lwt% and 

2wt% polymer content o f original dispersion, figure 6.2. This allowed considerable control 

of NT mass fraction of the resulting composites. Composites were prepared with nanotube 

mass fractions o f up to 75 wt%.
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Figure 6.2 Polyurethane content of film as a function of PU:PEG-SWNT ratio of

initial dispersion

6.3.1 Scanning Electron Microscopy o f Carbon Nanotube Elastomer 

Films
Scanning Electron Microscopy (SEM) images were taken of the nano-composites, 

without any coating, to examine their internal structures. The internal surfaces were 

exposed by both tensile fracture and cutting. Examples of these images are shown in figures 

6.3-6.6. The composites prepared by the standard combined method appeared as might be 

expected, a porous tangled mesh of nanotube bundles within the polymer matrix. They 

appeared inhomogeneous on a length scale o f microns probably due to the particulate 

nature o f the original PU emulsions, figure 6.3.
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Figure 6.3 Fracture surface o f a standard composite, PEG-SWNT (24wt%)

Displayed in the inset is a magnified image showing that the polymer matrix consists of 

micron sized fused particles, with significant amounts o f free volume. The internal surface 

o f the polymer matrix appears to be covered by a network o f bundles o f SWNTs. This 

image is typical o f the combined dispersion composites produced by this method for both 

tube types. The cut surface of the layered Hipco composite, however show clear separation 

between the nanotube and polymer layers, figure 6.4.

Figure 6.4 Cut surface of a Hipco (22wt%)-PU LBL composite clearly showing the

presence o f layers
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The fractured surface image of the same sample shows the separated position of some of 

the layers after fracture, figure 6.5.

Figure 6.5 Fracture surface o f the film shown in 6.4

In figure 6.6 delamination between the nanotube and polymer layers is observed in the 

fracture sample of the PEG-SWNT/PU layered composite. Alternate layers of nanotube and 

polyurethane appear ripped apart from each other during fracture, peeling perpendicular to 

the fracture direction. Typically delamination results in increased toughness in composite 

materials as energy is required to separate layers from each other.
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Figure 6.6 Fracture surface of a PEG-SWNT (24wt%) LBL composite showing 

extensive delamination of SWNT and PU layers

From these SEM images it is evident that the two methods of composite preparation result 

in very different systems one consisting o f nanotube bundles dispersed evenly in the 

polymer matrix and one where the nanotubes and the polymer are separate in distinct 

layers. The advantages or otherwise o f these types of structures will be investigated 

subsequently.
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6.3.2 Mechanical Analysis of Carbon Nanotube Elastomer films
Stress strain curves were measured for each film type with representative curves plotted 

in figure 6.7 (note that the strain axis is shown on a log scale).

Hipco Ref 100% NT 
Hipco C om p 31%  NT 
Hipco C om p 24%  NT 
Hipco LBL 36% NT 
Hipco LBL 22%  NT 
PU Sam ple

W 1 0 -

P E G -N T R ef1 0 0 % N T  
PEG-NT 36%  NT 
PEG-NT 24%  NT 
PEG-NT LBL 32%  NT 
PEG-NT LBL 22%  NT 
PU Sam ple

Strain, e

Figure 6.7 Representative stress-strain curves of A) Hipco B) PEG-NT papers.

The curves for both o f the NT only samples exhibit typical thermoplastic style 

behaviour being weak, stiff and brittle [43]. The PU curve shows typical elastomer 

elongation before break at up to 11 times its original length. The composite curves
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predominantly show a mixed behaviour between that of the nanotube film and the 

elastomer, indicating that the reinforcement may be governed by the nanotube network and 

not by individual nanotubes. The layered composites indicated by the dashed lines show 

slightly poorer performance than those prepared by the combined method.

As previously stated four main mechanical parameters can be obtained from these 

curves; the Youngs’ modulus, Y, the toughness, T (energy required to break per unit 

volume), the strength at break, qb, and strain at break, sb. For each film type, stress strain 

curves were measured for five strips, the four mechanical parameters calculated and the 

mean and standard deviation computed. The ranges of values measured were: modulus 

(3.7MPa -3.37 GPa), strength (5-26 MPa), toughness (0.1-80 MJ/m^), strain at break (1- 

1140%).
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Figure 6.8 Youngs Modulus (Y), Ultimate Tensile Strength (UTS), Toughness (T) and 

Strain versus Hipco-NT and PEG-NT mass fraction
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It is worth noting that virtually all mechanical properties of the composites are bound 

between the values o f the polymer itself and the nanotube only film. Figure 6.8 shows the 

mechanical properties o f both Hipco and PEG-SWNT based films as a function of the 

nanotube mass fraction.

