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Equipped with his five senses, man explores the universe around him and calls the

adventure science.

Edwin Powell Hubble

You do not really understand something unless you can explain it to your grandmother.

Albert Einstein

Physicists define stress as force per unit area. The rest of humanity define stress as

physics.

Unknown
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Abstract
A comprehensive study of the mechanical properties of coagulation spun 

poly(vinyl) alcohol-nanotube composite fibres has been performed. A method has been 

developed to control and measure the nanotube volume fraction, Vj, in these fibres. Both 

the fibre modulus, Y, and strength, os, scale linearly with up to a maximum effective 

nanotube content of P/~10%, after which these properties remain constant. It was found 

that dY/dVj=254 GPa and <faytfF/=2.8 GPa in the linear region. These values correspond 

to the effective modulus and strength respectively, which nanotubes contributed to the 

composite. By drawing fibres with l'^<10% to a draw ratio of -60%, these values can be 

increased to dY/dVf=600 GPa and d(7B/dVj=l GPa. Raman measurements show the 

Herman’s orientation parameter, S, to increase with drawing, indicating that significant 

nanotube alignment occurs. Raman spectroscopy also shows that the nanotube effective 

modulus, YEff, also increases with drawing due to the increased alignment. As expected 

for simple composites, the undrawn samples display dY/dV/^YEjf. However, for draw 

ratios above 22%, dY/dVj>YEjf, suggesting that drawing induces polymer crystallinity. An 

empirical relationship between the nanotube orientation efficiency factor, rjo, and S has 

been calculated. The data for Ye^ versus rjo was fitted showing that the fibre modulus 

scales linearly with rjo, as predicted theoretically by Krenchel. From the fit, the actual 

Young’s modulus of the nanotubes used in this work was estimated to be f\7=480 GPa. 

This value is about half of the expected value of 1 TPa, suggesting that these composites 

are limited either by an imperfect polymer-nanotube interface or that the nanotubes are 

less stiff than expected. It is shown that the fibre strength also scales linearly with t]o- The 

effective interfacial stress transfer can be estimated to be z=40 MPa and the nanotube 

critical length to be 4=1250 nm.

When normalised to nanotube volume fraction, both fibre modulus, and strength, 

scale strongly with fibre diameter, D: YIoc D~'^^ and <j^ / cc ” . It is shown that 

much of this dependence is attributable to correlation between F/and D due to details of 

the spinning process: F^ cx . However, by carrying out Weibull failure analysis and

measuring the orientation distribution of the nanotubes, it is shown that the rest of the 

diameter dependence is due to a combination of defect and orientation effects. For a 

given nanotube volume fraction the fibre strength scales as cr^ oc £)-0 29£)-064 

first and second terms representing the defect and orientation contributions respectively. 

The orientation term is present and dominates for fibres of diameter between 4 and 50pm.



By preparing fibres with low diameter, mean mechanical properties as high as f=244 

GPa and <tb=2.9 GPa have been obtained.

An alternative method of composite fibre production was also introduced. A 

combination of solution processing and melt processing was used to form composites 

made from the thermoplastic polyethylene terephthalate (PET). Composite fibres based 

on the polyester, PET filled with both nanotubes and graphene were prepared by a 

combination of solution and melt processing. On addition of <2wt% filler, increases in 

both modulus and strength by factors of x2 to x4 were observed for both fillers. For the 

nanotube-based fibres, the mechanical properties depend strongly on fibre diameter due 

to a combination of orientation and defect effects. For the graphene filled fibres, the 

modulus is invariant with diameter while the strength is defect limited, scaling weakly 

with diameter. Using this method, the best fibre prepared had modulus and strength of 42 

GPa and 1.2 GPa respectively. This is attributed to the excellent reinforcement 

predominately to the dispersion quality resulting from the solvent exfoliation of both 

nanotubes and graphene.
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Chapter 1
Motivation and Thesis Outline

1.1 Motivation
Mankind’s exploitation of materials has defined various ages; from primitive stone 

tools to early metallurgy and right through to the present day. Our ability to invent, discover 

and modify materials has fuelled our intellectual and technological evolution. Nanoscale 

materials represent a massive leap forward in materials science. Materials on the nanoscale 

behave very differently to materials on the macroscale. This is partially due to the increased 

surface area which is created when materials get smaller and also due to the quantum effects 

which become apparent at the nanoscale. The unique quantum and surface phenomena that 

nano-materials exhibit can open doors to new applications in areas such as medicine, 

construction and the electronics industry. Like the changes new materials brought in 

previous ages, nanotechnology will pave the way for significant changes in the way people 

live and work. Richard P. Feynman lay the foundations for nanotechnology in his lecture in 

1959 entitled “There’s Plenty of Room at the Bottom”. He discussed the direct manipulation 

of matter on the atomic scale. His ideas were later realised through the use of scanning 

tunnelling microscopes and atomic force microscopes.

In order to provide a bridge between the nanoscale and the macroscale, composites 

are often used. Composites consist of two or more materials which, when combined, produce 

a new material with enhanced properties. The material which requires reinforcement is often



referred to as the matrix and the reinforcing agent is known as the filler. In nanotechnology 

research, the matrix is very often a polymer material.

Polymers are cheap, readily available, lightweight and easy to process. However, the 

mechanical properties of polymers are often lacking, especially for high strength 

applications. This is where the role of composites becomes important. A filler can be added 

to the polymer and can result in significant increases in the mechanical properties of the 

resulting material. An ideal filler for a polymer possesses good mechanical properties, is 

lightweight and has a high aspect ratio.

Fibreglass and carbon fibres are commonly used filler materials. Over the past 60 

years, carbon fibres have been developed and are used for reinforcement in composites due 

to their high strength. They are currently being used to reinforce aircraft', sports equipmenr 

and infrastructure^ along with many other materials. Carbon fibres work well because of 

their good strengths and high aspect ratio which is important for stress transfer. In order to 

progress further and achieve superior composite reinforcement, a filler with a higher aspect 

ratio and higher strength than carbon fibres is required. Carbon nanotubes are such a 

material. Not only do carbon nanotubes have a higher aspect ratio than carbon fibres, they 

are also stronger and less dense. Carbon nanotubes are nanoscale cylinders of carbon with 

remarkable mechanical, electrical and thermal properties'*. They are approximately 150 times 

stronger than steel^’^ yet they are about 5 times less dense. In order to harness the superlative 

properties that nanotubes possess, they are usually incorporated into a polymer. By 

combining carbon nanotubes with polymers, very strong composite materials can be 

produced; such composites will be the basis of this thesis. Carbon nanotubes have been 

incorporated into composite films^''^ and fibres''*'^* for many years and have shown huge 

promise, particularly in the area of carbon nanotube polymer composite fibre research. 

Polymer-nanotube eomposite fibres have been prepared and investigated for over 10 years . 

However, there are many issues within fibre research that are unresolved.

This work aims to confront these issues by investigating the role of filler content, 

nanotube orientation and the effect of diameter on the properties of a fibre. This can be done 

by using an established method of coagulation spinning and also, by using a novel 

combination of solution and melt processing for fibre production. The work presented here



aims to connect the nanoscale with the macroscale and to give some insight into what makes 

a fibre strong.

1.2 Thesis Outline
This thesis consists of 8 chapters:

Chapter 2 introduces the theory and background of polymers and composite 

materials. A description is given of how composite reinforcement can be effectively 

achieved using materials like carbon nanotubes and graphene. The properties, production 

methods and applications of these materials are also discussed.

Chapter 3 describes the materials and methods used to prepare, analyse and 

characterise composite fibres produced. A description of coagulation spinning is presented 

which is the main fibre production method used throughout this thesis. The characterisation 

techniques used for this work, including mechanical testing and thermogravimetric analysis 

are also discussed.

In chapter 4, the effect of nanotube content on the mechanical properties of polymer- 

nanotube composite fibres is investigated. It is well known that reinforcement scales with 

nanotube content, however the rate of increase of fibre stiffness and strength and also the 

maximum achievable loading level has not been found for coagulation spun fibres. The 

effect of alignment on the mechanical properties of the fibre is also discussed. These 

properties determine the maximum strength and stiffness attainable and are very important 

measurements for composites.

In chapter 5, the dependence of mechanical properties on fibre diameter for polymer- 

nanotube composite fibres is discussed. There are two main factors which contribute to this 

diameter dependence; nanotube orientation and defects. These effects and their relative 

importance on the mechanical properties of the composite are discussed in detail in chapter 

5.

In chapter 6, the properties of PET-nanotube and PET-graphene fibres produced 

using a combination of solution and melt processing are discussed. The variation of 

mechanical properties with nanotube and graphene volume fraction is also investigated. The 

mechanical properties of these fibres are compared with other types of fibres which are 

currently being produced.



Chapter 7 contains summaries of the conclusions from chapters 4, 5 and 6 along with 

future work that could be undertaken in this area of research. Chapter 7 also contains a list of 

publications.
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Chapter 2
Theory and Background

2.1 Introduction
This chapter begins by introducing polymers and polymer fibres. Polymers are 

lightweight, cheap and readily available. However for high strength applications, polymer 

composites are more suited. Polymer composites and the theory of polymer matrix 
reinforcement are introduced. Because of their exceptional mechanical and electrical 

properties, carbon nanotubes are ideal fillers for composite reinforcement. The 
remarkable properties that carbon nanotubes possess will be subsequently discussed. 

Mechanical reinforcement in carbon nanotube based composites and coagulation spun 

fibres will also be explained in detail. Graphene offers an alternative route for composite 

reinforcement. This chapter also includes an introduction to graphene and graphene based 

composites.

2.2 Polymers
Polymers are macromolecules consisting of long chains of repeating units joined 

together by covalent bonds. Polymers can be naturally occurring or can be synthesised'. 

They are ideal for use in composites due to their low density, low cost and ease of 

production. Though generally weaker than most metals or ceramics they can be 

mechanically reinforced using fillers like carbon nanotubes ' . An example of a very 

common polymer is polyethylene. The repeating unit of polyethylene is shown in 

brackets in figure 2.1 and consists of a chain of carbon atoms, each of which are attached 

to two hydrogen atoms. The “n” in figure 2.1 indicates how many repeating units there 

are (degree of polymerisation).



f'l V
--C-C
\H h4

Figure 2.1 Structure of polyethylene

Polymers can be classified into groups based on their mechanical properties as plastics, 

elastomers or fibres and into further sub groups as shown in figure 2.2.

Polymer

Plastic Fibre Elastomer

Thermoplastic Thermoset

Figure 2.2: Polymer classification

2.2.1 Mechanical Properties of Polymers
The mechanical differences between various types of polymers can be examined 

by carrying out mechanical measurements. Samples are pulled apart at a set rate and the 

force per unit area (or stress) is recorded as a function of strain. The Young’s modulus 

can be found from the slope of the stress-strain curve as the strain approaches zero and is 

a measure of the stiffness of the polymer. The ultimate tensile strength is found from the 

highest stress on the graph and the area under the curve gives the toughness. The 

percentage elongation can be found from the highest strain on the graph. Typical 

mechanical properties of some common materials along with some polymers and also 

carbon nanotubes are shown in table 2.1.



Material Tensile Strength
(MPa)

Young’s Modulus

(GPa)
Nanotubes''^ 63000 950

Nylon Fibre"’ 1000 19

Steel' 380 207
Copper' 200 110

Aluminium' 90 69

Titanium 520 107
Bulk Polyvinyl Chloride (PVC)'^ 56.6 2.9

Bulk Polyester (PET)''’ 50 1.7
Bulk Poly(vinyl) alcohol (PVA)'^ 110 37

Table 2.1: Typical mechanical properties of some common materials.

Sample stress-strain curves for various polymer types are shown in figure 2.3.

Strain

Figure 2.3: Typical stress-strain curves for elastomers, plastics and fibres 17

Elastomers are polymers that can undergo very large and reversible deformations. 

Elastomeric behaviour was first observed in natural rubber however elastomers can also 

be synthesised'. Natural rubber can be stretched by up to 850% before fracture. It has a 

tensile strength of up to 25 MPa and a Young’s modulus of 2 MPa'^. Polyurethane is an 

example of a common synthetic rubber which is used in car bumpers'*, conveyor belts'^ 

and car steering wheels . Polyurethanes have been shown to have an elongation of

2100%'^' and a tensile strength of 45 MPa'^’.16



Plastics represent a large range of materials with behaviour between that of a fibre 

and an elastomer. Plastics can be divided up into two sub categories; thermoplastics and 

thermosets. Thermoplastic polymers soften when heated and harden when cooled. The 

heating and cooling processes can easily be repeated and reversed as required. Examples 

of thermoplastics are polystyrene, poly(vinyl) chloride and polyethylene terephthalate 

(PET). The typical strength and modulus of bulk PET is 50 MPa and 1.7 GPa 
respectively and its percentage elongation is approximately 180%'^. Conversely, 

thermosets are network polymers which have crosslinks between adjacent chains. 

Crosslinks secure polymer chains together when heated which causes them to resist 
movement. Typically 10-50% of the chains are crosslinked’. Epoxies are thermosetting 

polymers and typical strengths of 90 MPa and a Young’s modulus of 5 GPa'^.

Another category of polymers are polymer fibres, which undergo low elongations. 

Because the polymer chains are closely packed, fibres have a high Young’s modulus and 

tensile strength. Drawing of fibres can induce crystallisation in the fibre which enhances 

the mechanical strength. Fibres have become a very important part of modem life, from 

their use in textiles like nylon to their use in bullet proof vests . Nylon 6,6 is a 

commonly used fibre due to its high strength of up to 1 GPa. It also has a modulus of 

elasticity of 19 GPa and an elongation to break of between 5-25%'^.

Polymer based fibres offer a very promising route to producing high strength 

materials. The focus of this thesis is on polymer nanotube composite fibres. There are 

many types of high performance fibres already being produced. These fibre types will be 

introduced briefly here as a comparison to the fibres which will be discussed in chapters 

4, 5 and 6. They can be split up into several categories:

1. Aramids

2. High performance polyethylene fibres

3. Other high strength high modulus fibres from linear polymers

4. Ceramic fibres

5. Glass fibres

6. Carbon fibres

Aromatic polyamide fibres (or aramid fibres) are strong heat resistant synthetic 

fibres which have polymer chains highly oriented along the fibre axis. In 1971, a new 

high performance fibre, Kevlar® was discovered. It is produced by Dupont and it is a
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high strength organic fibre made of polyphenylene terephthalamide (PPTA) with an 

alternation of benzene rings and amide groups and is a type of aramid (figure 2.4).

Figure 2.4: Structure of Kevlar^^

The maximum tensile strength and Young’s modulus of Kevlar 49 is 3.6 GPa and 124 

GPa respectively. The elongation to break is 2.4%. The toughness of Kevlar is approx 33 

J/g^"*. The polymer chains align and are oriented parallel to the fibre axis. There is inter

chain hydrogen bonding between the amide groups in the polymer chains. This, along 

with its crystallinity contributes to Kevlar’s high strength. Because of its impressive 

mechanical properties, Kevlar currently is being utilised in many composite applications 

for example in bullet proof vests^^, boat sails^^ and in bicycle tyres^^. It is twice as strong 

and has a modulus nine times higher than high strength nylon .

Other high performance fibres include high performance polyethylene (PE) fibres 

which are produced by a gel spinning process. Dyneema® is an example of a 

commercially available fibre of this kind and is constructed of ultra high molecular 

weight polymers. These fibres have strength values of 3.6 GPa and Young’s modulus 

values of 116 GPa . They typically have an elongation to break of 4%. They have a low 

density and high energy absorption at break, so these materials are ideal for application in 

ballistic protection^*.

Highly ordered polymers such as poly(p-phenylene-2,6-benzobisoxazol) (PBO) 

also have impressive fibre properties with strengths of 5.8 GPa and Young’s modulus of 

280 GPa. It is commonly sold under the commercial name Zylon. PBO also has 

remarkable thermal properties and is flame resistant. It starts to decompose at 

temperatures above 600 °C. In comparison, Kevlar decomposes at temperatures above 

500 °C'^. Nasa are particularly interested in this material due to its combination of 

superior strength and thermal properties. It can also be used in the protective clothing of 

fire fighters^^.

Ceramic fibres have the advantage over other fibres as they can withstand very 

high temperatures above 1000 °C. Fibres constructed of 96 wt% silicon carbide have
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strengths of up to 3 GPa . Because they can withstand extreme conditions, ceramics can
30 31be used in internal combustion engines , for aerospace applications and in the walls of 

nuclear fusion reactors .

Another type of fibre are glass fibres which are important for many industrial 

applications such as in optical fibres^^, insulation^"^ or for reinforcement^^ and have 

strengths of up to 3.5 GPa^^.

Carbon fibres have been developed for about the last 60 years. They are fibres 

derived from the element carbon in which graphitic sheets are ordered parallel to the fibre 

axis. Polyacrylonitrile (PAN) based carbon fibres are the most popular type of carbon 

fibre with strengths of up to 7 GPa produced by Toray Industries Inc. Materials 

reinforced with carbon fibres are stronger than glass fibre reinforced materials'. They are 

currently being used in aircraft'^^, sports equipment^^, infrastructure^* and many other 

applications. Table 2.2 summaries typical ultimate tensile strength (UTS), Young’s 

modulus (Y) and strain at break (eg ) values for various types of fibres.

Fibre Type UTS (MPa) Y (GPa) Gb (%)

Toray Carbon fibres 7060 294 2

PBO 5800 280 1.7

PPTA (Kevlar) 3600 124 2.4

PE 3600 116 4

Glass fibres 3500 87 4

Ceramic fibres 3000 390 0.75

Table 2.2: Summary of mechanical properties of high performance fibres 16,23

2.3 Introduction to Composites
As discussed previously, polymers have many attractive properties. They are easy 

to process, have a low density and can be produced at a low cost. However, the 

mechanical properties in many polymers are often lacking particularly for applications 

where high strength and modulus are essential. This is where the role of composites 

becomes important. In a composite, two materials are combined and characteristics of 

each material contribute to produce a hybrid material with enhanced properties.
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2.3.1 Theory of Polymer Matrix Reinforcement
The simplest way to model a fibre reinforced composite is to apply the rule of 

mixtures. In the most simplified situation, an elastic matrix is filled with aligned elastic 

fibres which span the full length of the sample. It is assumed that there is a good bond 

between the matrix and the fibres such that the deformation of the matrix and the fibres is 

the same. The Young’s modulus of the composite, Yc in the alignment direction is given 

by equation 2.1:

2.1

where Yp is the Young’s modulus of the fibre, Ym is the Young’s modulus of the matrix 

and Vp is the fibre volume fraction. Therefore the modulus of elasticity of the composite 

is equal to the volume-fraction weighted average of the moduli of elasticity of the fibre 

and the matrix phases'.

In the perpendicular direction, the Young’s modulus is given by equation 2.2:

y^yp
i\-V,)Y,+V,Y,

2.2
M y

However this situation is idealised. In general the length of the fibres is much shorter than 

the composite. For this situation, the idea of the matrix fibre stress transfer must be 

introduced. This scales with length and means that shorter fibres carry load less
efficiently than longer fibres^^. Cox et al. considered tbe situation using short aligned

fibres and showed that the composite modulus is given by equation 2.3'"'.

yc={n^yp-yp,)Vp+Y,M 2.3

where 7, = 1 -HD) length efficiency factor where a is given by
a-l / D

-3T
a = M . D is the fibre diameter and 1 is the fibre length. This approaches 1 for

2T,. \nV,.

1/D > 10. This verifies the importance of using high aspect ratio fillers like carbon 

nanotubes.

This is also a simplified situation. A more probable situation is for non aligned short 

fibres. Here the composite modulus is given by equation 2.4.

yc={V,ri,Y,-Y^)V,+Y,M 2.4
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r|o is the orientation efficiency factor and is equal to 1 for aligned fibres. For aligned 

fibres in the plane parallel to the applied force, po is equal to 3/8. For randomly oriented 

fibres, r|o is equal to 1/5 .