The Youngs’ Modulus increases more or less linearly from 3.7MPa for PU to 0.54GPa 

(an increase o f 145 times) for the Hipco film, as shown by the straight line fit, the slope of 

this increase, dY/dMf, is 1.1 GPa. The highest mass fraction Hipco film, 31wt % nanotubes, 

shows a Youngs’ Modulus increase o f 105 times that of the unfilled polymer. This is far 

above the increases that have been observed in literature, which as previously mentioned 

are typically less than a factor of 4. The few studies that have shown augmented values also 

do not approach the reinforcement factor observed in these films.

For the PEG-SWNT /PU films the Youngs’ Modulus again increases linearly from 

3.7MPa for PU to 3.37GPa for the PEG-SWNT only film with an observed dY/dMf value 

of 9.9GPa. The best performing PEG-NT composite had a nanotube mf of 75 wt% and 

preformed 889 times better than the pure elastomer.

This is, by a large margin, the largest fractional increase in stiffness observed using 

nanotubes as a filler, both of the dY/dMf slopes are similar to the moduli of the nanotube 

only films. This would be expected from the Rule of Mixtures [3] if the reinforcement 

consisted of fragments o f nanotube networks rather than individual nanotubes or bundles. 

Almost all the mechanical properties o f the composites are bound between the values o f the 

polymer itself and the nanotube only film. From the SEM images in figure 6.3 to 6.6, 

networks of nanotube bundles are clearly present within the elastomer matrix. This strongly 

suggests that the nanotube bundle network is responsible for reinforcement, not isolated 

nanotubes.

The most obvious difference between the Hipco and PEG-SWNT films is apparent on 

analysis o f the ultimate tensile strength values. The addition of Hipco nanotubes weakens 

PU films. This weakening is understandable, as if the reinforcement is by the nanotube 

network and the Hipco network is itself weaker than the polyurethane film (4.9 ±1.6 MPa 

versus 15±8 MPa respectively). However addition of PEG-SWNT strengthens films with 

strength increasing from 15±8 MPa for PU to a maximum of 26±5 MPa (mf= 75%) for the
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highest load composite. Again this can be understood because the PEG-SWNT has a 

strength o f 22±8 MPa, significantly higher than the PU.

For both nanotube types strain at break falls off from 1140% for PU to 4% and 3% for 

Hipco and PEG-SWNT respectively. This results in a dramatic decrease in toughness as the 

nanotube mass fractions increases to about mf ~ 0.4 after which the composite properties 

appear to be dominated by the network. The toughness also falls by 3 orders of magnitude 

within this range before saturating at higher nanotube mass fractions. Interestingly the fall 

off in toughness at low mass fraction is virtually identical for samples prepared with both 

Hipco and PEG-SWNT. This suggests that the toughness is insensitive to the nature o f the 

polymer-nanotube interface. Most likely the presence of the network disrupts the 

deformation o f the polymer at high strain resulting perhaps in localized stress concentration 

and premature rupture.

When examining the ultimate tensile strength values of the PEG-SWNT composites the 

importance o f the functional groups becomes evident.
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Figure 6.9 The Ultimate Tensile Strength and Toughness o f the PEG-SWNT 

polyurethane films as a function of nanotube mass fraction.
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It can be observed that while all the other mechanical properties are completely 

governed by the properties of the nanotube network the strength values show a slight 

departure from this trend, as observed in figure 6.9 and highlighted by the blue markers. 

Although these increases are by no means dramatic they suggest improved interaction 

between filler and matrix facilitated presumably by the nanotube functionalities. It is in the 

strength measurements that the layered composites also show the poorest performance in 

comparison to the combined method composites.

In all macroscopic forms of carbon nanotubes it is the junctions between the nanotube 

bundles that fail under stress rather than the nanotubes themselves, a method of increasing 

this interaction is to incorporate a polymer material to act as a glue to hold the bundles 

together. Further experiments using this method may show greater reinforcement using 

different polymers and nanotube functionalities.
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6.3.3 Electrical Characterisation o f  Carbon Nanotube Elastomer 

Films

W hile this study was undertaken primarily to investigate mechanical reinforcement 

in such polym er nanotube systems bulk, in-plane, electrical measurements were also carried 

out on the films using the method described in chapter 4. Resistance (Rr) measurements 

were o f  strips cut from the films made as a function o f length (/), as shown in figure 6.10 

for both the pristine and functionalised nanotube composite films.
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Figure 6.10 Resistance versus sample length for selected nanotube loading levels A) Hipco

B) PEG-SW NT Composites.

The plots o f  conductivity versus mass fraction and true volume fraction for all films are 

shown in figure 6.11. For the PEG-SW NT films the conductivities ranged from -0.01 S/m 

for papers o f  ~36wt% NT up to ~ 5750 S/m for the nanotube-only bucky paper. For the 

Hipco films the conductivities ranged from -0 .716  S/m for papers o f  ~24wt%  NT up to -  

3970 S/m for the nanotube-only bucky paper. The layer composites showed higher
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conductivities when compared to the combined method composites presumably due to the 

continuous layers o f nanotube network present in the films.
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Figure 6.11 Conductivity versus mass fraction and true volume fraction for all films (The 

red squares represent the layered composites).

When the conductivities are plotted as a function of true nanotube volume fraction the 

smooth scaling observed in chapter 4 is less evident. This is more than likely due to the fact 

that the films here are o f a different nature than those investigated in chapter 4 being 

prepared from polymer particles dispersed in water rather than a polymer solution.
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6.4 Discussion
It is notable that the mechanical properties are significantly better for the PEG-SWNT 

based composites compared to the Hipco based materials. Thus the mechanical properties 

of the PEG-SWNT composites will be discussed in detail, see table 6.1 for mechanical 

properties. The most obvious point is that the introduction of nanotubes enhances the 

stiffness and strength but degrades the ductility and hence the toughness. The increase in 

strength is marginal; ~x2. However the changes in both stiffness and toughness are 

dramatic.

The curves from the mechanical results data can essentially be divided into two 

regions. Without any decrease in strength, below 40wt% the mechanical properties change 

rapidly with addition of NTs. Above 40% the properties are very close to that o f the Bucky 

paper and are dominated by the NT network. In the first region the properties can be tuned 

over a very wide range. The choice o f strong, stiff but brittle composites at the high end of 

the scale or weak, ductile and tough composites at the other end is possible. The simplicity 

of the composite preparation, where so little material is lost during filtration makes this 

tuning entirely possible. By adding a specific amount of carbon nanotubes the desired 

mechanical properties can be attained.

The strength and toughness of the layered composites were lower than those 

prepared by the combined dispersion method. This is surprising as layered composites have 

preformed well in other studies [44], and delamination is observed in SEM images of the 

fracture samples. This is usually good at stopping cracks and so increasing strength. 

However, we might presume that in spite o f good stress transfer present in the combined 

composites, less interaction occurs between NTs and the matrix in the layered structures 

and this acts to counteract any reinforcement offered by the energy required for layer 

separation.

While this work was carried out using an elastomer, structural plastics tend to be 

thermoplastics or thermosets. Thermoplastic polymers tend to have stiffness’s in the region 

of ~0.1-5GPa, strengths in the region of 10-50 MPa and toughness’s of 0.5-1 MJ/m^ or 10- 

60 MJ/m^ depending on whether they are brittle or ductile. Picking two mass fractions o f 

our PU/PEG-SWNT composites for comparison: at mf= 0.31 we can get Y=0.9 GPa, ct=20 

MPa, 8b = 8%  and T=0.9 MJ/m^, values typical of a brittle thermoplastic. In comparison at
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m f=  0.15 we can get Y=0.13 GPa, ct=9 MPa, Sb=120% and T=9.4 MJ/m^, values typical of 

a reasonably ductile thermoplastic. This illustrates that this material is incredibly versatile 

in terms of the mechanical properties obtainable.

The fact that Rule o f Mixtures like behaviour is observed for both SWNT types raises a 

number of questions. Rule of mixture behaviour is usually associated with good stress 

transfer from matrix to nanotube. Such stress transfer is thought to be significantly 

improved by functionalisation of the nanotubes. However, for both Hipco and PEG-SWNT 

films, the same Rule of mixture behaviour is observed with dY/dMf close to the network 

modulus. This suggests that the modulus reinforcement is limited by the modulus of the 

network and not the functionalisation. The functionalisation may play an indirect role in 

improving the mechanical properties of the network of PEG-SWNT. However there is no 

real evidence of an enhancement in stress transfer through using functionalized nanotubes.