Another model was developed by Halpin and Tsai"*'. This model takes randomly oriented 

fibres into account and also accounts for a distribution in fibre lengths. The composite 

modulus can be found from equation 2.5.

=
1 + n.+- 2 + 7/^;.

1-7,F, M 2.5

where
2/ Y lY -\ T/T-1

^ = ----- and q, = ----
D T,/T^+C Y,/Y^+2

What is important to note from the rule of mixtures model and the Halpin and 

Tsai model is that the Young’s modulus is predicted to scale with both the volume 

fraction and aspect ratio. A linear increase in modulus with volume fraction is also 
predicted^^. This suggests that a good measurement of composite reinforcement is given

by 1®''' Yf- This shows the magnitude of the increase in Young’s modulus with

respect to the volume fraction of fibre added.

Using the rule of mixtures is given by equation 2.6^^,

dYc

dV,

^odiY, -Y,M 2.6

dY >Using the Halpin - Tsai model —— is given by equation 2.7
dV,

dV,, ~ 8 ^ 8 " 2.7

In composites where the Young’s modulus of the polymer is much less than the Young’s 

modulus of the filler, equation 2.6 can be further approximated to 

dYc
dV,. ■ WiY, 2.8

dY.Thus for 7Jq and rj, values of 1, a maximum —^ value of Y^ can potentially be achieved.
dV,,.
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A similar calculation can be carried out for composite strength, <jb. For long 

aligned fibres the composite strength is given by equation 2.9.

+ 2.9

where cr^, is the strength of the fibre, cr^ is the strength of the matrix and F/r is the fibre
•JQ

volume fraction .

As with composite modulus, this is also a simplified situation. A more probable situation

is for non aligned short fibres. Here the composite strength is given by equation 2.10,42

M 2.10

Where po is the orientation efficiency factor and 77,^ is a length efficiency factor 

applicable to fibre strength.

If the polymer strength is much lower than the strength of the filler, this can be 

approximated to

2.11

d(7.
A good measurement of composite reinforcement is given by at low Vp. For

composites where the matrix has a much lower strength than the filler, is given by
dV,

equation 2.12^*^.

dc7 2.12

The maximum achievable value for
dV,

IS Op.

When the length of the filler is less than the critical length, the strength is effectively the 

stress required to break the matrix-filler interfaces and to fracture the polymer in cross 

section. In this situation, the composite strength can be written as'*^:

= riQ-^-cr,.
a

V^+(T,^r]^-TV,- 2.13

where 1 and d are the filler length and diameter respectively and r is the matrix-filler 

interfacial strength or the polymer shear yield strength, whichever is lower'.
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2.4 Carbon Nanotubes
As can be seen from table 2.2, carbon fibres have a very high strength. They also 

have a low density and large aspect ratio. When these fibres are added to a matrix, they 

offer good mechanical reinforcement and they are commonly used in aircraft^^ and sports 

equipment . However, there is another material which rivals the mechanical properties 

of carbon fibres. Carbon nanotubes are 1000 times smaller, less dense and have strengths 

an order of magnitude higher than carbon fibres. They also have a Young’s modulus 

which is greater than that of any carbon fibre. Their smaller size means that there is a 

larger surface area available for stress transfer. Nanotubes can be considered as the 

ultimate carbon fibre. Because of their superlative properties, they are considered to be an 

ideal filler and are potentially useful for countless electronic and mechanical applications; 

for example in field effect transistors and in reinforced composites'*^ ''''. Carbon nanotube 

composites could provide a new class of strong lightweight materials which would 

revolutionalise the world around us.

2.4.1 Structure of Single Walled Carbon Nanotubes
A single walled carbon nanotube (SWNT) can be described as a sheet of graphene 

rolled seamlessly into a cylindrical tube (figure 2.5a). Multi-walled carbon nanotubes 

(MWNTs) consist of multiple concentric graphene cylinders (figure 2.5b).

-0.2-5pm

0.34nm

0.4-3nm 1.4-lOOnm

Figure 2.5: a) Single walled nanotube b) Multi walled nanotube

-y
The carbon atoms in nanotubes are arranged almost entirely of sp bonds (which 

arises from the mixing of one s and two p orbitals), similar to the bonds in graphene, sp^
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bonds are rigid against bond stretching deformations while flexible for bond bending 

deformations and therefore have a very resilient nature. There is a slight deviation from 

perfect sp hybridisation due to the curvature of the nanotube so some sp hybridisation is 
present"^^’"^^.

Carbon nanotubes are typically microns in length. The diameter of a SWNT is 
between 0.4-3 nm'*^. Carbon nanotubes have a very high aspect ratio (length/diameter) 

which can be > 1000'^^. This is higher than that for conventional carbon fibres (which is 

between 300 - 800) . For MWNTs, the diameter is between 1.4 - 100 nm, depending on 

the number of shells present"*^. The nanotubes used in this thesis are formed by the 

HiPCO (High Pressure Carbon Monoxide) process and are 0.7 - 1.4 nm in diameter^^.

Carbon nanotubes can be metallic or semi-conducting depending on the chirality 

of the nanotube. Figures 2.6 and 2.7 show that different chiralities of nanotubes can be 

formed depending on the direction in which the graphene sheet is rolled. The chiral 

vector of the nanotube is given by equation 2.14.

Cf^=na^+md2 2.14

where a, and dj are unit vectors in the two-dimensional hexagonal lattice, and n and m 

are integers. n = m, the structure is described as armchair. If m = 0, the nanotubes are 

zigzag in structure. Otherwise, they are referred to as chiral. The integers n and m 

influence the electronic structure and therefore the conductivity of the nanotube. 

Armchair tubes are metallic and have zero bandgap. Tubes with n-m = 3x (x = any 

positive integer) and also including (3«,0) zigzag tubes, are semiconducting and have a 

small bandgap. Chiral tubes with n-m^3x are semiconducting and have a finite

bandgap43,50

I.: I
,

- A <■

^ T 7

Figure 2.6: Unrolled lattice of a nanotube (graphene sheet). The sheet can be rolled

along the wrapping vector C to form a nanotube'"''.
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Figure 2.7: Chirality of nanotubes 

a) armchair, b) zigzag, c) ehiral

Nanotubes can also be characterised by their diameter, d and chiral angle 9. 

Both d and 6 can be expressed in terms of the indices n and m as shown in equations 

2.15 and 2.16.

^ + nm +
n

6 - Tan
42m

y2n + m y

2.15

2.16

where is the carbon-carbon separation which is 0.142nm. 52

2.4.2 Electronic Properties of Single Walled Carbon Nanotubes
The electronic properties of carbon nanotubes can be studied using various 

methods including Raman spectroscopy,^^ photoluminescence spectroscopy,^'* scanning 

tunnelling microscopy^’ and scanning tunnelling spectroscopy^^. These properties can be 

explained more easily by examining the corresponding properties of graphene. The unit 

cell for graphene containing two carbon atoms is shown by the dotted rhombus in figure 

2.8a. The reciprocal lattice of graphene can be constructed using the vectors a, and . 

The first Brillouin zone in the reciprocal lattice is shown by the shaded section in figure 

2.8b. aj and bj are basis vectors and reciprocal lattice vectors respectively. bi and b2 can 

be found using the equation 2.17



^,= ^ 2;r 2n'' and hj = 'in In^
W3a a ) a y

2.17

where a = 2.46 A (lattiee eonstant of graphene)

It is important to examine the reeiprocal lattice to find the high symmetry points in the 

Brillouin zone. The points in figure 2.8b labelled f, K and M are high symmetry points.

Figure 2.8: a) Unit cell of graphene and b) First Brillouin zone of graphene showing

the high symmetry points F, K and M'’^

The electronic band structure around these high symmetry points is shown in 

figure 2.9. Near the Fermi energy in graphene there is an occupied k band and an 

unoccupied n" band. These bands meet at the point K showing that graphene is a zero 

gap semiconductor. Optical transitions occur at the K points where the valence and 

conduction bands are touching.

Figure 2.9: Electronic band structure of graphene showing high symmetry points'^**.

When a graphene sheet is rolled to form a nanotube, the boundary conditions 

which occur at the circumference mean that only a particular set of wavevectors are 

allowed. Examples of these are shown by the lines in figure 2.10. If the allowed
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wavevector in these diagrams crosses the K point, the system is a metal with a non zero 

density of states at the Fermi energy.

K' K

/(//y
' / // > ///// ' i
Hi

K' K

(5,5) (7,1) (8,0)
Figure 2.10: Brillouin zone of graphene showing allowed wavevectors of (5,5), (7,1)

and (8,0) nanotubes^^

In figure 2.10, the (5,5) tube is metallic and the (8,0) tube is semiconducting. The 

(7,1) tube satisfies the relation n-m ~3x and is metallic also; in reality this tube has a 

very small gap but is considered to be metallic at room temperature.

Figure 2.11 shows the density of states of the three sample tubes examined above. Carbon 

nanotubes exhibit electronic behaviour of one dimensional structures and show features 

such as Van Hove singularities. Van Hove singularities are local maxima in the electronic 

density of states. These occur in regions of the Brillouin zone where the bands are 

parallel and are called critical points. In these regions, the photon energy E does not 

depend on the wavevector k and so dE/dk=0^^.

-10.0 -5.0 0.0 5.0 lO.U

Energy (eV)

Figure 2.11: Density of states of (5,5), (7,1) and (8,0) nanotubes56
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2.4.3 Physical Properties of Single Walled Carbon Nanotubes
Carbon nanotubes exhibit remarkable mechanical, electrical and thermal 

properties. Mechanical measurements on individual tubes are difficult due to their size. 

The Young’s modulus of carbon nanotubes was predicted theoretically to be ITPa, 

similar to that of in-plane graphene'’^^. Direct mechanical measurements of SWNT 

bundles have shown Young’s modulus values of up to 1470 GPa . This is high when 

compared to carbon fibres which have a typical Young’s modulus of 800 GPa^^. 

Measurements of nanotube moduli were carried out on individual MWNTs inside an 

electron microscope by Yu et al. in 2000 and Young’s modulus values of 270-950 GPa 
were reported''*.

However what really sets nanotubes apart from other materials is their strength. 

They are over 150 times stronger than steel and over 500 times stronger than common 

plastics (see table 2.1). Measurements of SWNT bundles have shown strengths between 

13-52 GPa^* and measurements on individual MWNTs showed strengths between 11-63 

GPa'"* (figure 2.12).

Figure 2.12: Stress-strain curves for individual MWNTs 14

The unique combination of properties found in carbon nanotubes means that they 

are very promising for applications in reinforcement and can be incorporated into plastics 

forming structural materials with increased modulus and strength.

Along with these remarkable mechanical properties, carbon nanotubes also have 

extraordinary transport properties. The thermal conductivity of carbon nanotubes is about 

twice that of diamond while their current carrying capacity is 1000 times greater than 

copper wires^". In conjunction with their exceptional physical properties carbon
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nanotubes are exceptionally lightweight and have a density of 1500 kg/m^ All of these 

properties combined make carbon nanotubes model fillers for incorporating into 

polymers.

2.4.4 Production and Synthesis of Single Walled Carbon Nanotubes
Various methods can be used for nanotube production. The three main methods 

are arc discharge, laser ablation and chemical vapour deposition.

Carbon nanotubes were originally discovered using the arc discharge method by 

Sumio Ijima in 1991 . A direct current is passed through two graphite electrodes which 

are of a high purity. Low pressure helium or another inert atmosphere is needed for this 

type of production. A deposit is made on the cathode while the anode is consumed during 

the process. The inner core of this deposit contains the carbon nanotubes^^. Synthesis can 

be performed by evaporation of pure graphite or by the evaporation of graphite and a 

metal. Nanotube yields of 48% have been reported^^.

Laser ablation can also be used for carbon nanotube production. In this process a 

graphite target is vaporised by laser irradiation. This is carried out in an inert atmosphere 

inside a silica tube at -1200 °C^^. The resulting soot contains carbon nanotubes. This 

method has a nanotube yield of about 70% but is more expensive than both chemical 
vapour deposition and arc discharge"'''.

Chemical vapour deposition (CVD) is the most attractive method for carbon 

nanotube production. Using this method, a catalyst material is heated to high 

temperatures (600-1000 °C) in a tube furnace through which a gas mixture containing a 
hydrocarbon gas is flowing^"'. The hydrocarbon decomposes forming a metastable carbide 

with the catalyst nanoparticle leading to the precipitation of carbon nanotubes^^. This is 

the most widely used method for carbon nanotube synthesis because it is the method best 

suited for mass production of nanotubes.

HiPCO (High Pressure Carbon Monoxide) processing was discovered by 

Smalley's team in 1998''^. In this process, a carbon monoxide gas is mixed with a gaseous 

catalyst precursor at a high temperature (800-1200 °C) and pressure. The catalyst 

precursor decomposes and nanometre-sized metal particles develop from the 

decomposition products. Carbon monoxide molecules react with these metal particles to 

form carbon dioxide and carbon atoms, which bond together to form carbon nanotubes"'^. 

This process selectively produces 100% single walled carbon nanotubes.
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2.4.5 Applications and Limitations of Single Walled Carbon Nanotubes
There is a large range of potential applications for carbon nanotubes ranging from 

semiconductors to drug delivery systems and from automobile body panels to uses in 

plastics"^^. Because of their conductive nature, nanotubes can be used as scanning probes 

on electron and atomic force microscope tips^^. Other applications include their use in flat 

panel displays^^. They have advantages over liquid crystal displays (which are currently 

being used) due to their low power consumption, high brightness and fast response rate. 

Nanotube based lamps could replace mercury based fluorescent lamps (used in stadium 

displays). They have lifetime expectancies of >8000 hours"^^, while the mercury based 

lamps only last up to 3000 hours^*. Because carbon nanotubes have a current carrying 

capacity of up to 10 A/cm (compared to metals which have current carrying capacities 

of about 10^ A/cm^), carbon nanotubes could be used for downsizing electrical circuits^^. 

Other applications could include uses in electrochemical devices and for energy storage'*^.

However there are some limitations which inhibit nanotube research such as 

nanotube dispersibility, the cost of production and nanotube toxicology. Nanotube 

aggregation is the major stumbling block in realising the potential applications of carbon 

nanotubes. Van der Waals forces cause all types of carbon nanotubes to clump together 

and form bundles or ropes that are difficult to separate. These bundles are weak because 

of slippage between the nanotubes. This hampers the use of nanotubes for electronic 

applications and also reduces their mechanical strength. Although individual nanotubes 

are very strong, bundles are weak and hence their presence limits nanotube applications. 

Extensive research is being carried out to overcome this problem and to find a way to 

disperse nanotubes using solvents and other methods^**'^^. In this thesis, nanotubes are 

effectively separated using surfactants and sonication and in some cases, using solvents. 

Along with this problem, the cost of nanotube production remains very high. The cost 

depends on the production process. The purified nanotubes used in this work were made 

using the HiPCO process and cost €405 per gram.

In conjunction with high costs and difficulties with dispersions, there are also concerns 

over the possible hazards associated with carbon nanotubes. Carbon nanotubes are a 

relatively new material and so the safety measures that need to be taken when using them 

are being constantly modified. Carbon nanotubes are now thought of as an irritant upon 

skin exposure and harmful upon inhalation; granulomas (inflammation) formed in tests 

conducted in rat lungs even at low concentration (0.1 pg)^"^. Little is known on the adverse
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effects of ingestion of nanotubes. In a composite, the nanotubes are bound to other 

materials and so could pose a lower health risk.

2.5 Mechanical Reinforcement in Carbon Nanotube Polymer 

Composites
For effective reinforcement in carbon nanotube composites there are certain 

requirements which must be met. These are a large aspect ratio, good dispersion, 

alignment of the filler or reinforcing material and also good interfacial stress transfer 

between the filler and the matrix within the composite^^. Carbon nanotubes have a large 

surface area which acts as an interface for stress transfer’^. They also have a large aspect 

ratio. It has been shown that aligning carbon nanotubes in composites can increase its 

thermal and electrical conductivity’^. Because of their unique properties, carbon 

nanotubes have the potential to improve the mechanical, electrical and physical properties 

of polymers. Polymer composites have shown a large improvement in mechanical 

properties when even a small amount of carbon nanotubes has been added to them.

However this improvement is dependant on good nanotube dispersion39

2.5.1 Solution Processing of Composites
There are many ways to incorporate carbon nanotubes into a polymer matrix. One 

way is to mix the polymer and nanotube in a suitable solvent, after which the solvent is 

evaporated. This is called solution processing. The main methods to produce a composite 

by solution processing are:

1. Mix nanotubes and polymers in a suitable solvent and mix by energetic agitation.

2. Use of surfactants instead of solvents as in method 1.

3. Nanotubes dispersed in polymer solutions.

4. Controlled evaporation of the solvent.

When using method 1, the nanotubes and polymer can be mixed using a range of methods 

including magnetic stirring, mixing, refluxing or most commonly by sonication. Mild 

sonication can be carried out using a sonic bath while more vigorous sonication can be 

carried out using a sonic tip. For this method to be effective, the solvent used for 

dispersion of the nanotubes must also be suitable for the polymer that is being used. After 

sonication, the solvent is then evaporated in a controlled manner in a method known as 

drop casting to produce a composite film.
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In 2002, Cadek et al. used high powered sonication in solvents along with low 

powered sonication to produce drop cast films^^. Using this method, a large increase in 

stiffness was obtained. They observed an increase in Young’s modulus by a factor of 1.8 

upon addition of lwt% arc discharged MWNTs to PVA and an increase by a factor of 2.8 

in poly(9-vinyl carbazole) (PVK) composites. In PVA composites, nanotube templated 

crystallinity was observed which increased the mechanical properties of the composites 

by enhancing nanotube matrix stress transfer. For PVK composites, this corresponds to a 

dY/dVf value of 75 GPa. For the PVA composites a dY/dVf value of 280 GPa can be 

given accounting for the crystallinity in the sample^. In a more recent study, Khan et al. 

studied the effect of solvent choice on the mechanical properties of drop cast films. Three 

different solvents, water, dimethyl sulfoxide (DMSO) and N-Methyl-2-pyrrolidone 

(NMP) were investigated. This study found that both strength and modulus were reduced 

upon the addition of double walled nanotubes to PVA in an NMP based system. In water 

or DMSO based systems, these properties were increased upon the addition of nanotubes; 

however in the water systems some of this increase can be attributed to nanotube 

templated crystallinity. Values of dY/dVf = \05 GPa and da/dV^l).\ GPa were obtained 

for water samples showing no crystallinity. For the DMSO samples dY/dVf=\Q5 GPa and 

da/dVf=S GPa was observed^*. Ruan et al. used a method of magnetic stirring along with 

sonication to disperse 1 wt% MWNTs in xylene. This dispersion was then added to a 

mixture of ultrahigh molecular weight polyethylene (PE) in xylene and mixed by 

refluxing followed by drop casting to form films. Both drawn and undrawn films were 

prepared with an undrawn film showing enhancements in modulus and strength by 38% 

and 50% respectively. For high draw ratios, enhancements on the toughness of up to 
150% were also observed^^. For these composites dY/dVf=51 GPa. Surfactants can also 

be used instead of solvents to aid in the dispersion of nanotubes. Dalmas et al. used 

surfactants and high powered sonication to disperse MWNTs which was then mixed with 

an aqueous suspension of the polymer latex. This was then drop cast in Teflon moulds 

followed by controlled evaporation of the water. When mechanically tested, these films 

showed an increase in modulus and a 170% increase in strength**^.