In reality, this situation occurs solely because of the formation of a nanotube network in 

these samples rather than isolated nanotubes. This happens for two reasons. Firstly at the 

high volume fractions used in this work, adjacent nanotubes tend to come very close during 

the film formation phase potentially facilitating aggregation or, in some cases, network 

formation. There may, however, be a more important criterion. The polymer used here 

comes in the form of a waterborne emulsion o f micron sized particles. During the film 

formation phase, steric effects probably force the dispersed nanotubes to occupy the free 

volume between the particles. This then results in the formation of a nanotube network, 

even at reasonably low volume fractions. This is supported by the inset in figure 6.3 which 

shows the presence of a network coated onto the internal surface o f the composite. 

Incidentally, the fact that the nanotube network is coated onto the polymer in the space 

between PU particles would be expected to limit the interaction with the polymer and 

ultimately the maximum stress transferred to the nanotubes.

An interesting question would be whether this method could be used to make 

composites where individual SWNTs, rather than networks, are embedded in a polymer 

matrix even at high volume fraction. The first criterion is that we would require a soluble 

polymer, rather than a particulate emulsion such as that used here. To avoid nanotube 

aggregation, the nanotubes should be very soluble, achievable by using functionalized 

nanotubes. To maintain a good dispersion during the drying phase, the polymer should be
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compatible with the nanotubes functional groups. This allows polymer coating o f the 

nanotubes to be favourable compared with nanotube aggregation. These criteria are 

consistent with a system of solvent, polymer and functionalized nanotubes where all three 

components have very similar Hildebrand parameters. Information on the Hildebrand 

parameters o f solvents and polymers is readily obtainable. In addition it has recently been 

shown that the Hildebrand parameter o f a functionalized nanotube is essentially that o f its 

functional groups [45], Thus, it should be reasonable straightforward to identify the 

components of such a system bearing in mind that the choice o f high-quality functionalized 

nanotubes is much lower than that for commercial polymers.

SWNT Mass 

fraction

Young

GPa

UTS

MPa

Strain at break Toughness

MJm'^

1.00 3.4 ± 1.3 22 ± 8 0.03 ±0.01 0.2 ±0.13

0.75 3.3 ±0.6 26 ± 5 0.01 ±0.001 0.12 ±0.04

0.36 1.6 ±0.4 25 ± 6 0.023 ±0.01 0.34 ± 0.2

0.31 0.9 ±0.15 20 ± 2 0.08 ± 0.02 0.9 ± 0 .4

0.24 0.6 ±0.2 16± 1 0.25 ±0.07 3.0 ± 0 .9

0.15 0.13 ±0.02 9 ±  1 1.2 ±0.3 9.4 ± 3

0.00 0.004 + 0.001 15 ± 8 11.4± 1.3 80 ± 3 0

Table 6.1 Mec lanical properties of PEG-S WNT "ilms
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6.5 Conclusion
A simple method of nanotube composite preparation has been demonstrated that 

allows the preparation of wide ranging, extremely high mf composites with minimal 

reaggregation o f the nanotubes. Composites prepared with functionalised NTs dispersed in 

water display superior mechanical properties to those prepared using unfunctionalised tubes 

and a surfactant. The Youngs’ Modulus o f these composites increased by three orders of 

magnitude, as the nanotube mass fraction was increased from 0% to 100%. While the 

strength scaled weakly with mass fraction, the toughness fell by a factor of ~200 upon 

loading with 40 wt% SWNT after which it saturated at a value close to that of the nanotube 

network. These PEG-SWNT polyurethane composites exhibit tuneable stiffness and 

toughness, without sacrificing strength.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

In conclusion a straight forward method of high volume fraction carbon nanotube 

polymer composite preparation has been demonstrated in this work. Two different systems 

were investigated, polystyrene pristine nanotube composites and polyurethane 

functionalised nanotube composites. I  he work aimed to try to overcome some of the 

problems frequently encountered when preparing high volume composites, namely 

aggregation. When nanotubes significantly reaggregate at high nanotube loading levels, it 

can result in a loss of mechanical integrity to the polymer. This method of sample 

preparation also allows the composites to be washed before drying, helping to remove 

trapped solvents which have been shown to be detrimental to composite properties.

Although no significant improvements were made in the mechanical properties of 

the polystyrene composites the electrical results proved very interesting. The composites 

were quite conductive, the highest nanotube mass fraction composite showing a 

conductivity o f 7000S/m. When the conductivities of all the prepared composites were 

plotted as a function o f the true volume fraction o f nanotubes present in the film percolation 

scaling was observed over a wide range of nanotube volume fractions right up to the 

nanotube only sample, a previously unseen result.