Alternative processing methods that have been reported include roll casting. In 

this process, functionalised nanotubes were added to isopropanol and mixed with a 

solution of PEG in methanol. This was then dropped onto a Teflon roller. The roll cast 

system was comprised of two parallel rollers made of Teflon and stainless steel. The gap
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between these rollers was adjustable allowing films of varying thicknesses to be 

prepared. A 145% increase in modulus was observed for lwt% nanotube composites .

A spin casting method was used by Safadi et al. in 2001. In the spin casting 

process, the MWNT-polystyrene dispersion is placed in the centre of a disk. As the disk 

is spun, a thin film is formed as the fluid evaporates. A comparison was made with 

composites produced by spin casting and by drop casting showing little difference in 

composite strength between the two methods . The highest strength obtained was 30.6 

MPa and the highest modulus was 3.4 GPa for drop cast films. The corresponding dY/dVf 

value for these composites was 122 GPa.

Large values of dY/dVj were obtained by Coleman et al. and Cadek et al. Cadek et 

al. examined the optimum tube type for reinforcing poly(vinyl) alcohol. From this paper, 

it was found that DWNTs proved to provide a dY/dVj value of 1244 GPa at 0.2vol% 

nanotubes in drop cast films ’ . Flowever at high concentrations, the nanotubes bundled 

together. They also found that dY/dVj scaled with inverse nanotube diameter for all 

nanotubes except the SWNTs. All samples in this study had a crystalline polymer 

nanotube interface. Coleman et al. obtained a dY/dVf value of 754 GPa for poly(vinyl) 
alcohol composites containing 0.6vol% CVD MWNTs*. In conjunction with this, an 

increase in strength from 81 MPa to 348 MPa was observed. In these composites, 

nanotuhe templated crystallinity also played a role in mechanical reinforcement.

2.5.2 Melt Processing of Composite Films and Fibres
Not all polymers are soluble so an alternative method for composite production is 

necessary. Melt processing is a common method used. It is particularly suitable for use 

with thermoplastics as they soften when heated. This technique is beneficial as it is suited 

to industrial techniques and is also a quick and easy process to prepare composites . It 

can also be used to produce bulk composites and composite fibres. A polymer is heated 

until it forms a viscous liquid. If a composite is being produced using this method, the 

filler can he added at this stage and the blend can become uniform by shear mixing. 

Composite films can be produced in a number of ways including compression moulding 

and extrusion.

Anand et al. used compression moulding to make composites of poly(ethylene 

terephthalate) (PET) and SWNTs. The tensile strength of these composites increased 

from 195 MPa to 509 MPa upon the addition of 2wt% nanotubes and by drawing fibres
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by four times their original length. This increase was accompanied by an increase in 

Young’s modulus from 2.21 GPa to 11.69 GPa giving dY/dVf=66H GPa. They also 

showed that composites were electrically conductive at concentrations above 2 wt% .

A combination of compression moulding and sheer mixing can also be used. 

Manchado et al. used this method. In this work, shear mixing was carried out on 

polypropylene (PP) at 190 °C. When the polymer was melted, nanotubes were added to it 

and the mixture was compressed at 200 °C. An increase in modulus from 885 MPa to 

1187 MPa was observed along with an increase in strength from 30.8 MPa to 35.5 MPa 

for composites containing 0.75% nanotubes^^. dY/dVj values for this work correspond to 

68 GPa.

Using a combination of extrusion and hot pressing, Li et al. produced composites 

of MWNTs with the thermoplastic elastomer poly[styrene-b-(ethylene-co-butylene)-b- 

styrene] (SEBS). They showed an impressive 1040% increase in modulus along with a 

228% increase in strength for films containing 15wt% nanotubes. These films also stretch 

by 600% or more before breaking*"*.

Impressive increases in mechanical properties for melt processed composites were
or

observed by Liu et al. in 2004 for their Nylon 6 MWNT composites . Large increases in 

moduli from 0.4 GPa to 1.24 GPa were observed upon the addition of 2wt% nanotubes. 

They also achieved increases in strength from 18 MPa to 47 MPa. This gives dY/dVf=6A 
GPa.

For many applications, fibres are more useful than bulk material. Composite 

fibres can also be produced by melt processing. In 2000, Haggenmueller et al. reinforced 

the thermoplastic PMMA with SWNTs to produce composite fibres by extrusion. A value 

of reinforcement for these fibres is approximately dY/dVj^Sl GPa. The highest strength
or

and modulus achieved was 125 MPa and 7 GPa respectively for fibres drawn by 400% .

Fibres displaying high reinforcement values were produced by Kearns et al. In 

this study, polypropylene (PP) was reinforced with SWNTs. Solvents and sonication 

were used to achieve a nanotube dispersion in PP. This dispersion was placed in a 

vacuum oven and once the solvent was evaporated, the resultant powder was extruded as 

shown in figure 2.13. The advantage of this method over solution processing of fibres is 

that the take up speed of the fibres is much quicker and so this process is much more 

suited to industrial applications. These fibres showed an increase in modulus from 6.3 

GPa to 9.8 GPa at 1 wt% SWNTs. This gives a dY/dVf value of 530 GPa.
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take up roll

Figure 2.13: Method for extrusion of fibres by Kearns et al.87

Studies with MWNTs have also been completed. Andrews et al. used a 

combination of sheer mixing and a hot pressed extrusion of a MWNT-PS composite 
through a 0.3 mm diameter die*^. This resulted in fibres with a maximum Young’s 

modulus of 3 GPa upon the addition of 5wt% MWNTs and dY/(JVf=36 GPa.

In 2007, fibres showing a 400% increase in strength and a 270% increase in 
Young’s modulus upon the addition of 1 wt% nanotubes were produced by Jose et al.**^ 

Polymer crystallinity was observed for these fibres. A value of reinforcement of dY/dVf 

=210 GPa was obtained.

2.5.3 Novel Composites
There are also various other methods of composite preparation; for example 

buckypaper preparation, electrospinning and coagulation spinning.

In the buckypaper method, a polymer nanotube dispersion is filtered through a 

filter paper leaving an entanglement of nanotubes and polymer behind^ Either solvents or 

surfactants can be used for dispersion of nanotubes for buckypaper formation. 

Buckypapers can also be made by a similar process where an existing nanotube network 

is soaked in a polymer solution to form a composite. This technique was first 

demonstrated by Coleman et al. in 2003^°. In this study, the polymers poly(vinyl alcohol), 

poly(vinyl pyrrolidone) and poly(styrene) were investigated. The mechanical properties 

of these sheets significantly improved upon the addition of polymers. The maximum 

Young’s modulus of composites for all polymer types was 6.9 GPa for a buckypaper
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which was soaked for 64 hours. The strength of PVA composites increased by a factor of 
9 to 57 MPa. The toughness of PS composites increased by a factor of 30 to 39x 10^ J/m^. 

Buckypapers have also been shown to demonstrate high conductivities^' and actuation
• 92properties .

Electrospinning is another composite preparation method. In this method, a high 

voltage is applied to a polymer-nanotube dispersion and this is placed at a set distance 

from a grounded plate or drum. The composite solution becomes charged and nanometre 

sized fibres are attracted to the plate or drum. Plate collection is used to form a mesh of 

fibres while using a rotating drum results in aligned fibres. In 2008, Blond et al. used 

both plate and drum collection methods for the production of PVA-SWNT composites. 

Mechanical improvement was seen upon aligning the fibres and also by drawing. This 

method resulted in strong tough composites with a maximum Young’s modulus of 1.2 

GPa, a strength of 40 MPa and a toughness of 13 J/g^.

Other methods of composite production such as in situ polym.erisation, nanotube 

functionalisation and composites based on thermosets are possible. In situ polymerisation 

results in polymers being grafted to the walls of nanotubes. This method is suited to 

polymers which are thermally unstable or insoluble. High nanotube loading can also be 

achieved using this method and it is suitable for almost any polymer type. In situ 

polymerisation was used by Jin et al. to produce PET-MWNT composites. In this study, 

the strength of composites increased by 350% in comparison with neat PET samples. 

PET-MWNT composites achieved a strength of 140 MPa*^^.

In general, composites based on functionalisation show good reinforcement 
because the functionalisation improves dispersion and stress transfer^^. Dispersion of 

these nanotubes also tends to be good, as the functional groups help the nanotubes to 

disperse in the presence of solvents or polymers.

Composites based on thermosets can also be produced. The most common 

thermosets are epoxy resins. These composites have a large range of industrial 

applications. In 2003, Bai et al. showed very good mechanical reinforcement in epoxy 

based composites. An impressive dY/dVf value of 330 GPa was observed for these 

composites. At 1 wt% MWNT loading, they had strengths of 41 MPa along with Young’s 

modulus values of 2.4 GPa"^.

Coagulation spinning is also another composite production method. It is the main 

method of composite preparation used in this thesis and will be described in detail in 

Section 2.5.5.
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dY/dVfva\\xQS for various composites were calculated by Coleman et al. in 2006 . Some 

of these values along with others from literature are shown in table 2.3.

Reference NT

Type

Polymer Method UTS

(MPa)

Y

(GPa)

dY/dVf

(GPa)

Cadek et al.^^ MWNT PVA Drop easting N/A 12.5 280

Cadek et al.'"'^ MWNT PVK Drop casting N/A 6 75

Khan et al.^* SWNT PVA Drop casting 49 1.43 105

Ruan et al.^^ MWNT PE Drop casting 12.4 1.35 57

Safadi et al.*"^ MWNT PS Spin casting 30.6 3.4 122

Cadek et al.^ DWNT PVA Drop casting N/A 3.6 1244

Coleman et al. MWNT PVA Drop casting 348 7.04 754

Manchado et

al.*^

SWNT PP Melt processing 36 1.19 68

Li et al.*" MWNT SEBS Melt processing 14 0.19 974

Liu et al.*^ MWNT Nylon 6 Melt processing 47 1.27 64

Anand et al. SWNT PET Fibre extrusion 509 11.69 668

Haggenmueller

et al.*'’

SWNT PMMA Fibre extrusion 125 7 57

Kearns et al.*^ SWNT PP Fibre extrusion 1027 9.8 530

Andrews et al. MWNT PS Fibre extrusion 40 3 36

Jose et al.*^ MWNT PP Fibre extrusion 420 305 210

Minus et al.^'' SWNT PVA Coagulation spun 2600 71 3175

Blond et al.^ SWNT PVA Electrospun 40 1.2 24

Xu et ah'"' GO PVA Buckypaper 110 6.1 110

Bai et al.'' MWNT Epoxy Thermosetting 41 2.4 330

Table 2.3: dY/dVf values of various composites. N/A indicates that this value was not 

available in the literature.

As can be seen from table 2.3, solution based drop cast composites show good 

mechanical reinforcement. However, in some cases, mueh of the mechanical 

reinforcement can be attributed to nanotube templated crystallinity^'^*. It can also be seen
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that melt processed fibres produced by fibre extrusion methods show better mechanical 

properties than bulk melt processed composites. In general, composite fibres show the 

greatest strength of all composite types. Further discussion on fibres and composite fibres 

will be included in the next section.

2.5.4 Fibres and Fibre Composites
Because of their impressive mechanical properties, there have been many 

attempts to produce carbon nanotube only fibres. These fibres can be produced in several 

ways.

1. Wet spinning

2. Spinning from nanotube carpets

3. Spinning from nanotube plume directly from a CVD as they are being produced.

In the wet spinning process, the nanotubes are dispersed in superacids. Using this 

process, nanotubes can be produced at high enough concentrations so that they join 

together in ordered domains^^. This dispersion is injected through an air gap and into a 

solution where coagulation occurs. Ericsson et al. produced fibres using this method. 

They dispersed SWNTs in fuming sulfuric acid and used a coagulation bath of 5% diethyl 
ether, aqueous sulphuric acid or water^^. These fibres displayed maximum strengths of 

116 MPa and Young’s modulus values of 120 MPa. Razal et al. used a similar method by 

dispersing nanotubes using hyaluronic acid which was injected into a coagulation bath of 

5% acetic acid . An alternative method was used by Kozlov et al. They used either 

acidic or basic coagulation baths to collapse surfactant dispersed carbon nanotubes. 
Either solid or hollow fibres could be produced depending on the spinning parameters'^.

Carbon nanotube fibres can also be formed by drawing yarns out of carbon 

nanotube forests. This process was discovered by Jiang et al. who made carbon nanotube 
only fibres of about 30 cm in length and 200 pm wide'®*^. Zhang et al. used a similar 

method and spun MWNTs into a twisted fibre with strengths of 1.91 GPa and Young’s 

modulus values of 330 GPa for fibres which were 3pm in diameter. Zhang et al. also 

showed that fibre strength increases upon increasing nanotube length and decreasing 

diameter'”'. Fibres made using this method are shown in figure 2.14. The strongest 

individual fibre produced using this method was 3.3 GPa .
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100 Mm

Figure 2.14: a) MWNT being pulled out of a nanotube forest and b) MWNTs
twisted into a fibre 101

The last main method for nanotube only fibre production is from an aerogel of 

MWNTs and SWNTs as they are being produced in a CVD. This method was first used 
by Li et al. They could produce fibres of unlimited length with strengths of 1 GPa'^^. 

Very impressive mechanical properties were observed in fibres made by Koziol et. al by 

producing MWNT fibres from a CVD aerogel'^"'. A UTS value of 9 GPa was obtained for 

fibres which were tested at a 1 mm gauge length along with a Young’s modulus value of 

360 GPa and a toughness of 300 J/g.

For many applications, composite fibres are more attractive. Composite fibres can 

be processed using solution based methods or by melt processing. In these materials, the 

nanotubes (or other fillers) along with the polymer chains themselves can be aligned 

along the direction of the fibre thus improving its mechanical properties. One such 

method of composite production is coagulation spinning which will be introduced below.

2.5.5 Coagulation Spun Carbon Nanotube Composite Fibres
Coagulation spinning offers a promising route for the development of high- 

performance carbon nanotube composites. In this process, a nanotube dispersion is 

injected into a polymer solution and coagulates upon contact. This process can be carried 

out in a rotating bath as shown below but more effectively by flowing through a glass 

tube. Due to processing parameters, the nanotubes are partially aligned in the fibre during 

processing. This alignment improves the mechanical properties of the composite. As will 

be discussed further in chapters 4 and 5, further alignment is possible through drawing.
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Coagulation can occur for various reasons from injection into non solvents, pH variations 

in a coagulation bath, temperature variations etc.

The mechanism for the collapse of the nanotube dispersion and fibre formation is 

not fully understood. It is difficult to interpret the mechanism for fibre formation as it 

occurs so quickly and because of fibre movement. It is thought that the polymer displaces 

some of the surfactant molecules causing collapse of the nanotube dispersion to form a 

fibreSome attempts have been made to understand the process. In experiments 

conducted by Mercader et al. in 2010, it was found that fibre strength increases with 

increasing time in the coagulation tube indicating that the polymer needs time to diffuse 

through the fibre to bind the nanotubes together'**^. For this reason, the pipe in which the 

polymer flows must be of sufficient length to avoid breakage of the fibre.

Along with this, in order for a fibre to form, there are some important conditions 

which must be met. Firstly, the nanotube dispersion must be of a very high quality. The 

nanotubes should be dispersed from their bundles and single nanotubes should be present 

in dispersion. Otherwise slippage will occur in the nanotube bundles reducing the 

mechanical properties of the fibre. As it is difficult to disperse the nanotubes completely 

at high concentrations, the nanotubes may be in small bundles. Secondly, the flow in the 

tube must be laminar. In laminar flow, the fluid velocity at the centre of the tube is 

approximately twice the average velocity of the fluid. Turbulent flow would interfere 

with fibre formation. Laminar flow in a pipe occurs for a Reynold’s number lower than 

2000. The Reynolds number is given by equation 2.18.

R = 2.18
7

where R is the radius of the pipe, p is the fluid density, rj is the fluid viscosity and is 

the average flow velocity which can be found by dividing the polymer flow rate by the 

cross sectional area of the pipe .

The nanotube dispersion must be injected into the centre of the glass tube so that 

it is carried along smoothly. This can be ensured by inserting the needle through 3 

spacers, around which the polymer flows. In order to produce mechanically strong fibres, 

PVA is usually the polymer of choice.
The technique used in this thesis was first used by Vigolo et al. in 2000'*^^. This 

method involved the injection of a SWNT-sodium dodecyl sulphate (SDS) dispersion 

into a rotating bath of poly(vinyl alcohol) solution, (figure 2.15). The fibres created had
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strengths of approximately 150 MPa but only short fibres could be obtained as they 

tangled very easily.

Figure 2.15: Original coagulation spinning apparatus’'’^

Continuous fibres were produced by Dalton et al. in 2003*®. A specialised 

spinning apparatus was developed. The nanotube-lithium dodecyl sulfate (LDS) 

dispersion was injected into the centre of a cylindrical pipe of flowing poly(vinyl) alcohol 

(PVA) and fibres were collected in a rotating bath. These fibres contained 60% nanotubes 

by weight and had strengths of 1.8 GPa. More recently, the spinning technique was 

developed further by processing the fibres post spinning. Razal et al. also used an LDS- 

nanotube dispersion . The resulting fibres were wound and unwound on mandrels, 

passed over rollers through an acetone wash bath and dried at a strain of 400%. Using 

this method, density normalised strengths of 1.3GPacm^/g were obtained. Fibres were 

also tested while drawn in hot steam resulting in strengths of 497 MPa and an 

exceptionally high toughness value of 152 J/g. The more advanced spinning set up is 

shown in figure 2.16.
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Figure 2.16: a) Coagulation spinning set up and b) mandrels used for drying
fibres 12

Hot drawing was a technique used by Miaudet et al.'^*. SDS was used as a 

surfactant in this SWNT-PVA system. Untreated fibres had strengths of 570 MPa while 

those drawn by 850% in hot air at 180°C had strengths of 1.6 GPa. Munoz et al. produced 
even stronger fibres'"^. This system consisted of PVA, SWNTs and LDS. These 

continuous fibres had an ultimate tensile strength of 1.8 GPa and a very large toughness 

of over 600 J/g. PVA-nanotube composites can also be produced using a methanol 
coagulation bath. This method was used by Zhang et al. in 2004'^. In this study, a 

spinning solution of SWNTs in PVA, DMSO and H2O was injected into a coagulation 

bath of methanol. The fibres were then hot drawn and displayed strengths of 1.1 GPa. A 

similar method was used by Xu et al. in 2010 producing fibres with strengths of 2.2 
GPa‘'°.

The strongest fibres produced were those made by Minus et al. using this 
method^''. These fibres were drawn at high temperature and had impressive strengths of 

2.6 GPa. Some of this mechanical strength can be attributed to nanotube templated 

crystallinity which was observed for these fibres.

In another study, Munoz et al. used polyethyleneimine as a coagulant'". While 

these composites are not as strong or tough as those produced by Minus et al., they have 

far superior electrical properties than similar SWNT-PVA composites.

Polymer free coagulation spinning has also recently been developed. In 2008, 

Razal et al. produced highly conductive carbon nanotube biofibres using carbon 

nanotubes dispersed in biomolecules . Instead of using a polymer as a coagulation 

medium, the coagulation bath was altered by pH control. The use of a polymer free 

coagulation solution results in fibres containing only carbon nanotubes and biomolecules. 

(In polymer based systems, the surfactants, polymer and nanotubes would remain in the
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fibres). These biomolecules have been shown to contribute to a wide range of 

applications including nerve regeneration, wound dressing and biosensers. They have 

excellent electrical and capacitive behaviour. These carbon nanotube biofibres may have 

potential use in the biomedical industry.

Table 2.4 summarises literature results for nanotube only and composite fibres 

produced by the method of coagulation spinning. The results in this table have been 

arranged by decreasing strength.