Conducting composites which utilise the conductivity of carbon nanotubes and the 

mechanical properties polymer matrices are potentially useful for many applications, 

electromagnetic interference shielding, sensors, rechargeable batteries, electro chromic 

displays and light emitting diodes are but a few.

The results from the polystyrene work however posed a number o f questions 

regarding the mechanical properties o f nanotube films and also stress transfer in similarly
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prepared composite films. In response to the first question a study was carricd out on a 

variety of commercially available nanotubes which were prepared as nanotube films. The 

control factor for the mechanical properties of these films was found to be the size and 

arrangement of the nanotube bundles within the films. The properties of the tubes 

themselves appeared to contribute little to the overall mechanical success or otherwise of 

the film. Less porous films made of smaller nanotube bundles preformed best when tested 

for stress-strain characteristics.

From this it was felt necessary to realise a way to quantify the arrangement of 

bundles within the film. As nanotube-nanotube junctions are what hold such a film 

together, the number of nano tube junctions per unit volume was calculated and related to 

the porosity of the film and the nanotube bundle size. This parameter was found to scale 

with the strength, toughness and ductility of the films. This relation also allowed the 

estimation of the force required to break a nanotube-nanotube junction and also the 

maximum junction displacement under strain.

When the same films were investigated for conductivity similar trends were evident 

in relation to their topography. Less porous films with a smaller bundle size conduct 

electricity better than those that are more dense and compromised of large bundles. 

However in the case of conductivity, the properties of the nanotubes themselves play a 

more significant role with the graphitisation of the nanotubes (deduced from the Raman 

G:D band ratio) influencing the film conductivity. In this part of the study the conductivity 

scaled against a combined parameter of Raman G:D band ratio and junction number 

density.

From this work two types of nanotubes were observed to produce mechanically 

superior films. Polyethylene glycol nanotubes were one and were chosen for further study 

as they can be dispersed in water. Previous studies have experienced difficulties with 

surfactants and high boiling point solvents that are difficult to remove and can act to inhibit 

stress transfer between the nanotubes and the polymer. A water bom polyurethane 

dispersion was chosen as a suitable matrix as it was predicted to be compatible with the 

nanotube functional groups and required no solvent other than water.

The mechanical results of these composites were very interesting with the 

nanotubes providing significant improvement to the stiffness of the elastomer (almost 3
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orders of magnitude) and a toughness that scales over three orders of magnitude without 

any decrease in strength.

7.2 Future Work

Carrying on from this work, using the technique described it may be possible to 

prepare this style of composites that are not bound by the mechanical properties o f the 

nanotube network. A possible way of separating the nanotubes from each other as they 

form the mesh is through using highly grafted nanotubes that are in reality pre-coated in 

polymer, dispersing them in a polymer solution and preparing the films as described. These 

composites could potentially possess far better mechanical properties than those described 

here as the reinforcement would be through separated nanotubes rather than bundles. It has 

been shown that the topological properties o f the films are of the greatest significance when 

seeking mechanical reinforcement and from the polyurethane study the advantage of 

functionalisation was evident.

The commercial availability and falling cost of many varieties o f functionalised 

nanotubes provides plenty of scope for further study. Utilising the advances in dispersion 

technology and considering the compatibility between polymer and nanotube functionality 

offers many options.

The last section of this thesis can be thought of as a proof of concept and while 

working with a weak elastomer resulted in either strong, stiff but brittle composites or 

weak, ductile and tough composites. A similar study using a stiffer or stronger polymer 

may result in better performing composites

The choice of functional group could also be investigated using some variety of 

biological side group that may provide a way to introduce sacrificial bonds within the 

matrix, in some way, mimicking the role o f collagen in bone. It is the nanotube junctions 

that pull apart rather than the tubes themselves and the precedence should be on 

strengthening these junctions. These sacrificial bonds on the nanotube functionalities could 

allow for greater maximum junction displacement under strain if covalent attachments were 

formed between the nanotube bundles. In a composite they could absorb significant energy 

before fracture once covalently bonded. The obvious obstacle to this would be in preparing
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a dispersion with functionalised nanotubes that want to attach to each other. Post filtration 

functionalisation may be an option which would take advantage of the film porosity.

Other forms of composite preparation should also be investigated using perhaps 

coagulation spinning or electro spinning techniques to form high load nanotube fibres or 

nanotube fibre meshes.
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