Reference
Coagulation

solution
Spinning solution

UTS

(MPa)

T

(J/g) (%)

Y

(GPa)

Minus et al.'^'* Methanol SWNT-PVA-DMSO 2600 59 6.2 71

Xu et al.“" Methanol SWNT-PVA-DMSO 2200 N/A 10 36
Munoz et al.“^'^ PVA SWNTs in EDS 1800 600 102 80

Dalton et al.‘'^ PVA SWNT in EDS 1800 600 30 N/A
Dalton et al.'^^ PVA SWNTs in EDS 1800 570 30 80

Miaudet et al."^** PVA SWNT in SDS 1600 55 11.2 45

Zhang et al.'^ Methanol
SWNT-PVA-DMSO-

H2O
1100 N/A 8.8 35.8

Neri et al."'^ PVA Oxidised MWNTs 500 500 200 5-10

Razal et al.’^ PVA SWNT in EDS 497 152 54 N/A

Granero et al."'*
Gellan Gum-

SWNT
Chitosan 183 4.2 5.6 6.9

Vigolo et al."'^^ PVA SWNT in SDS 150 N/A 3 9-15
Barisci et al."^ PVA SWNTs in DNA 125 N/A N/A 18.7

Razal et al.^** Acetic Acid HA-SWNT 123 6-10 7 12

Ericson et al.^^
Diethyl ether/

H2SO4

SWNT fuming

H2SO4
116 N/A N/A 120

Munoz et al.'" Polyethyleneimine SWNT in EDS N/A 5-6 7-13 N/A
Steinmetz et

al."^
Ethanol/ glycerol SWNT in SDS N/A N/A 4.5 2

Table 2.4: Mechanical properties of nanotube only and composite fibres produced 

by coagulation spinning. N/A implies that no data was available.
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2.6 Introduction to Graphene
Alongside nanotubes, graphene has been the focus of vast amounts of research in 

recent years due to its remarkable mechanical and electronic properties"^. One of the 

advantages it has over carbon nanotubes is its low cost of production. This makes it a 

very promising material for many industrial applications.

Graphene is a one atom thick, sheet of carbon atoms which are arranged in a 

hexagonal pattern. It was once thought that these 2D materials would be too unstable to 

exist however rippling occurs in the third dimension which stabilises the structure. This 

has been seen experimentally in suspended graphene"* (figure 2.17).

s ^ ^ ^ A
• 4 ^ ^ ^

Figure 2.17: Rippling surface of graphene

The properties that this structure possesses have intrigued scientists and have sparked an 

explosion of publications in this area in recent years.

I’he charge carriers in graphene mimic the behaviour of relativistic particles and 

can be described using the Dirac equation (rather than the Schrodinger equation). The 

mobilities of these charge carriers can be greater than 15,000 cm^V's" even at room 
temperature"^. The charge carriers can move for several micrometers without being 

scattered"^. Unlike carbon nanotubes, chirality does not affect the electrical properties of 

graphene. Along with its exceptional electronic properties, graphene also possesses very 
impressive mechanical properties.

Graphene is the strongest material ever measured. The strength of graphene is 

difficult to measure because of defects and grain boundaries; however Lee et al. managed 

to measure the mechanical properties of graphene using an AFM and the method of 

nanoindentation. They reported strengths of 130 GPa and Young’s modulus values of
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1 TPa . Because of its superlative properties, applications in reinforcement are very 

promising but before this can be achieved, production methods need to be optimised and 

improved to facilitate advances in research.

Graphene was first produced by Novoselov in 2004 by mechanical exfoliation . 

Graphene was exfoliated from the parent material graphite using the scotch tape method 

whereby layers of graphene were peeled off This method of producing graphene was 

used during early research into the structure, however it has a low yield and is not 

suitable for large scale applications but can currently produce single graphene flake sizes 
of up to one millimetre’*^. Alternative methods for graphene production are epitaxial 

growth where graphene is grown on top of other crystals or graphene 

functionalisation ’ . However, these methods alter the electronic properties of 

graphene. Graphene can also be produced by chemical vapour deposition with properties 
similar to that of graphene produced by micro-cleaving'^''. The disadvantage of this 

method is the small scale production. It is also possible to exfoliate graphene using 

solution based techniques. This technique is particularly suited for composite production. 

The graphene flakes produced are sub micrometer sized but can be produced at a much 

higher yield than micromechanical cleavage methods'^^ '^^. Along with using solvents, 

surfactants can also be used to exfoliate graphene with concentrations of 0.3mg/ml being 

achieved with 20% of flakes containing only one layer'^^. The graphene used in chapter 6 

of this thesis was processed using liquid phase exfoliation in solvents.

Research into graphene is in its early stages and because of this the applications of 

graphene are still being developed. Graphene based electronics have been the focus of 

large amounts of research from companies such as Intel and This is mainly due

to its high mobility of charge carriers. It also has potential applications in field effect 

transistors or for hydrogen storage.

2.6.1 Reinforcement of Polymers using Graphene
To date, polymer-graphene composites have not shown exceptional mechanical 

results. It has been suggested in some papers that this is due to poor stress transfer. This 

is in stark contrast with many nanotube composite papers which have described very 

good stress transfer^^’’^^’'^^.

Polylactide-graphene composites have been produced by Kim et al. by the process 

of melt processing. The strength was increased from 62 MPa to 70 MPa upon the addition
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of 0.5wt% graphene. The Young’s modulus inereased from 3 GPa to 4.3 GPa. Along with 
this, the electrieal resistivity decreased from -lO’^fi/cm to ~10^fi/cm'^°.

Khan et al. added graphene to elastomers showing that graphene is a more 

promising filler for elastomers than nanotubes'^'. They incorporated graphene of mass 

fractions of up to 90% into polyurethane (PU) to produce drop cast films. The Young’s 

modulus increases from 0.01 GPa up to 1.5 GPa for mass fractions above 50 wt%. A 

maximum strength of 36 MPa was also achieved. The strain at break and toughness 

decreases as expected, however the rate of this decrease was slower than the rate of 

increase of the Young’s modulus and strength. These results were compared to similar 

systems containing nanotubes and it was concluded that this graphene system provided 

better reinforcement.

Some good mechanical results have also been shown for graphene oxide (GO) 

composites. While graphene oxide improves dispersion of graphene, it significantly 

decreases its electronic properties. In a study by Xu et al., PVA-GO composites were 
made by vacuum filtration and showed a dY/dVfVdXuc of 110 GPa^\ A Young’s modulus 

of 4.8 GPa and a strength of 110 MPa was obtained along with a large elongation to 

break of 36%.

Reinforcement of fibres using graphene nanoplatelets (approx 40 layers) has also 

been seen. In 2005, polyacrylonitrile (PAN)-nanoplatelet composites were prepared by 

the electrospinning process. An AFM was used to measure the mechanical properties of 

the fibres produced. The Young’s modulus of these composites doubled upon the 

addition of 4wt% graphene nanoplatelets .

2.7 Conclusions
Carbon nanotubes and graphene can be considered as ideal fillers for 

incorporating into polymers due to their remarkable mechanical and electrical properties 

along with their low density. Carbon nanotubes can reinforce polymers even at a low 

volume fraction which results in a stronger, more elastic composite without any 

compromise to the overall density. Composite fibres show great promise, generally 

showing greater mechanical properties than any other composite types. Development of 

such fibres warrant further research thus development and advancement in fibre 

composites will be the focus of this thesis.
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Chapter 3
Materials and Methods

3.1 Introduction
This chapter introduces the main materials used in this thesis. The methods used 

to produce and characterise composite fibres are also outlined.

3.2 Materials

3.2.1 Poly(vinyl) alcohol
Poly(vinyl) alcohol (PVA) was chosen as the matrix for spinning composite fibres 

as it is a well studied polymer in the field of coagulation spinning and is water soluble. It 

is also readily available and can be processed at a low cost. PVA is a chemically resistant 

plastic with good film forming properties. Its structure is shown in figure 3.1. PVA was 

purchased from J. T. Baker and was 99.0-99.8% hydrolysed. The average molecular 

weight of this PVA was 77,000-79,OOOg/mol. The maximum strength of bulk PVA is 

approximately 110 MPa and the Young’s modulus is 37 GPa'.

OH
Figure 3.1: Structure of PVA

Wet spinning, crosslinking and drawing of PVA fibres can be carried out to
2

produce crystalline fibres with strengths of 1.82 GPa and modulus values of 51.8 GPa .

47



Another fibre production method is dry spinning of high concentrations of aqueous PVA 

in a controlled atmosphere followed by fibre cooling. Several drawing steps are also used 

as part of this method, producing fibres with strengths of up to 2 GPa^.

Organic solutions have been used as a spinning dope instead of aqueous solutions 

in order to improve the mechanical properties of PVA fibres. This was thought to 

improve fibre strength as fibres could be drawn to high draw ratios in these solvent 

blends. This was completed by adding PVA to an 80:20 mixture of dimethyl sulfoxide 

(DMSO) and water and by using a coagulation bath of methanol at -20 °C. This mixture 

yielded the highest obtainable drawing of fibres. Hot drawing at 160 °C and 200 °C was 

used for post processing of fibres and strengths of 2.8 GPa and Young’s modulus values 

of 64 GPa were obtained for fibres showing polymer crystallinity"*.

3.2.2 Polyethylene Terephthalate
Polyethylene terephthalate (PET) is a transparent thermoplastic polyester 

commonly used in synthetic fibres and bottle production. Bulk PET has a breaking 

strength of approximately 50 MPa and a Young’s modulus of 1.7 GPa. It provides a 

barrier to water, carbon dioxide and oxygen, can be purchased at a low cost and is readily 

available. The structure of PET is shown in figure 3.2*.

O

O (CHO—O —

Figure 3.2: Structure of PET

One method of PET fibre production is through the use of hot pressing followed 

by fibre extrusion. Elsing this method, Chang et al produced fibres with strengths of 46 

MPa which could be increased to 51 MPa upon fibre drawing^. PET fibres can also be 

produced from recycled PET bottles. The PET pellets from these bottles were melted, 

extruded and drawn to form fibres. These fibres had a diameter of 700pm and strengths 
of over 450 MPa^.

PET fibres are widely used in the textile industry and are a very common type of 

polyester. Several of these commercial fibres such as those produced by “Diolen” were 

tested by Yeh et al. and strengths of up to 1 GPa and Young’s modulus values of up to 17 
GPa were measured^. PET only fibres were also measured by another source and found to
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have strengths and Young’s moduli of 931 MPa and 6 GPa respectively with an 

elongation to break of 17%*. The PET used for this work was purchased from SP Deyn 

Plastics Ltd.

3.2.3 Carbon Nanotubes
Purified SWNTs (HiPCO, Unidym) were used for this work. Individual single 

nanotubes from this supplier have a diameter range between 0.7-1.4 nm and a length 

range between 100-1000 nm. When purchased, they are in a black powder form with the 

nanotubes bundled in ropes which must be debundled before use in composites.

3.2.4 Graphene
Graphite powder was purchased from Sigma Aldrich (product number 332461, 

batch number 06106DE). In order to use this graphite effectively for composite 

formation, the graphite layers must be separated into graphene flakes. This was achieved 

by sonicating graphite in a suitable solvent.

3.2.5 Surfactant Choice
Perhaps the most successful dispersion technique to date, in terms of harnessing 

the full potential from debundled SWNTs has been through the noncovalent attachment 
of surfactants^. Surfactants have been found to form micelles around SWNTs, following a 

high power sonication step, forming a protective sheath around the SWNTs that shields 

them from the solvent. This prevents rebundling of the SWNTs that normally occurs due 
to the large surface energy difference between surface and solvent'**''^. A sufficient 

amount of surfactant must be present in order to disperse the nanotubes efficiently; 

otherwise large aggregates will remain in the dispersion. However, if the concentration of 

the surfactant is too large, clusters of surfactant and nanotubes will form. For this reason, 

a concentration of 10 mg/ml (1 wt%) was chosen'^.

Various types of surfactants were tested and compared to investigate which one 

provided fibres with the best mechanical properties''*. These were sodium 

dodecylbenzenesulfonate (SDBS), sodium dodecyl sulphate (SDS), lithium dodecyl 

sulfate (EDS) and sodium cholate (SC). These four inexpensive, readily available 
surfactants had already been found to be very effective dispersants of SWNT''*. Sodium 

cholate was found to be the most effective surfactant for fibre reinforcement and so this 

was the choice of surfactant for the fibres that will be discussed in chapters 4 and 5.
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Sodium cholate was purchased from Sigma Aldrich and its structure is shown in figure 
3.3;

Figure 3.3: Structures of Sodium Cholate 

3.2.6 Solvent Choice

PET-nanotube and PET-graphene fibres will be described in chapter 6. The 

solvent of choice for use in this system was N-methyl-2-pyrrolidone (NMP). In 2006, 

Giordani et al. used this solvent successfully to debundling SWNTs. In this study, 

nanotubes were debundled without the need for eentrifugation at low concentrations and 

good dispersions could be obtained at higher concentrations with the use of 

centrifugation'Many other researchers have found NMP very effective for dispersion of 
nanotubes and graphene'^’'^. Along with this, PET is also compatible with the use of 
NMP.

3.3 Methods

Methods are described below for the preparation and charaeterisation of fibres 

produced using two processing methods; coagulation spinning and melt processing. 

Methods are described for the preparation of nanotube and graphene dispersion for use in 

fibre production. The coagulation spinning process and the method of melt processing are 

described. Fibres were characterised using a range of methods. This included 

profilometry to determine fibre diameter accurately. Tensile testing was also carried out 

to determine the mechanical properties of the fibres. Scanning electron microscopy was 

used to find the eross section and uniformity of fibres. Other methods such as Raman 

spectroscopy, atomic force microscopy. X-ray diffraction and transmission electron 

microscopy were also characterisation methods used and will be described below.
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3.3.1 Sonication
Nanotube and graphene dispersions were prepared using sonication. A sonic tip 

provides sufficient energy to the nanotubes to break the van der Waals interactions 

between nanotubes in bundles and aids in their separation’^. It is also a useful technique 

for the dispersion of graphite into mono and few layer graphene’’. Pulsed sonication tor 

several hours was typically used for nanotube dispersions. Mild sonication in a sonic bath 

was used for graphene dispersions typically for 144 hours. After sonication, most 

dispersions were centrifuged to remove large aggregates which may still be present.

3.3.2 Coagulation Spinning Process
To prepare the fibres, the surfactant-dispersed single-walled nanotubes (SWNTs) 

were injected at known flow rates into the centre of a cylindrical glass pipe (inner 

diameter 5 mm) in which the poly(vinyl) alcohol solution flowed. Contact with the PVA 

solution causes collapse of the nanotube dispersion into a continuous nanotube-PVA fibre 

which then travelled down the pipe to be collected on a mandrel in a water bath. The 

fibres were removed from the bath for drying, initially at ambient conditions and then 

under vacuum at 60°C for 48 hours. Some experiments were performed on as-spun fibres 

that were undrawn. In other cases, the wet-state precursor fibres were drawn by attaching 

them to two rollers on a custom built rack.

Figure 3.4 shows a photograph and a schematic of the coagulation spinning setup 

used for this work. Figure 3.5 shows the rotating bath which was used for fibre collection.

SWNT dispersion Needle in centre of i Rotating bath for
injected into tube glass tube 1 fibre collection 

---------"rmr-

Polymer reserve 
(pumped from here 
into glass tube)
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Figure 3.4: Photograph and schematic of coagulation spinning setup.

Figure 3.5: Rotating bath for fibre collection.

3.3.3 Melt Processing of Fibres

Melt processing is particularly suitable for use with thermoplastics as they soften 

when heated. This technique is a quick and easy way to prepare fibres and can readily be 

used in large scale industrial preparation of fibres^'’. It can also be used to produce 

composite fibres. PET fibres in this work are produced using melt processing. PET is 

heated until it forms a viscous liquid. In previous studies, fillers were added to the PET 

by shear mixing with some reporting aggregation and low mechanical properties of 
resulting fibres^The method used in this thesis aims to address this problem. The 

nanotube/graphene dispersions were first prepared in NMP by sonication as described 

above. This leads to well dispersed nanotubes/graphene with minimum aggregates and 

should result in fibres with improved mechanical properties. The nanotube/graphene 

dispersion can be added to the PET melt and constantly stirred as the NMP evaporates. 

This produces a uniform blend. Fibres could be formed from either a PET or composite
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melt by inserting a fine needle to which the melt adhered strongly. The needle was drawn 

out of the melt at to give a fibre. A schematic of this process is seen in figure 3.6.

Needle

Composite Fibre

Composite Melt 
Hotplate

Figure 3.6: Schematic of melt processing setup.

3.3.4 UV-Vis Spectroscopy
A (Cary 6000i) UV-Vis-IR spectrometer was used to calculate the concentration 

of dispersions. It is important to know the starting concentration so that composites can 

be prepared with varying nanotube and graphene volume fractions. In UV-Vis-IR 

spectroscopy, a double beam spectrometer compares the light intensity between two light 

paths. Light from a source is split and travels through two substances. One of the paths 

contains a reference sample such as the solvent or surfactant solution, and the other 

contains the dispersion. A detector converts the incoming light into a current and plot of 

absorbance versus wavelength is produced.

The absorption spectra measured before and after centrifugation were compared 

to calculate the concentration of nanotubes or graphene in the stock. This was calculated 

using the Beer-Lambert law, (equation (3.1)) which states that the absorbance of the 

solution is directly proportional to the solutions concentration:

/
h

= e 3.1

where A=aCl.
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a is the extinction coefficient at 660nm. Its value for a carbon nanotube dispersion is 
3264ml and 3620ml mg‘'m'’ for a graphene dispersionC is the concentration

and 1 is the length of the cuvette (1mm).

3.3.5 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) is a technique used to determine the thermal 

stability of a sample by measuring the temperature at which different components of a 

sample degrade. In this work, the composition of the PVA-nanotube fibres was 

investigated using a Perkin Elmer Pyris TGA. 1 g of the each of the samples was heated 

from 30 °C-900 °C at rate of 10 °C/min. As the temperature increases, the mass of the 

sample decreases and the resulting curve shows mass versus temperature. The derivative 

of this curve usually shows more than one peak in composite materials. Each peak may 

be assigned to a different component of the composite and the area under the curve can 

be used to calculate the filler to matrix mass ratio of the material. If peaks overlap, as in 

the case with composites in this thesis, an alternative method can be used to calculate the 
mass fraction of various components.

For these samples, the derivative of the PVA powder curve shows a distinct 

trough at 387°C which corresponds to a significant loss of sample weight. Approximately 

70% of PVA is lost at this point. The same trough is also present in the derivative curves 

of the composite fibres. The loss observed for the nanotube soot and the sodium cholate 

at this temperature is negligible. Taking the loss in PVA occurring between T1 & T2 and 

dividing the total composite mass at (T3-T1) allows the PVA and subsequently the 

nanotube mass fraction to be found using equation 3.2.

A/7.3 ^T\

T2 70% of PVA in sample 3.2

3.3.6 Profilometry
Dried fibre diameters were measured at typically 20 positions along their lengths 

using a profilometer (Dektak 6M Stylus Profile, Veeco Instruments Inc.). A 12.5pm tip 

was scanned across fibre samples with a tip-sample interaction force of 29.4pN to 

measure their height and hence diameter. In each scan, 3,900 data points were taken. The 

accuracy of these measurements is ± 0.128pm.
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3.3.7 Mechanical Measurements
Tensile testing is a fundamental mechanical test used to find the Young’s 

modulus, tensile strength, toughness and strain at break of a sample. Mechanical testing 

was performed with a Zwick ZlOO tensile tester using a 100 N load cell and a Textechno 

Favimat tensile tester with a 2N load cell. Stress-strain curves were obtained from these 

measurements.

The section of the curve where stress, a, and strain, s, are proportional to each 

other illustrates the elastic deformation of the material. This is represented by the linear 

region in figure 3.7 (before point P). The slope of this linear region corresponds to the 

Young’s modulus of the material. The Young’s modulus (Y), (equation 3.3) is a measure 

of stiffness. It has units of Pa and is defined as:

d(jY =---- as £
ds

0 3.3

Elastic deformation is non-permanent meaning the sample returns to its original 

shape when the applied stress is released. For metallic materials, the elastic deformation 

occurs only to strains of approximately 0.005^^. Beyond this, plastic deformation occurs. 

Plastic deformation is permanent and the stress is no longer proportional to the strain. 

Plastic deformation occurs when the bonds of original atom neighbours are broken and 

when bonds with new neighbours are formed. The stress level at which plastic 

deformation begins is known as the yield point and is shown by point P in figure 3.7.

Figure 3.7: Stress-strain curve showing regions of elastic and plastic deformation for a typical metal
26
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After yielding, the substance continues to deform plastically and in some 

substances (for example in metals) the stress increases to a maximum. This is known as 

the ultimate tensile stress (force per area, N/m^ or Pa) and is shown by point M in figure 

3.8. At point M, a small neck begins to form and all subsequent deformation occurs at 

this point. The geometry of the specimen is shown in the circular insets of figure 3.8. 

After point M, the stress then decreases until the specimen fractures at point F

Figure 3.8: Typical stress-strain curve to fracture. The circular insets represent the 
geometry of the specimen

Ductility is another important mechanical property. A material that does not 

deform plastically or experiences only a small amount of plastic deformation is termed 

brittle. Examples of stress-strain curves of brittle (blue curve) and ductile (pink curve) 

materials are shovm in figure 3.9. Ductility can be expressed as a percentage elongation. 

Brittle materials break at strains of 5% or less.

strain

Figure 3.9: Stress-strain curves for brittle and ductile materials^*.
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The toughness of a substanee ean be described as its resistance to fracture when 

stressed or the amount of energy that can be absorbed by a sample before it breaks. It is 

measured in J/m^ or J/g. It is found from the area under a stress-strain curve. For a 

material to be tough, it must also have high strength and high ductility.

Figure 3.10 shows typical stress-strain curves of a brittle fibre (for example a 

nanotube), a matrix and an aligned fibre reinforced composite. In region I both the fibre 

and the matrix deform elastically. The matrix yields and deforms plastically at point Sym- 

The fibres continue to deform elastically in stage II while the matrix deforms plastically. 

When the fibres start to fracture, the composite begins to fail.

Figure 3.10: Typical stress-strain curves of a brittle fibre, a matrix and an aligned
26fibre reinforced composite

Figure 3.11 shows a typical stress strain curve for a typical coagulation spun fibre.

Figure 3.11: Sample stress-strain curve of a polymer-nanotube fibre of volume 

fraction 0.23.
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Point A on figure 3.11 is the yield point. Below this point, the substance is 

deforming elastically. Point B on the graph shows the point at which the sample breaks. 

The area under the curve, marked in blue, gives the toughness. The sample shown above 

is a polymer-nanotube fibre of volume fraction 0.23. It was made at a nanotube injection 

rate of 0.214ml/min and a PVA flow rate of 135ml/min and was 4.6pm in diameter.

3.3.8 Scanning Electron Microscopy
SEM was performed on a Carl Zeiss Ultra Plus Field Emission Scanning Electron 

Microscope. A scanning electron microscope images a sample surface by scanning it with 

a high energy beam (2-40keV) of electrons. When the electron beam interacts with the 

sample, secondary electrons (SE), back scattered electrons (BSE), Auger electrons and X- 

rays are produced, collected in various detectors and an image is produced^^. Secondary 

electrons and backscattered electrons are responsible for most imaging performed using 

this SEM. Figure 3.12 shows the main types of electrons that can be detected. They are 

split into several groups depending on their origin and their range.

Figure 3.12: Various types of electrons produced using the scanning electron 

microscope.

When electrons are scattered from the inner core or from the electrons of the 

sample, inelastic scattering occurs resulting in secondary electrons. These are low energy 

electrons (<50 eV). SEl electrons come from the spot centre, SE2 electrons undergo 

some scattering and these leave the sample further from the spot centre, SE3 electrons are
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not generally used for imaging and these electrons come from backscattered electrons. 

Secondary electrons can be detected using the in-lens detector on this machine which is 

ideal for surface imaging.

Electrons with energies higher than this are known as backscattered electrons. 

These occur from the elastic scattering off the sample at a much deeper range. The back 

scattered electron (BSE) detector is useful for seeing elemental contrast between different 

parts of a sample. Both secondary and backscattered electrons can be detected using the 

SE2 detector. The secondary electrons account for 90% of the electrons with the 

backscattered electrons contributing to the rest. This detector can be used at a higher 

voltage range than the in-lens detector and is effective for looking at material contrast. 

This detector was most commonly used for this thesis.

3.3.9 Raman Spectroscopy
Raman spectroscopy is a technique which relies on the inelastic scattering of laser 

light off a sample. When monochromatic light interacts with a sample, the majority of 
photons are elastically (Rayleigh) scattered. However a small portion (~1 in 10^) are 

shifted in wavelength through interactions with the sample material. This is referred to as 

the Raman effect. During this process, the frequency of the photons is either shifted up or 

down in comparison with the frequency of the original light. The incident photons excite 

the molecules in the sample and change them into oscillating dipoles. Rayleigh scattering 

occurs if the excited molecule returns back to its original vibrational state. If the excited 

molecule returns to a higher energy level, then the photon loses energy on interaction 

with the sample. This is known as Stokes Raman scattering. Similarly, Anti-Stokes 

scattering occurs when an excited molecule returns to a lower energy level, meaning the 

photon gains energy. The energy distribution gives us information on the chemical bonds 

present and is like a fingerprint of the material .

A Raman spectra shows Raman scattering intensity (number of scattered photons 

detected) as a function of wavenumber. It is particularly useful for the analysis of 

nanotubes and graphene. Some features are prominent in the spectra for these materials.

In graphene, the D peak occurs at 1350 cm'' and is associated with defects and also edge 

effects^^. In graphene, the G band occurs at around 1582 cm'' and this occurs because of 

vibrations between neighbouring carbon atoms. An upshift of 5 cm'' occurs if single layer 

graphene is present. Upshifts show a 1/n dependence where n is the number of graphene 

layers^". At 2700 cm'', the 2D band is present. This is also known as the G’ band. This 

band is seen for all sp^ hybridised carbon materials. The 2D peak changes shape width
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and position with increasing number of graphene layers^'. For graphene, only one peak is 

seen here but for graphite two distinct peaks G’l and G’2 will be present. For graphene, 

the intensity of the 2D band is much larger than the G band with a ratio of 4^®. This is in 

contrast with graphite in which the G band is larger than the 2D band (figure 3.13) which 

is also the case for nanotubes.

Figure 3.13: Raman spectra for graphite and graphene showing the G and G’
bands^**.

Raman measurements were carried out on graphene samples described in chapter 

6 using a Horiba Jobin Yvon LabRAM HR spectrometer with a lOOX objective lens and 633 

nm laser excitation. Five spectra on each sample were taken and their average was found. 

This was compared with the spectra of bulk graphite.

In nanotubes, the D band is present between 1250 and 1450cm'' and is also 

associated with defects'^^. The G band occurs at around 1580cm'' and is always present. 

Radial breathing modes (RBM) can also feature in the range 100 - 350 cm'' and gives 

evidence that SWNTs are present in the sample^^’'^''. RBMs are due to coherent vibrations 

in the radial direction and as such their position can be related to the diameter of the 

SWNT being probed. The 2D band is also present in the spectra of nanotubes at 2700 cm' 

This feature is useful to probe the stress transferred from polymer to nanotube^^. 

These measurements were carried out for the nanotube-PVA fibres described in chapters 

4 and 5. The basis of this measurement is that, as the fibre is strained, the nanotube 2D 

Raman band tends to shift linearly to a lower wavenumber (at low strain) with the strain 

on the nanotube. The rate of change of 2D peak position with strain is related to the 

nanotube effective modulus. (For example a shift rate of -13cm''/% implies that the 

nanotube modulus is 260 GPa. This is calculated by using the calibration of -5cm''/GPa). 

The nanotube effective modulus, Yeffis defined by equation 3.4.
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3.4

In the ideal case, % should be identical to dY/dVf. Ysff was measured as a function of 

draw ratio for the fibres described above.

A Renishaw 2000 system equipped with a 633 nm He-Ne laser was used to record 

Raman spectra of the nanotube-PVA fibres. The laser spot size was 2 pm in diameter, 

and the power was 1 mW when the laser was focused on the fibre. A custom-made tensile 

rig was used for stretching the paper card on which the fibre was mounted. The strain was 

recorded using a micrometer which was attached to the rig. The strain was increased 

stepwise and Raman spectra were taken at each strain level. These measurements were 

taken by collaborators in the University of Manchester.

3.3.10 Atomic Force Microscopy
Atomic force microscopy measurements were made using a Digital Instruments 

Nanoscope IIIA from Veeco Instruments operating in tapping mode. A vibrating tip is 

located at the end of a cantilever and this vibrates, tapping the surface of the sample. 

When the tip comes in contact with an object, the amplitude of this vibration decreases. 

The AFM senses this and adjusts the amplitude for the next oscillation to retain the initial 

amplitude. As the tip approaches the surface, it experiences an attractive van der Waals 

force. As the tip touches the sample there is a strong repulsive force due to ionic 

repulsion^^. A laser detects the movement of the cantilever and this information is passed 

to photodiodes whose signal is collected by a differential amplifier. In this way, an image 

can be generated by rastering the tip across the sample. Tapping mode minimises 

frictional forces which would otherwise be present using contact mode AFM . The 

images in this thesis were obtained under the tapping mode with the tip oscillating at a 

resonant frequency of 320 kHz. The tip has a diameter of <8nm.

To prepare the samples for AFM, a Si piece was washed in acetone. It was soaked 

in a diluted sample overnight. Afterwards it was placed in deionised water for 15 mins 

before gently drying.

3.3.11 X-ray Diffraction
Diffraction occurs when waves interact with a regular surface. An X-ray hits a 

sample and the scattering intensity is analysed. There are various variations of this 

technique including single crystal X-ray diffraction which is used to find the structure of 

crystals, powder diffraction which is used to find the crystallographic structure and thin

61



film diffraction. X-ray diffraction can be used to measure the extent of polymer 

alignment/crystallinity in a sample as crystalline areas in the sample act as a diffraction 

grating. This is important as polymer crystallinity influences the mechanical properties of 

a composite. X-ray diffraction was carried out in the University of Cambridge. 

Measurements were made on bundles of a few hundred fibres so as to increase the 

scattering. The patterns were obtained in transmission and were collected for 8 hours. 

The results were processed using Image J image analysis software. After background 

removal, orientation plots were obtained by radial integration of the amorphous peak, and 
plotted against azimuthal angle.

3.3.12 Transmission Electron Microscopy (TEM)
Transmission electron microscopy was carried out using a Jeol 2100 TEM 

operated at 200 kV. Samples were prepared for TEM by dropping small amounts of 

graphene dispersions onto holey carbon grids. Using this characterisation method, a beam 

of electrons interacts with a sample. A lanthium hexaboride source was used which has 

an extended life and good stability. Those electrons that are unobstructed by the flakes or 

the holey carbon grid hit the fluorescent screen on the other side. Bright field imaging is 

the most commonly used imaging technique and this mode was used for imaging these 

samples. In this mode the sample is kept just under the eucentric height. This gives just 

enough diffraction contrast to analyse the graphene flakes used in this work. The darker 

areas of an image correspond to areas where fewer electrons could pass through^^ and 

these areas correspond to a larger number of graphene layers. Approximately 100 flakes 

were analysed to obtain information on flake size and also on the number of layers 
present in each flake.
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Chapter 4
The Effect of Nanotube Content and Orientation on the 

Mechanical Properties of Polymer-Nanotube 

Composite Fibres: Separating Intrinsic Reinforcement 

from Orientational Effects

Note: The content of this chapter has been published in Advanced Functional Materials, 

21, 364-371 (2010). Some of this work was carried out in collaboration with The 

University of Manchester and Cambridge University. Raman Spectroscopy was carried 

out in The University of Manchester and the XRD measurements were carried out in 

Cambridge University. Some mechanical measurements on fibres were also carried out 

using a tensile tester in Cambridge University to confirm our measurements.

4.1 Introduction
Carbon nanotubes have long been considered the ideal filler for reinforced 

polymer-based composites because of their superlative mechanical properties'. Much 

work has been done, with some very promising results, particularly in the area of 

nanotube reinforced fibres^''". It is generally expected that very strong fibres could be 

produced from polymer-nanotube composites. The strategy for producing very stiff, 

strong composite fibres is simple: Add nanotubes at as high a loading level as possible 

and if the rate of increase of stiffness or strength with nanotube content is high enough, 

very stiff, strong fibres should result. In addition, due to processing or confinement 

effects, it would be expected that the nanotubes would be partially aligned, thus further 

improving the mechanical properties. Flowever, this simple recipe has been studied in 

surprisingly little detail. Very little is known about the real, achievable rate of increase in
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fibre stiffness or strength. What is known generally comes from analysis of composite 

fibres at a single volume fraction", leaving scope for a number of forms of error. In 

addition, nothing is known about the maximum attainable nanotube content. Only two 

studies have reported measurements of the mechanical properties of polymer-nanotube 
composite fibres as a function of nanotube content'^’". However, these studies showed 

very different rates of increase of stiffness with nanotube content, leaving this issue 

unresolved. In addition, only a relatively low range of nanotube loadings were studied 

and consequently the maximum achievable loading level remains unknown. This is a 

serious problem as without knowing the maximum loading level, it is impossible to 

estimate the maximum achievable stiffness and strength.

In addition, the effect of nanotube orientation on fibre stiffness and strength is not 

as well understood as it appears. Many papers have shown that filler alignment is 

achieved on drawing and that this leads to improvements in the mechanical properties 
obtained^’""^. However, the quantitative analysis has been incomplete. Krenchel realised 

that the essence of the filler orientation distribution could be distilled down to one 

parameter, Krenchel’s orientation efficiency factor, rjo^. Krenchel extended Cox’s 

original model" to show that the modulus and strength of composites containing rod-like 

fillers scales linearly with However it has never been demonstrated

experimentally that this scaling holds for a range of orientations (i.e. a range of rjo values) 

for any composite.

Thus, a systematic study is needed to investigate these deficiencies and this is 

what this chapter addresses. The effect of nanotube loading on strength and stiffness must 

be ascertained. The aim would be to measure the rate of increase of both strength and 

modulus with nanotube content and establish the maximum loading level. In addition, it 

is important to prepare composites with a range of nanotube orientation distributions and 

both measure and correlate the mechanical properties with r|o- However to do this, it will 

be important to choose a suitable model system. Poly(vinyl) alcohol (PVA) is used as a 

model matrix. This polymer has been used by many groups to produce nanotube- 
reinforced PVA films"'^^ and fibres^’Some of the fibres, in particular, have 

displayed excellent mechanical properties. In general, these fibres are produced by 

coagulation spinning, a process which involves the injection of surfactant-dispersed 

nanotubes into a flowing stream of aqueous PVA solution. The PVA adsorbs onto the 

nanotube, destabilising the dispersion and causing it to collapse into a waterlogged fibre. 

These fibres can then be dried for testing. Coagulation spinning is useful as its complex 

parameter space should allow the tuning of fibre properties such as diameter and
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nanotube content. In addition the wet fibres are very malleable and can be easily 

manipulated. This will make control of the orientation distribution by drawing 

straightforward.

4.2 Background
As discussed above, coagulation spun PVA-nanotube fibres show superlative 

mechanical properties. Dalton et al. prepared PVA-nanotube fibres with Young’s moduli, 

Y, close to 80 GPa^*. Extremely strong PVA-nanotube fibres have been reported by 

Minus et al. with ultimate tensile strengths, ctb, as high as 2.6 GPa^. Perhaps most 

impressively, PVA-nanotube fibres have displayed exceptional toughness values, up to 

870 J/g . While the as-produced composite fibres are water soluble, it has been shown 

that PVA fibres can be crosslinked in-situ, resulting in high performance water insoluble 

fibres . Thus, it should be possible, not only to quantitatively examine Krenchefs 

equation, but to demonstrate the production of relatively stiff, strong fibres.

In this chapter the issues outlined above are addressed. A simple method to 

control the nanotube volume fraction, Vj, in coagulation spun fibres is presented. In 

addition, a practical method to use thermogravimetry to measure the resultant volume 

fraction is demonstrated. Composite fibres with a range of volume fractions are prepared 

and the scaling of mechanical properties with Vf is measured. In addition, fibres of a 

given volume fraction were drawn and dY/dVfanA dag/dYf \nqxc monitored to see how 

they scale with drawing. Critically, Raman spectroscopy was used to monitor both the 

nanotube orientation parameter and the nanotube effective modulus.

4.3 Experimental Procedure
Purified SWNTs (HiPCO, Unidym), poly(vinyl) alcohol (J. T Baker, Mw = 

77,000-79,000 g mof', 99-99.8% hydrolysed) and the surfactant sodium cholate 

(Aldrich) were all used as supplied. A surfactant solution was prepared by dissolving 

sodium cholate in deionised water at 1 wt% (~10mg/mL) and stirring overnight. SWNTs 

were dispersed in this solution at 0.35 wt% (~3.5mg/mL) using a sonic tip processor 

(GEX600, 48 W, 24 kHz, flat head probe) operated in pulsed mode (1 sec on/1 sec off) 

for 7.5 hrs. The resulting nanotube dispersion was mildly centrifuged at 5500 rpm for 90 

min (Hettich EBA12) to give a stock solution.

The absorption spectra (Cary 6000i UV-vis-IR spectrometer) measured before 

and after centrifugation were compared to calculate SWNT concentration in the stock. 

The stock dispersion was diluted with surfactant solution (1 wt%) to give a range of

67



nanotube concentrations from 0.07 to 0.316 wt%. A 5 wt% (50 mg/mL) solution of 

poly(vinyl) alcohol in deionised water was prepared as the coagulant by stirring and then 

refluxed at approx 110 °C until it became transparent (3-5 hours).

To prepare the fibres the surfactant-dispersed, single-walled nanotubes (SWNTs) 

were injected (0.214 ml/min) into the centre of a cylindrical pipe (inner diameter 5 mm) 

in which the poly(vinyl) alcohol solution flowed (81 ml/min). Contact with the PVA 

solution caused collapse of the nanotube dispersion into a continuous nanotube-PVA 

fibre which then travelled down the pipe to be collected on a mandrel in a water bath. The 

fibre length was limited only by the supply of the nanotube dispersion. The fibres 

collected from the mandrel contained very large quantities of water; they will be referred 

to as wet-state precursor fibres. They were cut into sections and removed from the bath 

for drying, initially at ambient conditions and then under vacuum for 48 hours. The 

diameter of the fibres after drying was typically 5-10 pm. Note that for the first set of 

experiments the fibres were not drawn in any way. Subsequently, the wet-state precursor 

tibres were drawn by attaching them to two rollers on a custom built rack. The rollers 

could be controllably rotated resulting in the drawing of the fibres to well defined draw 

ratios, DR (DR=(l-lo)/lo). After drawing, the fibres were dried as described above.

Thermogravimetric analysis (Perkin Elmer Pyris 1) was used to calculate the 
nanotube mass fraction of a subset of fibres. Scanning electron microscopy (SEM) was 

performed using a Hitachi S-4300 field emission scanning electron microscope. 

Mechanical testing was performed with a Zwick tensile tester ZlOO using a 100 N load 

cell with a strain rate of 1 mm/min. The gauge length was kept constant at 10 mm. The 

sensitivity of this instrument in this force range was verified by testing Kevlar fibres of 

similar diameter and known strengths. For each sample, mechanical tests were made on 

ten fibres, and the mean and standard deviation of the relevant mechanical parameters 

calculated. A Renishaw 2000 system equipped with a 633 nm He-Ne laser was used to 

record Raman spectra of the fibres. The laser spot size was 2 pm in diameter, and the 

power was 1 mW when the laser was focused on the fibre. A custom-made tensile rig was 

used for stretching the paper card on which the fibre was mounted. The strain was 

recorded using a micrometer which was attached to the rig. The strain was increased 

stepwise and Raman spectra were taken at each strain level.
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4.4 Results and Discussion

4.4.1 As Prepared Fibres
Poly(vinyl) alcohol-SWNT fibres were prepared by coagulation spinning. 

Detailed analysis of the suspension showed it to contain individual nanotubes and small
-IQ

bundles (mean diameter, <d>=l .8 nm and mean length <1>=315 nm (figure 4.1).
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Figure 4.1: A) AFM image of nanotube bundles deposited from the spinning 

dispersion onto Si/Si02. Deposition and AFM characterisation were performed as 
described in ref B) Height profile along the bundle marked by the white line. C) 

and D) Histograms of bundle diameter and height respectively.
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Fibres were prepared using a range of nanotube dispersions with differing 

concentrations (0.07-0.32 wt%). As all other spinning parameters remained the same it is 

expected that the resultant fibres will differ only in the nanotube mass fraction. To test 

this, thermogravimetric analysis was performed on four fibres prepared from dispersions 

with nanotube concentrations ranging from 0.07-0.32 w1%. In addition TGA was 

performed on the nanotube and PVA powders for comparison. Example TGA curves for 

PVA, SWNTs and a composite fibre (0.14 wt% nanotubes) are shown in figure 4.2. In 

addition the derivative TGA curves are shown in blue.

o.Temperature, T ( C)

Figure 4.2: TGA and derivative-TGA curves of A) PVA and B) nanotube powder 

and C) a composite fibre (0.14wt%= 0.1073vol%).

It can often be difficult to differentiate the oxidation of polymer and nanotubes in 

a composite system. This is partly due to the relative proximity of their oxidation 

temperatures but also due to the fact that the nanotube oxidation can narrow and shift in 

temperature in the composite versus the nanotube only sample. To circumvent this 

problem an indirect method can be used to calculate the nanotube mass fraction. The 

PVA powder DTGA curve consists of two main oxidation events, above and below 400 

°C. Conversely, the nanotube only sample hardly bums at T<400 °C. By integration it can 

be found that 73% of the PVA powder bums below T=400 °C. In each composite sample, 

two features were observed above and below 400 °C similar to those in the PVA powder 

sample. It is assumed that in all cases, the ratio of polymer mass oxidised above and 
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below 400 °C remains the same as in the pure polymer. Thus, by separately integrating 

the composite curves from T=30 °C to T=400 °C and T=400 ”C to T=900 °C and applying 

the ratio of polymer mass oxidised above and below 400 °C, one can calculate the mass of 

nanotubes burned above 400 °C. Thus the mass fraction of nanotubes in each sample can 

be calculated. An estimated uncertainty of -20% is associated with this method. This data 

is shown in figure 4.3 as a function of the concentration of the nanotube dispersion used 

in the fibre formation. This curve shows that the nanotube mass fraction in the final fibre 

is very close to 100 times the nanotube concentration in the dispersion. This allows one to 

transform the nanotube concentration data to mass fraction for all fibres. The volume 

fraction can be calculated from the mass fraction taking density values of Pnt=1800 

kg/m^ (this value includes residual catalyst"^') and ppvA=1300 kg/m^. This results in fibres 

with volume fraction ranging from 5.3 to 24vol%.

I ? 30 J D

E g 20^

0.0 0.1 0.2 0.3 0.4
Nanotube Concentration (wt%)

Figure 4.3: Mass fraction as a function of nanotube concentration in the spinning 

dispersion.

This analysis shows the nanotube mass fraction to scale linearly with the 

concentration of the spinning dispersion.

These fibres (figure 4.4 A-C) are straight with reasonably uniform diameter and 

circular cross sections. As can be seen from figures 4.3 B&C, when broken, large number 

of well-dispersed nanotubes are observed protruding from the fracture surface.

The stress-strain curves were measured for a set of fibres with a range of volume 

fractions. Representative stress-strain curves are shown in figure 4.4D.
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strain, e

Figure 4.4: A), B) & C) SEM images of a typical fibre broken under tensile strain. 
D) Representative stress strain curves for selected fibres of varying SWNT volume 

fraction. NB the curves have been smoothed using a 9 point moving average.

It is immediately apparent that the ultimate tensile strength, gb, scales with 

nanotube volume fraction. In addition, it is noted that these fibres are much less ductile 

than previously reported coagulation spun PVA-SWNT fibres ’ . This is attributed to 

the fact that these fibres were extensively dried before testing (all reported results are for 

dry fibres). In fact, it was found that exposure of dried fibres to ambient conditions 

resulted in considerable water uptake and an increase in fibre ductility (and decrease in 

modulus and strength), see figure 4.5.
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Figure 4.5: Change in fibre mechanical properties as a function of time after 

removal from oven. Absorption of water results in the reduction of strength and 

modulus and the increase in ductilitv.

It can be seen that water absorption greatly affects the mechanical properties of 

the fibres. The Young’s modulus decreases from 53.8 GPa to 33.2 GPa after being out of 

the oven for 12 hours. In the same amount of time, the strength decreased from 787 MPa 

to 399 MPa. This is accompanied by an increase in the strain at break and in the 

toughness. To ensure all measurements were consistent, fibres were mechanically tested 

as soon as they were removed from the oven.

In addition, these fibres display lower tensile strength compared to some 

previously reported PVA-SWNT coagulation spun fibres ’ . This is likely to be related 

to the polymer matrix that is being used in this study. It is well known that different types 

of PVA (i.e. different molecular weight, polydispersisty, degree of hydrolysis etc), sold 

by different suppliers, result in fibres with radically different strengths.

The Young’s modulus, Y, ultimate tensile strength, og, the strain at break, £g, and 

the toughness, T, were measured as a function of nanotube volume fraction as shown in 

figure 4.6. This is the first time the volume fraction dependence of the mechanical 

properties of coagulation-spun, polymer-nanotube fibres has been measured.
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SWNT volume fraction,

Figure 4.6: Mechanical properties derived from the stress strain curves plotted as a 

function of nanotube volume fraction. A) Young’s modulus, B) Ultimate tensile 

strength, C) Strain at break, D) Toughness.

The modulus increases linearly with volume fraction as expected for volume 

fractions up to ~10vol% before beginning to saturate, possibly due to aggregation effects. 

Indeed, recent modelling has shown that for nanotubes flowing in a liquid, the tendency 

to aggregate increases with nanotube concentration'*^. Such aggregated structures tend to 

be less aligned by the flow, resulting in reduced mechanical properties in the final fibre. 

Saturation occurs by ~10 vol%, with this figure representing the maximum effective 

nanotube content. It can be estimated that the average spacing between nanotubes at this
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volume fraction is ~6 nm. Thus, it is hard to imagine any further increase in nanotube 

content without large-scale aggregation.

For rod-like fillers, the linearity of Y with f/is predicted by the rule of mixtures ' :
^ ~ {no^iY^N'i ~ ^ ^

where r]iY and rjo are the nanotube length and orientation efficiency factors and Ynt and 

Yp and the nanotube and polymer moduli respectively. Note that 77/^ applied specifically 

to fibre modulus (a different length efficiency factor applies to fibre strength). The slope 

of the linear region has been measured to be dY/dVf = 254 GPa.
Wang et al.^^ have calculated dY/dVj (equivalent to their parameter, Eejj) for a 

number of polymer-nanotube composite fibres reported in the literature. These values 
vary from 4 GPa for MWNT-polyamide fibres'^ to 1269 GPa for SWNT-pitch fibres^. It 

is important to point out that in all cases, Wang had no option but to calculate dY/dVf 

from one or at most two volume fractions. This work is the first to comprehensively 

measure mechanical properties as a function of volume fraction allowing accurate 

measurement of dY/dVf in the linear region.

For perfectly aligned fibres (/7o=l) prepared with long nanotubes (77/^=!), 

dY/dV/^Y^r, which has a maximum value of -lOOOGPa. This is consistent with the 

maximum value reported by Wang. Values of dY/dVf<\000 GPa are manifestations of 

short tube effects, poor alignment, poor stress-transfer or combinations of all three'. 

Incidentally, the value of dY/dVf = 254 GPa is reasonably high; only five of the 20 papers 

analysed by Wang et al. show higher values.

Data for fibre strength as a function of volume fraction are shown in figure 4.6B. 

The trend is similar to the modulus data with a linear region followed by saturation. Flere 

the slope of the linear region has been measured to be d<jB/dVf= 2.8 GPa. The fibre 

strength is given theoretically by :

) Vf + (y, » 4.2

where gnt and op and the nanotube and polymer strengths respectively. (Note that a 

length efficiency factor applicable to fibre strength). As with modulus, the maximum 

value for JosT/F/for an aligned, long-nanotube fibre is gnt, which is expected to have a 

maximum value of -50-150 GPa. The highest reported value of dag/dYf is 116 GPa for a 

PVA-SWNT fibre^. Most values are much lower, perhaps because the strength of both 

nanotubes and fibres are expected to be more sensitive to imperfections than modulus.

It is noted that the low Vf data for both modulus and strength pass through the origin, 

validating the approximations given in equations 4.1 & 4.2. This is an important result as
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't suggests that the polymer matrix in these coagulation spun fibres is not particularly stiff 

or strong. This in turn suggests that large scale crystallinity or chain alignment is not 

occurring in these fibres.

Care must be taken when using equations 4.1 and 4.2 to analyse mechanical data 

for polymer-nanotube composites. In some cases, particularly when using PVA as a 

matrix, crystalline polymer can be nucleated by the presence of the 

nanotubes'’^ '^’^*^’^^’^^’'*^’'^''. Under such circumstances, these equations must be replaced by 

expressions which account for the contribution of nanotube-nucleated crystals to the 

mechanical properties'’^^. Thus, unless one can rule out extra contributions to the 

mechanical properties, one cannot use equations 4.1 and 4.2 to analyse the dan/dVfdind 

dY/dVf data. Later in this work, Raman spectroscopy will be used to show that nanotube- 

induced polymer crystallinity does not eontribute to the mechanical properties of the as- 

prepared fibres.

In addition, it is noted that the strain at break is relatively invariant with volume 

fraction, remaining close to 4%. However, the toughness increases with increasing 

volume fraction, saturating at close to 12 MJ/m'^. Note that these values are much lower 

than previously reported values ’ , mainly due to the low ductility of these fibres.

4.4.2 Fibre Drawing
As mentioned above, the mechanical properties of composite fibres are limited by 

the nanotube length, the strength of the polymer-nanotube interface and the degree of 

nanotube alignment. The nanotube length is constrained to a large degree by the 

requirement that the nanotubes are well dispersed in the polymer matrix'. The reason for 

this is that nanotube exfoliation and so dispersion is generally achieved by sonication 

which is also known to shorten the nanotubes by scission^^’"'^. Thus, the cost of well 

dispersed nanotubes is a reduction in length. This means nanotubes which have been 

exfoliated in the liquid phase tend to have lengths of <lpm^^’''^. In addition, for a given 

polymer-nanotube combination, it is not easy to adjust the interfacial strength. However, 

the nanotube alignment can be modified, for example by drawing the fibre. This makes 

drawing a critically important technique in fibre research. Drawing will improve the 

strength and modulus, but more importantly allows control of the nanotube orientation 

distribution.

Drawing experiments were earried out on fibres with a fixed nanotube volume 

fraction of 7.1 vol%. This was chosen as a reasonably high volume fraction, yet 

definitively in the linear regime. The wet-state precursor fibres were stretched to draw 
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ratios from 7.5% to 63%. Any attempt to draw fibres to higher draw ratios resulted in 

breakage of all fibres. Any attempt to draw fibres after they had been dried resulted in 

almost immediate failure. The mechanical properties of a range of drawn fibres were 

measured and are reported in figure 4.7.
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Figure 4.7: Mechanical properties for fibres produced by drawing the wet-state 

precursor fibre, plotted as a function of draw ratio. All fibres have volume fraction 

of 7.1%. A) Young’s modulus, B) Ultimate tensile strength, C) Strain at break, D) 

Toughness. In A) and B) the right axes show the estimated dY/dVf and d<7B/dVf.

It is clear from this data that both modulus (figure 4.7A) and strength (figure 

4.7B) increase steadily with drawing from their undrawn values (14 and 0.2 GPa 

respectively), saturating at values of 40 and 0.5 GPa respectively for draw ratios of 

>40%. From this data dY/dVfdLX\d das/dYf can be estimated by dividing Y and cb by the 

volume fraction (7.1vol%). (NB, this approximation only works because the Y and og
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data in figure 4.6 go through the origin.) This is shown on the right axes. Here the fibres 

have dY/dVf~600 GPa and dcrs/dYf-l GPa for DR >40%.

Interestingly, the strain at break of these fibres doesn’t decrease significantly on 

drawing; generally increases in strength and modulus on drawing are obtained at the 

expense of ductility. In addition, the toughness remains relatively constant at ~15 MJ/m^. 

Drawing of polymer-nanotube fibres results in a reduction in diameter commensurate 

with the conservation of fibre volume. This diameter reduction is accompanied by an 

increase in the degree of orientation of the nanotubes. It is possible to directly measure 

the effect of drawing on nanotube orientation using Raman spectroscopy. This makes use 

of the fact that the observed Raman intensity depends on the angle between the nanotube 

axis and the electric field vector of the excitation beam'*^. By measuring the Raman 

signals with the incident beam polarised parallel and perpendicular to the fibre, in both 

VV and VH arrangements, it is possible to calculate the Herman’s orientation 

parameter, S, where:

S = [3(co5'^)-i]/2 4.3

and 0 is the angle between a given nanotube and the fibre axis. A typical Raman spectra 

is shown in figure 4.8.

Raman shift (cm '')

Figure 4.8: Raman spectrum of a PVA-SWNT composite fibre.

Raman spectra were collected on fibres orientated at different angles (cp) with 

respect to the laser polarization obtained with VV configuration. Typical spectra for both 

drawn and undrawn fibres are shown in figure 4.9A&B. The normalised G band intensity
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for one fibre is shown in figure 4.9C. This data could be fitted with the following 

function (after Liu et al.):

I'lAv) oc
^ 4 6 2 3 ^
cos (0---- cos (DA-----

7 35
^4(cos/?)) + — cos (D----v7 ^ 7,

/•j (cos/?)) + — 4.4

where P is a variable describing the angle between a given nanotube and the fibre axis. 

The parameter P)) is identical to S and was found from the fit.
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Figure 4.9: Nanotube G-band for PVA-SWNT coagulation spun fibres at different 
angle with respect to the laser polarization obtained with VV configuration: a) fibre 

with a draw ratio of 63% and b) undrawn fibre. C) Experimental data fitted using 

Equation 4.4.

Theoretically, this orientation parameter varies from 5'=-0.5 for rods aligned in 

plane to 5=0 for random orientation to 5=1 for perfect axial alignment. Data showing 5 as 

a function of draw ratio for the fibres described above can be seen in figure 4.10.
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Figure 4.10: Nanotube orientation parameter and effeetive modulus as measured by 

Raman spectroscopy. A) Orientation parameter and B) Effective nanotube modulus, 
both as a funetion of draw ratio. C) Effective nanotube modulus as a function of 
mechanically measured dY/dVf. The dashed line shows dY/dVf=\f(f.

It was observed that S increased from -0.5 for the undrawn fibre to -0.7 for the 

DR=63% fibre. Assuming Gaussian orientation distribution functions, these values are 

equivalent to distributions with half widths of y/2=32° and y/2=21° respectively. This 

data can be compared with the results of Badaire et al. and Pichot et al. on X-ray 

scattering studies performed on similar PVA-nanotube fibresIn each case the 

undrawn fibres had nanotube distributions with y72-24-28°, while after drawing to 60- 

70% the distributions had narrowed significantly, resulting in y/2~15-17°. Both of these 

studies reported narrower distributions than observed in this study even though their 

fibres were of significantly larger diameter (-30 pm) than the fibres described here (5-10 

pm). This may partially be explained by the shortness of the nanotubes used in this study
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(/~325 nm). In addition, the maximum achieved draw ratio does not result in extremely 

aligned nanotubes. This suggests that further improvement is possible.

4.4.3 Measurement of Nanotube Effective Modulus
It is also possible to use Raman spectroscopy to probe the stress transferred from 

polymer to nanotube"^^. The basis of this measurement is that, as the fibre is strained, the 

nanotube G’ Raman band tends to shift linearly to a lower wavenumber (at low strain) 

with the strain on the nanotube. The rate of change of G’ peak position with strain is 

related to the nanotube effective modulus. (For example a shift rate of -13cm‘V% implies 

that the nanotube effective modulus is 260GPa. This is calculated by using the calibration 

of -Scm'VGPa). The nanotube effective modulus is defined by:

In the ideal case, Yej^ should be identical to dY/dVj. Ye]} was measured as a function of 

draw ratio for the fibres described above. The resultant data is shown in figure 4.1 OB and 

varies from 200 GPa for the undrawn fibre to 350 GPa for the DR= 63% fibre. Data for 

dY/dVf and Ye/j '^s compared in figure 4.IOC. It is clear from this data that two regimes 

exist. For undrawn fibres and for DR<22%, dY/dVj^YEjf- However, for higher draw ratios, 

dY/dVf>YEff.
Only in the simplest case should dY/dVf=YEff. Any contribution to the 

reinforcement over and above that of the nanotubes (e.g. nanotube nucleated crystallinity) 

will result in an increase in dY/dVf omqx that predicted by equation 4.1. However, YEff 

measured on the same sample will remain unchanged as it is a measure of the actual 

stress on the nanotube. Thus, comparison of the r/T/r/f^and T^^data tells us two things. 

First, because dY/dVf=YEffiox DR<22%, it can be inferred that the nanotubes provide the 

only contribution to the reinforcement at low draw ratios. This is actually rather 

surprising. Poly(vinyl) alcohol crystals are often nucleated by the presence of the 

nanotubes^’^**'^^'^'*’^^’^^’^'*. As the crystalline polymer tends to be stronger and stiffer than 

amorphous polymer, this usually results in an extra component of reinforcement and so 

measured values of dY/dVf which are larger than expected^^’^'^. It is not clear why 

nanotube-nucleated crystallinity does not occur for the as-prepared fibres studied here. 

However, that dY/dVf >YEff for DR>22% suggests that crystal nucleation occurs on 

extended drawing. This phenomenon may be similar to strain induced crystallisation 

which occurs for many polymeric systems.
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4.4,4 Measurement of Polymer Orientation in PVA-NT Fibres by X-Ray 

Diffraction
In order to test for polymer alignment/crystallinity as a result of drawing, X ray 

diffraction was performed on bundles of both as-spun and drawn (DR=43%) fibres by 

collaborators in Cambridge University. X-ray measurements were made on bundles of a 

few hundred fibres so as to increase the scattering intensity. The patterns obtained were 

relatively weak and dominated by the background. Nevertheless, they show evidence of a 

broad crystal diffraction ring at a value of 2-theta of approximately 20 degrees and likely 

to correspond to the 101 reflection from the poly(vinyl) alcohol. An azimuthal profile of 

the pattern for a 2-theta interval of 19 - 22 degrees (figure 4.11) shows higher intensity 

perpendicular to the fibre axis and indicates that there is a small degree of polymer 

orientation parallel to the fibre axis. There is little difference between the undrawn 

sample and that drawn by 43% of its original length in terms of their XRD patterns. It 

appears likely that the presence of water during the 43% draw plasticised the non

crystalline material so that the load at 43% was insufficient to significantly deform the 

crystalline entities and thus activate the crystal orientation mechanism.

Un-drawn
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Azimuthal angle (degrees)

Figure 4.11: Azimuthal profiles at 2-theta values of 19 - 22° from XRD 

measurements on un-drawn and drawn PVA-NT fibres.

The profiles do not show a significant improvement in polymer orientation as a 

consequence of this level of drawing (43%). The relatively high background is due to 

other scattering sources and the low volume of the samples. No evidence was found for 

any strain induced crystallinity, ruling out this as an explanation for the unexplained 

dY/dVf at higher strain. Further work is necessary to explain the fact that dY/dVf> Ye/j for 

DR>22%.
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4.4.5 Correlation of Fibre Modulus with
In order to test the relationship between fibre modulus with rjo predicted by' 

equation 4.1, dY/dVfandi rjo need to be correlated. However, it can already be seen that 

includes additional components of reinforcement for high draw ratios. Thus, it is 

more appropriate to use Yejj, as it effectively plays the same role as dY/dVj, but 

importantly only describe the reinforcement due to nanotubes. However, this is hardly 

ever done as rjo is rarely known for a given fibre. As described above, data has been 

acquired for both YEff and 5 as a function of draw ratio (figure 4.10 A&B). This data 

would allow one to analyse the relationship between Ye// and ijo if the relationship 

between S and rjo was known.

By calculating both S and rjo for a number of different theoretical nanotube 

distributions, a semi-empirical relationship between rjo and S can be found. Both rjo and S 

can be calculated for any array of rods once their distribution in space is known. In a 

fibre, it is generally assumed that their distribution function is symmetric about the fibre 

axis. This means the distribution is a function only of the angle between rod axis and 

fibre axis, 0. With this in mind, the definition of Krenchel’s orientation factor, r|o is
kHj f{e)cos'Ode

do =• t/2 4.6
J f{e)de

The Herman’s orientation parameter is defined as 

3^cos^ 6^-\
S = - 4.7

where
kH

j f{9)cos^0d9 

j f{0)d0
4.8

As described above, both rjo and S can be calculated once f(9) is known. It is often 

assumed that the distribution of rods as a function of 9 can be described by a Gaussian 

distribution. However, one must also account for the fact that there is a higher probability 

of finding a rod at 9=nl2 rather than at 0=0 simply due to geometric reasons. This is 

simply a manifestation of the fact that the solid angle traced out between 9 and d9 is 

given by dO. = 2n sin 9d9 .
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This means the distribution function can be rewritten as

where y is the FWHM of the distribution. In addition 0o=O for distributions preferentially 

aligned along the fibre axis while 0o=ti/2 for distributions preferentially aligned 

perpendicular to the fibre axis.

rjo and S were calculated numerically for a range of distribution widths for distributions 

defined by 6o=0 (0.25 rad < y < 10 rad) and 00=1112 (0.1 rad < y < 5 rad). The results are 

shown in figure 4.12 for rjo and 5” as a function of yand for rjo as a function of S.

In order to obtain an analytical function relating rjo to S, the data in figure 4.12 was fitted 

to a number of trial functions. It was found that

/7„ =0.19 + 0.525 + 0.265' 4.10

fit the data well (R'=0.9996). This expression gives rjo to an accuracy of 0.01 or better.

Figure 4.12: Calculated values for t]o and S. In all cases, i]o and S were calculated 

using Gaussian distributions with FWHM, y, and centered at either Go = 0 or 7i/2.
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It is now possible to calculate rjo from S for the data shown in figure 4.10. Shown in 

figure 4.13A is a plot of the measured values of versus rjo.
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Figure 4.13: A) Effective nanotube modulus as a function of orientation parameter. 

B) dCTe/dVf (estimated from GbA^O of the drawn samples as a function of r|o 

(calculated from S using equation 4.10). Note only those fibres with DR<22% are 

plotted i.e. those with no induced crystallinity.

The data scales reasonably linearly (equation 4.5) confirming that T£//-and hence 

the fibre modulus scales linearly with 7]o.

Another advantage of this method is that it can be used to gauge the true 

effectiveness of the reinforcement. To do this the nanotube modulus needs to be 

calculated from the data in figure 4.13A using equation 4.5 and compared it to the ideal 

value of Ta^7=1000 GPa. Fitting the data gives = 420± 20 GPa. rjiy can be

estimated using shear lag theory^**:

tanhi^nl I
% =>--

where n -

nltd

-2Y„

4.1

where / is the mean nanotube length, d is the mean nanotube diameter, Yp is the polymer 

modulus and Op is the polymer Poisson ratio, rjiy can be calculated for f/=7.1%, using 

/=325 nm, d=2 nm, Yp=\ GPa, vp=0.S and values of fV?’between 200 GPa and 1000 GPa. 

7/r varies very weakly with T^rand is close to 0.85 for the conditions appropriate to these 

composites. This gives a value for the nanotube modulus of Ta7=480±40 GPa or about 

half the expected value. The discrepancy can be explained by the fact that the dispersed
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phase consists not of individual nanotubes but of bundles which are expected to be less 

stiff^'. In addition, the interface may be less than perfect which will result in a lower 

apparent nanotube modulus.

4.4.6 Fibre Strength
The values of d<jB/dVf achieved, even for the drawn fibres are relatively low; <7 

GPa compared to a potential value of 50-150 GPa. To understand this, the fracture 

mechanism needs to be considered. Shown in figure 4.4C is an SEM image of a fracture 

surface which clearly shows nanotubes protruding. This means that the failure 

mechanism is nanotube pullout which implies that the nanotubes used here (/=325 nm) 

are shorter than the critical length, This is the nanotube length, above which the

stress transferred from the polymer is enough to fracture the nanotubes;

rr \rrdt _ NT'

" 2t
4.12

where d is the nanotube (or bundle) diameter and r is the polymer-nanotube interfacial 

strength or the polymer shear yield strength, whichever is lower . While it can be said 

that lc>325 nm, without knowing r, it cannot be estimated with greater accuracy.

When the nanotube length is less than the critical length, the strength is 

effectively the stress required to break the matrix-nanotube interfaces and to fracture the 

polymer in cross section. Inserting the relevant length efficiency factor, 7/^, equation 4.2

can then be written as:

^ ^

V y
+ a, ^7]^^ tVj

4.13

As discussed above, no polymer crystallinity is induced for draw ratios up to 22%. Thus, 

the strength of the drawn fibres (DR<22%) can be analysed using equation 4.13, where 

7]o can be calculated from S using equation 4.10. The data is plotted as c/oyr/E/-versus 7,, 

in figure 4.13B. Although the data is limited, good linearity is observed, confirming that 

<Jb scales with rjo as expected'^. From the fit, and taking the values of / and d given 

above, t can be calculated as t=40±4 MPa. This is very close to the known shear yield 

strength of PVA (41 MPa)^^. Thus suggests that interfacial failure occurs in the polymer 

just outside the polymer-nanotube interface^"^. It is likely that this occurs because the 

polymer is weaker than the polymer-nanotube interface . This in turn suggests that the 

actual polymer-nanotube interfacial strength is greater than 40 MPa, significantly higher 

than recent estimates^^. Thus, in one sense, the fibre strength is limited by the properties 

of the polymer. However, in reality the strength is low because the failure mechanism is
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pullout rather than nanotube fracture. This is the case because the nanotubes are shorter 

than the critical length. Once ris known, it is possible to estimate 4 using equation 4.12. 

Taking a conservative value of cr^7=50 GPa, a lower limit of the critical length can be 

estimated to be 4=1250 nm. It is possible to disperse nanotubes at lengths of at least 5 pm 

in aqueous surfactant solutions^^. By increasing / from 325 to 1250 nm, an increase in 

dae/dVfhy a factor of 4 is expected with slower rate of increase for />4. Thus, it should 

be feasible to develop composite fibres from hyper-critical length nanotubes, 

significantly increasing fibre strength.

4.5 Conclusions
A method has been developed to control and measure the nanotube volume 

fraction in poly(vinyl) alcohol-nanotube fibres. This allows one to study the effect of 

nanotube volume fraction on the mechanical properties, facilitating analysis using models 

such as the rule of mixtures. Both the fibre modulus, Y, and strength, og, scale linearly 

with nanotube volume fraction up to after which saturation occurs. dY/dVf=254

GPa and d(7B/dV/=2.8 GPa were measured in the linear region. By drawing fibres with 

T/<10%, these values can be increased to dY/dVf=600 GPa and daB/dVf=l GPa. Raman 

measurements show the Herman’s orientation parameter, S, to increase with drawing, 

indicating that significant nanotube alignment occurs. Raman spectroscopy also shows 

that the nanotube effective modulus, increases with drawing, due to the increased 

alignment. As expected for simple two-phase composites, the undrawn samples display 

dY/dVf^YEff. However, for draw ratios above 22%, dY/dVf>YEff, suggesting that drawing 

induces polymer crystallinity. An empirical relationship between Krenchel’s nanotube 

orientation efficiency factor, 7]o, and S has been calculated. This allows one to fit the 

versus S data, confirming that the fibre modulus scales linearly with rjo. In addition, the 

Young’s modulus of the nanotubes used in this work can be estimated to be 4v7=480 

GPa. That this value is about half of the expected value of 1 TPa, suggests that these 

composites are limited either by an imperfect polymer-nanotube interface or that the 

nanotubes are less stiff than expected. Finally, it is shown that the fibre strength also 

scales linearly with t]o. The effective interfacial shear strength and critical length can now 

be calculated to be 40 MPa and 1250 nm respectively.

In summary, both the volume fraction and orientation dependence contained in 

Krenchel’s equation has been experimentally demonstrated and quantified. This should 

contribute to the future production of stiff, strong polymer-nanotube composite fibres.
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It is shown that both Y and ctb scale linearly with r|o as expeeted. These measurements

allow one to estimate the actual modulus of the nanotubes used in these fibres to be ~500

GPa and the effective interfacial strength to be 40 MPa.
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Chapter 5
Strong Dependence of Mechanical Properties on Fibre 

Diameter for Polymer-Nanotube Composite Fibres: 
Differentiating Defect from Orientation Effects

Note: The content of this chapter has been published in ACS Nano, 4, 11 (2010). Some of 

this work was carried out in collaboration with The University of Manchester and 

Cambridge University. Raman Spectroscopy was carried out in The University of 

Manchester and the XRD measurements were carried out in Cambridge University. Some 

mechanical measurements on fibres were also carried out using a tensile tester in 

Cambridge University to confirm our measurements.

5.1 Introduction
Alongside graphene, carbon nanotubes are among the stiffest and strongest 

materials known to man. For well-graphitised single-walled nanotubes (SWNTs), the 

Young’s modulus has consistently been reported as close to 1 TPa while the tensile 

strength is thought to be in the range 50-150 GPa''^. Because of these superlative 

mechanical properties and due to their 1-dimensional nature, SWNTs are considered to 

be the ultimate filler for reinforced composite fibres ' . The simplest possible model to 

describe the mechanical properties of composite fibres is the rule of mixtures which 

predicts that the fibre modulus, Y, and strength, erg, are given

^ + Yp « J7„T],yY^jVf 5.1

5.2

Here the subscripts NT and P refer to nanotube and polymer respectively. In addition 7]o 

and r]L are factors which vary between 0 and 1 and correct for the effects of nanotube
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orientation and length respectively(Note, rji takes different forms for modulus and 

strength; riu and rji a- In addition, has two forms depending on whether the nanotube 

length is greater or less than the critical length) . The approximations are accurate for 

appreciable volume fractions and when the polymer modulus and strength are 

significantly lower than those of the nanotubes. The latter condition is not generally true 

for high performance polymers such as PBO'^. However, for coagulation spun fibres such 

as those studied here, the polymer chains are likely to be weakly aligned resulting in 

relatively low values of Yp and a>

In chapter 4, it was shown that this approximation holds very well for PVA- 

SWNT coagulation spun fibres with diameters of 5-10 pm . This means that the 

maximum possible rate of increase of stiffness or strength with nanotube volume fraction 

is just the nanotube stiffness or strength: dT/dH^ «T/yy or dcr^/dF^ «(i.e.

when^o^l, i'll =1). Thus, it should be possible to prepare polymer-nanotube composites 

withdT /dFy « 1 TPa and dcr^j / dFy « 100 GPa. If appreciable volume fractions can be

achieved, excellent fibres are to be expected.

However, such exceptional properties are not generally obtained. While a number 

of papers have described fibres with dT/dFy >400 GPa (see table in ref maximum

1270 GPa^) only two papers have described fibres with dcjyj/dFy > 40 GPa (56^^ and

~116' GPa). In fact, much of the reinforcement observed in the latter paper can be 
attributed to the effect of nanotube-nucleated crystallinity^’^'. It is important to point out 

that very strong composite fibres have been produced; strengths of up to 4.2 GPa have 

been observed. However, such fibres have only been produced by reinforcing already 

strong polymers at high loading levels, resulting in relatively low values of .

Thus, the question remains: Why is it straightforward to prepare composites with 

dT/dFy approaching 1 TPa but very difficult to prepare fibres with da^ldV^

approaching 100 GPa?

It is generally thought that fibre strength is limited by nanotube length and the 
strength of the polymer nanotube interface^''’^^ (or polymer shear strength in some 

cases^^’^^). While these are always limiting factors, two other parameters are critically 

important and perhaps slightly overlooked; the effect of nanotube orientation and the 

presence of defects. Fibres with greater nanotube alignment have higher rjo and so higher 

Y and ap. A number of papers have shown that drawing improves nanotube alignment 

and so the mechanical properties ’ ’ . However, detailed studies comparing Y and og to
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parameters which describe the nanotube orientation distribution have been lacking. A
O'!

systematic study comparing Y and (Tb to rjo, for example, has yet to be published . More 

generally, materials failure is very often related to the presence of defects. However, only/ 

a very small number of studies have been carried out to investigate the role of defects in 

polymer-nanotube fibre fracture mechanics'^. These factors have never been considered 

together and their relative importance is not known.

In this work composite fibres are prepared from poly(vinyl) alcohol (PVA) and 

SWNTs by coagulation spinning. Y and (Jb were measured for a range of fibre diameters 

from ~1 to ~15 pm. When normalised to nanotube volume fraction, power law scaling is 

observed for both modulus and strength with diameter. By performing Weibull analysis 

on fracture stress data, it can be shown that the presence of surface defects can explain 

approximately one third of the diameter dependence of the fibre strength. By measuring 

the relationship between nanotube orientation and fibre diameter it can be shown that 

orientation effects can explain the other two thirds of the diameter dependence of the 

fibre strength and all of the diameter dependence of the fibre modulus.

5.2 Experimental Procedure
The procedure for the production and analysis of coagulation spun PVA-nanotube 

fibres was described in chapter 4.

5.3 Results and Discussion

5.3.1 Fibre Formation
Poly(vinyl) alcohol-SWNT fibres were prepared by coagulation 

spinningThis involves the injection of a surfactant-stabilised nanotube 

suspension into the centre of a glass pipe through which an aqueous poly(vinyl) alcohol 

(PVA) solution was flowing .

Detailed analysis of the suspension showed it to contain individual nanotubes and small 

bundles (mean diameter, <d>=1.8 nm and mean length <1>=315 nm (figure 4.1).

Exposure of the dispersed SWNTs to the polymer solution results in 

destabilisation of the suspension, which leads to the formation of a fibre. These fibres 

were collected on a mandrel in a rotating water bath. On removal from the bath, the fibres 

contained large quantities of water. In some cases, the fibres were drawn in this wet state 

to a range of draw ratios, DR {DR = {L-L^)lL^). All fibres were dried initially at

93



ambient conditions, and then under vacuum for 48 hours. In all cases, the dried fibre 

diameter, D, was measured at typically 20 positions along the length using a profilometer 

l^Dektak 6M Stylus Profiler). For all fibres, the nanotube mass fraction was measured by 

thermogravimetric analysis . This was then converted to volume fraction, Vf, using 

P5»'AT=l 800 kg/m (this value includes the effects of iron catalyst) and /:v>p'^=l 300 kg/m . 

While the parameter space associated with this procedure is large, once the apparatus is 

built the only spinning parameters which can easily be varied are the concentration of the 

nanotube suspension, Cnt, and the PVA and SWNT flow rates, V,,y^ and Fswr- Initially 

fibres were prepared with various diameters and nanotube volume fractions by spinning 

with various combinations of Cnt, V,>yA and . However, it became apparent that the

final fibre diameter scaled linearly with IV,,yA (figure 5.1).
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Figure 5.1: A) Dependence of fibre diameter on flow rate ratios. Note that the 

behaviour is different depending on whether the nanotube concentration in the 

spinning dispersion is above or below 0.25 wt%. B) Dependence of nanotube volume 

fraction on fibre diameter.

In addition, it was found that Vf scaled approximately linearly with D as shown in 

figure 5.IB (F^ oc 0“, u'=0.93±0.25), a correlation that is probably due to the details of
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the spinning process. This allowed some control of the final fibre properties. A range of 

different fibres were prepared with varying D (~1 to ~15 pm) and Vf (2% - 26%). Three 

of these fibres were drawn to a range of draw ratios (up to 63%). In all cases the dried 

fibres were very uniform along their length as shown in figure 5.2A. In addition, the 

cross-sections were close to circular (figure 5.2B inset). On tensile fracture, large 

quantities of nanotube bundles were observed protruding from the broken ends (figure 

5.2B).

Strain, e

Figure 5.2: A) & B) SEM images of coagulation spun polymer-nanotube composite 

fibres. (Vf=26.5%, drawn DR=15%). C) Stress strain curves for fibre with 

V(=26.5‘’/o, drawn to 0, 15, 61%, (D=10.2, 8.6, 6.3 pm respectively). D) Stress strain 

curve for the strongest fibre studied.

5.3.2 Mechanical Properties
Stress-strain curves were measured for fibres using Zwick ZlOO and Textechno 

Favimat tensile testers. Shown in figure 5.2C are stress-strain curves for a Vf^26.5%
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fibre, drawn to 0, 15, 61%, (Z)=10.2, 8.6, 6.3 fim respectively). It is clear from this figure 

that the ultimate tensile strength, og, and modulus, Y, increase on drawing. However, in 

this case the strain at break, £-g, tends to fall off with drawing. For all fibres measured, og, 

Y and £g were recorded (as well as D and Vj). In chapter 4, it has been discussed that for 

PVA-SWNT fibres, both og and Y scale in direct proportion with Vf in agreement with 

equations 5.1 & 5.2 . However, the dependence of og, Y and sb on fibre diameter has not 

been widely reported for polymer-nanotube fibres'*^. Shown in figure 5.3A-C are Y, ctb 

and £b respectively, plotted as a function of fibre diameter, D.

Figure 5.3: Mechanical properties of composites fibres as a function of fibre 

diameter. A) Young’s modulus, B) ultimate tensile strength and C) strain at break.

The data set marked undrawn consists of a range of different fibres with different 

diameters and a range of nanotube volume fractions between 2% and 31%. The data sets 

marked “drawn” consist of fibres of a given volume fraction, drawn to different draw
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1 2ratios (and so different diameters). In A) and B), the dotted lines represent D‘ and D' 

behaviour and have been included for reference.

In each case, the data is separated into undrawn fibres and drawn fibres (three 

different F/). From this data, it is clear that both V and as scale strongly with D. The 

mean modulus scales from ~15±4 GPa for large D fibres (~13 pm) to 244±160 GPa for 

very low D fibres (D=1.4 pm). The stiffest coagulation spun polymer-nanotube 

composite fibre had T~80 GPa'^ while low diameter electrospun fibres'^'* have been 

reported with moduli up to 85 GPa. Similarly, the mean strength scales from 190±15 

MPa for large D fibres (~10 pm) to 2.9±1.9 GPa for very low D fibres (D=1.4 pm, 

Vf=2.2%). These high mean strengths are consistent with similar fibres reported by 
Dalton et al'^ (1.8 GPa), Miaudet et al'^ (1.6 GPa) and Minus et al'^ (2.6 GPa). The 

strongest individual (rather than average over ~10 individuals) fibre observed in this 

study had c7g=3.5±1.7 GPa (D=1.4±0.7 pm, Vf=2.2%, figure 5.2D). This exceeds the 

strongest reported coagulation spun PVA-SWNT fibre, which displayed cra=2.6 GPa'^.

The trend is less clear for the strain at break. However, £b appears to decrease 

with decreasing D before increasing again at diameters below ~5pm. (Note that the errors 

quoted above for the low D fibres are largely due to the spread in diameter 

measurements. Given that failure is more likely in low D regions of the fibre, the 

negative parts of the error bars are probably over estimated.)

The data shown in figure 5.3 is quite scattered simply because all the reported 

fibres had different nanotube volume fractions. As both Y and as scale linearly with Vf, 

this will mask the true diameter dependence. In addition, as 1/scales with D (see above), 

fibres with higher D, tend to have higher Vf and are thus stiffer and stronger. This results 

in the undrawn data appearing to have a different slope in figure 5.3 A&B compared to 

the drawn data. The effects of varying volume fraction can be removed by noting that the 

modulus and strength can be approximated as scaling in direct proportion to the volume 

fraction (equations 5.1 & 5.2). This means one can correct for varying f/by dividing both 

Y and as by Vf. The added advantage of this procedure is that Y/Vj and as/Vf can be 

thought of as measures of the degree of the reinforcement achieved (i.e. approximately 

equivalent to dT/dF/'and dos/dF/) . However, the approximation in equations 5.1 & 5.2 is 

only correct if the composite is much stronger / stiffer than the polymer alone. While this 

is generally the case, it may break down for high performance fibres with highly aligned 

polymer chains. In that case, the mechanical contribution of the matrix is much more 

important than that of the nanotubes^^. While it has been shown in chapter 4 that the
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approximation holds for fibres with Z)~5-10 some of the lower diameter fibres

studied in this work may display some chain alignment and so higher than expected 

stiffness and strength. This could mean that T / >dY! dV^ and cr^ IV^ > da ̂  I dV^ for 

the very low D fibres.

As described in the introduction, the upper limits achievable are T/F^ » = 1

TPa and a^lV^ «a^j ^ 100 GPa. In some publications Y/V/md as/Vf are referred to as

Tf^and respectively. Shown in figure 5.4 are Y/Vj and os/f/plotted as a function of 

D. It is clear that the scatter is much reduced in each case.

Figure 5.4: The same data as in figure 5.3 A) and B). However, in this case the 

modulus and strength have been divided by the fibre volume fraction. The resultant 

parameter is expected to be very close to the rate of increase of mechanical 

properties with volume fraction, dT/df^and dog/df/(better agreement for larger 

diameter fibres).

The mean modulus data varies from T/F/=55±8 GPa {D=\3 pm) to T/F/=ll±7 

TPa (Z)=1.4). Similarly, the mean strength data varies from (Ts/1^800±55 MPa (D=13 

pm) to crs/fy=134±65 GPa (D=1.4). The highest observed values of Y/Vf(ll TPa) are 

significantly higher than the expected maximum. This has been observed before
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and may indicate the presenee of nanotube-templated crystallinity. In addition the 

maximum value of cryfV(134 GPa) is extremely high compared to the majority of values 

reported in the literature. However, it is also possible that sueh low diameter fibres tend 

to have well aligned polymer chains, resulting in Y! Vf >dY / dV^ and

<Ji^ IVi > dcTf,! dVf as deseribed above. Further studies will be required to test this 

possibility.

The data shown in figure 5.4 appears to be well described by power laws of the 

form YIVfCcD~'‘ and cTi^ /V^ x D~'’. By fitting the data values of w=1.55±0.2 and

v=1.75±0.2 can be obtained. Remarkably, the data for both undrawn and drawn fibres lie 

on the same curve. This is interesting as it suggests that the fibre diameter is the 

controlling factor, not the mechanism (drawing or spinning) which determined the 

diameter. Given that V, x ^ this means for a given Vf, Y x £> 0 62±0 45

(7^ X D -0,82±0.45

It is important to try to understand the nature of the diameter dependence. It is easiest to 

diseuss the fibre strength first. The tensile strength of most fibres tends to seale with fibre 
diameter^^'*^'^®. The simplest model proposed to explain this behaviour is Smook’s^' 

modification of Griffith’s model for stress enhancement due to surface flaws . However, 

this model does not mateh the observed diameter dependence (figure 5.5).
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■ Undrawn 
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A V =15%, drawing 
T V=27%, drawing ^ I,

r-v1/2 / 1/2vD (^im )

Figure 5.5: Griffith analysis. The simplest model proposed to explain this behaviour 

is Smook’s'*'' modiilcation of Griffith’s model for stress enhancement due to surface

flaws.52

Smook proposed that fibre strength seales with D as,
ni/2

D-D.
+ Cl

cr„ (Tn
5.3
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where <7o is the strength of a flawless fibre, Do is the diameter of a flawless fibre (usually 

taken as zero), G/c is the energy needed for the creation of a crack of critical dimensions, 

Y is the Young's modulus and a is a constant. To test this model I/cjb versus were 

plotted as shown in figure 5.5. This model does not describe this data well at all: The 

curve is non-linear and the intercept is negative. Thus Smook’s model of surface flaws 

alone cannot explain the observed diameter dependence.

5.3.3 Fibre Strength: Defects
Perhaps more common are statistical models based on defect induced fracture.

CT

The Weibull model assumes that defects are homogenously distributed throughout the
46,48,54material and failure at the most serious flaw leads to total failure of the material 

Within this framework the probability of failure of a sample under a stress, cr, is given by:

P(cr) = 1 - exp
( \h

a
K *^0 /

5.4

where n is the number of flaws present (Weibull originally considered fracture of a chain 

of n links with fracture occurring at the weakest link^^), oo is the scale factor and h is the 

Weibull modulus. Generally, P((j) is approximated by ranking a set of breaking stresses 

(strengths) measured for a given fibre type in ascending order (in this work, for each fibre 

type, 10 fibre sections were typically tested, each of gauge length L=10 mm). Then the 

probability of failure is taken as the stress in a group of N measurements as 

P{(t) = i/{N +1). Equation 5.4 can be rewritten as

ln[-ln(l - P(c7))] = \n[nl + (7 5.5

Thus, plotting ln[-ln(l-/’(<T))] versus Incr allows one to find b. This is important because it

can be shown that the mean strength, cb, is given by cr^ =cro« T(l-i-l//)), where T is

the gamma function'*^. For any real sample the flaws may be on the surface or distributed 

in the bulk. This means that n is proportional to either the sample surface area or volume 

respectively. Thus the mean fibre strength is given by

— ttDL
,-l/A

r(i + i/(7)

or 5.6
-1/A

V 4 ■"0 r(i + i/6)
y
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depending on the location of the dominant flaw (i.e. surface or bulk), where N/A and N/V 

are the surface and bulk flaw densities and Lq is the gauge length. This is important as it 

shows that <x ^ where « is 1 or 2, depending on the flaw type, b can be found for 

these fibres by measuring the breaking stress a number of times for each fibre type and 

analysing the data using equation 5.5. This analysis has been done for all fibres studied. 

An example of this is shown in figure 5.6A for a f/=5.4% fibre drawn to different draw 

ratios.

Figure 5.6: A) Weibull analysis of the distribution of fibre breaking stresses for a 

given fibre type. Here P(a) is approximately the probability that the fibre will 

fracture at a given stress, a. In this figure, the Weibull analysis has been carried out 

for fibres of volume fraction Vf=5.4%, drawn to different degrees. The inset shows 
the strength plotted as a function of gauge length, L, for undrawn fibres. In this 

case, D=11.5 pm and Vf=ll%. The dashed line has slope -l/b=-l/3.5. B) Krenchel’s 

orientation parameter plotted as a function of fibre diameter for both drawn and 

undrawn fibres.

101



In all cases a very good fit was obtained giving values of h close to 3.5 in all 

cases. No dependence of b on Vf was observed. Overall it was found that h=3.5±0.5, 

averaging over all samples (figure 5.7).

1- ■ V=0.102, b=3.0
. «MM m A"

. ■ V|=0.253, b=5.5 ^ 0 ^
u

0- ■ V=0.095, b=4.0 ."F • .A
▲ ■ ' ■ A -

V=0.091, b=4.0 ■/»' ■ A

-1 -
■'MBA

All undrawn i .k ■ A
_c /mm/ ■ A

■ ^li il ■ A
_c -2-

A
■' ■ A

-3-h—r“1—1 r 1 T 1 f T 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ^

55 148 403 1097
G(MPa)

Figure 5.7: A) WeibuII analysis for fibres of varying volume fraction. The calculated 

b value is indicated. B) Histogram of the calculated b values for all fibres studied.

This value is very close to the value of b=3A reported by Liu et al for electrospun 

polymer-nanotube fibres'^. These values are relatively small compared to the values of 

b~21 reported for polyethylene fibres^^, illustrating that the failure stress distribution is 

relatively broad in these PVA-SWNT composite fibres.

Weibull analysis can be tested by noting that according to equation 5.6, 

(Tg cc , where Lq is the gauge length of the fibre under study. Mechanical tests were

performed on fibres with identical diameter and volume fraction (Z)=l 1.5 pm, F/=l 1%) at 

range of gauge lengths from 1 to 10 cm. The fibre strength is plotted versus gauge length 

in the inset of figure 5.6A showing a slight decrease in strength with increasing gauge 

length. The dashed line illustrates the type of dependence expected if the Weibull
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analysis is appropriate and taking b=3.5 (cr^ oc While the agreement is not

perfect, the data is certainly consistent with the Weibull analysis within the error bounds.

Having measured b, one can compare the dependence of fibre strength on 

diameter predicted by the Weibull analysis with the data in figure 5.4B. To do this, the D 

dependence of CTy^ / is needed. Remembering that Vf scales with D {V^ oc D‘’,

a=0.93±0.25), this means cr^lVf az . From the values of b and a obtained,

alb + a can be calculated to be 1.2±0.5 for a=l and 1.5±0.5 for a=2. Both of these 

values are compatible the measurements og here as a function of D {cr^lVf cc /)-(> ■'^±02)

with the volumetric flaw scenario (a=2) a much closer match. However, this is unlikely 

to be the final answer. This is because the model described above works best for 

homogenous fibres, made from a single component such as polyethylene'*^’^^ or SiC^^.

5.3.4 Fibre Strength: Nanotube Orientation
However, the fibres under study in this work are polymer-nanotube composite 

fibres. In such structures, the strength is strongly correlated with the nanotube orientation 

distribution. This is represented in equation 5.2 by rjo, Krenchel’s orientation parameter'’^. 

This parameter can vary from 7]o=Q for the nanotubes aligned in-plane perpendicular to 

the applied stress to /7o=0.2 for randomly aligned nanotubes to 7/0= 1 for nanotubes 

perfectly aligned in the direction of the applied stress. For fibres with diameters of order 

tens of microns or lower, the nanotubes tend to become partially aligned during fibre 

spinning^^'**’. Such alignment is expected to increase as D decreases. Thus, it is expected 

that rjo and so ctb will vary with D due to orientation effects. This is in addition to any 

flaw-related diameter dependence.

Wagner has proposed that equation 5.4 can be modified slightly to account for 

orientation effects by introducing a diameter dependence to the Weibull scale parameter, 

(To oc D"'' This means a new component of diameter dependence is added to the fibre

cr,IVj-

strength so equation 5.6 can be rewritten, including the dependence of Vjon D:

5.7

where a/b + a is 1.210.5 for a=] and 1.510.5 for a=2. Here, the part represents

the effect of flaws while the D~'' part represents the effects of nanotube orientation (the 

D”" part represents the diameter dependence of the volume fraction). By comparing 

equations 5.2 and 5.7, one can associate D~^ with the diameter dependenee of t]o'.
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VoiD)ccD- 5.8

For the effects of defects and nanotube orientation to fully explain the observed diameter 

dependence, it will be necessary to show that equation 5.7 accurately describes the data 

presented in figure 5.4B. For this to occur, the experimentally measured exponents must 

balance i.e:

a
V = —\-a + Y

b
5.9

where v is the experimentally measured exponent: cr^lVfCcD '' (v=1.75±0.2). This

requires ^=0.25+0.7 for bulk defects (a=2) or ;>^0.55+0.7 for surface defects (ci=l). It 

should be emphasised that v, h and a were measured independently by measuring the 

tensile strength as a function of diameter, from the Weibull analysis and from the scaling 

of volume fraction with fibre diameter respectively. To test this defect/orientation 

hypothesis, it will be necessary to measure the diameter dependence of rjo in these fibres.

As discussed in chapter 4, it is possible to obtain information on the nanotube 

alignment using Raman spectroscopy'*'*. This makes use of the fact that the observed 

Raman intensity depends on the angle between the nanotube axis and the electric field 

vector of the excitation beam^^. As described in chapter 4, by measuring the Raman 

signals with the incident beam polarised parallel and perpendicular to the fibre, it is
possible to calculate^^ the Herman’s orientation parameter, S, where:

S = 3(cos'^)-] /2 5.10

and 0is the angle between a given nanotube and the fibre axis

This orientation parameter varies from 5'=-0.5 for rods aligned in plane to 5=0 for random 

orientation to 5=1 for perfect axial alignment. 5 has been measured for a number of 

undrawn fibres of varying diameters between 4.5 and 14.6 pm, giving values from 0.72 

to 0.38 respectively. In addition 5 was measured for one fibre type, drawn to different 

draw ratios. The diameter was measured for all draw ratios. Here 5 scaled from 0.39 to 

0.77 as drawing reduced the diameter from 10.5 pm to 5.8 pm. In order to obtain r]o for 

these fibres, 5 and rjo were both calculated for Gaussian distributions of fibres with a 

range of angular widths as was seen in section 4.4.5 and figure 4.12.

As was seen in chapter 4, by fitting this data an empirical relationship between 5 

and //oCan be found:

=0.19 + 0.525 + 0.265' 5.11
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This expression gives rjo to an accuracy of 0.01 or better. Thus, for this subset of fibres, 

data is available for rjo as a function of D. This data is plotted in figure 5.6B. Here it can 

be seen that rjo increases from 0.43 to 0.75 as D is decreased from 15 pm to 5.8 pm. 

Notably both the as-spun and drawn data follow the same curve showing that the 

orientation distribution is controlled by D. The data follows a clear power law as 

predicted by equation 5.8, with exponent y=0.64±0.1. This agrees extremely well with the 

requirement outlined above that /=0.55±0.7 for surface defects («=1).

All exponents are summarised in table 5.1.

Exponent Parameter controlled value

a Volume fraction,

Vf oc D‘’

a=0.93±0.25

u Fibre modulus (measured),

T/F, ocD “

w=l.5510.2

V Fibre strength (measured),

crJVfOcD-'’

v=l.7510.2

a/h Strength (defects). q//)=0.2910.04, (a=l, surface

oc defects)

r Strength (orientation),

cr^ oc D~’'

Y=0.6410.1

Table 5.1 Summary of exponents

It is worth noting that such behaviour can also be seen in the data of other 
researchers. Both Badaire et al.^^ and Pichot et al."^® prepared PVA-SWNT coagulation 

spun fibres which they characterised by X-ray scattering. They reported the FWHM of 

the nanotube distribution as a function of draw ratio, po has been calculated for their 

fibres and has been plotted versus D (figure 5.8).
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Figure 5.8: A) Width of Gaussian nanotube distribution as a function of DR as 

measured by X-ray diffraction by Badaire et al. and Pichot et al. Values of rjo 

calculated from y (see figure 4.12) plotted as a function of calculated from

D/Dq =(D/? + l)".-1/2

I’his data shows the sort of power law behaviour predicted by equation 5.8, 

although notably with exponents significantly different to the one in this study (y= 1.19 

and 1.17 respectively). This shows that the details of the nanotube distribution are set by 

the spinning parameters and apparatus.

5.3.5 Young’s Modulus
The Young’s modulus of fibres does not tend to be as susceptible to defects as the 

strength is. However, the modulus will depend on nanotube orientation as described by 

equation 5.1. As described above, it is now possible to separate the effects of defects 

from those due to the nanotube orientation. The orientation dependence is described by 

the exponent y, thus it is expected that the modulus will scale with D as YIV^ zc ,

where a accounts for the dependence of Vf on D. a and y have already been measured to 

be a=0.93±0.25 and y=0.6410.1, giving ai;;^! .5710.35. However the diameter
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dependence of the modulus has already been measured: YIV^ zc D “ where w=].55±0.2.

The agreement between observed and predicted modulus exponents is almost perfect.

The Young’s modulus data shown in figure 5.4A can be used, coupled with the 

relationship between rjo and D, to check that the measured moduli (and hence the 

measured stresses in general) are in the correct range. By plotting T/f/versus rjo, equation 

5.1 can be used to estimate figure 5.9).
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Figure 5.9: Graph of Y/Vf v r|o for the large diameter fibres shown in figure 5.4A. rio 

is estimated from D using the fit in figure 5.6B: « 2.39D~°^‘^.

Note that, as is clear from figure 5.6B, this fit is only valid for D>4 pm. Krenchel’s 

modified rule of mixtures says:

Y = {ri„ri,.y Y^r " Y,,) Vj + Y, ^ j]„ri, y Y^.,V,. 5.12

This means:

YIV,^ri„7i,yY,,^dYldV, 5.13

The data in figure 5.9 is reasonably linear as expected. For the nanotubes used here, it has 

been previously estimated in chapter 4 that riLY~0.85. This means Ynt can be estimated 

as Ynt~235±25 GPa. This is in line with what would be expected (a value somewhat less

than 100 GPa) and reasonably close to the previous estimate of 480±40 GPa33

5.3.6 Relative Contribution of Defects and Orientation
It is worth briefly considering the relative contributions of defect and nanotube 

orientation to fibre strength. For a given Vf, the actual fibre strength depends on D as 

(Tg cc _ As it has been seen, the data indicates that cz=l suggesting that surface

defects initiate failure. This allows one to write the diameter dependence numerically as
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cr^ oc D , where the first term describes the defect contribution while the second

term describes the orientation contribution. This clearly shows that nanotube orientation 

is more important than the presence of surface flaws in the fibres studied here. The 

balance may be different for other types of fibre or indeed coagulation spun fibres 

produced using different spinning parameters.

This diameter dependence should not hold over the entire diameter range. While 

the defect contribution should hold over a wide diameter range, the orientation 

dependence should only apply over the limited range of diameters where 0.2<7o<l. 

Outside this range, the nanotubes will either be randomly orientated or completely 

aligned. By extrapolating the 7]g(D)ccD~’' curve, it can be found that this rjo range is

equivalent to 4pm<D<50pm. Thus, it is expected that coagulation spun fibres with 

D>50pm should have completely randomly aligned nanotubes and commensurately poor 

mechanical properties. In addition, the orientation component of ag should have saturated 

for Z)<4p,m, leaving a weaker defect controlled diameter dependence. This change is not 

apparent in figure 5.4B, possibly due to polymer chain alignment effects discussed above.

5.4 Conclusions
In conclusion, the mechanical properties of polymer-nanotube fibres have been 

characterised as a function of fibre diameter. A strong dependence of fibre modulus and 

strength on diameter has been observed. This D dependence is a combination of the 

effects of nanotube orientation and surface defects. The balance of these effects has been 

determined and it has been shown that orientation effects are dominant for fibre 

diameters between 4 and 50 pm. For low diameter fibres where the nanotubes are well 

aligned, fibres have been prepared with moduli approaching 250 GPa and strength of 2.9 

GPa.

While the defect contribution to the diameter dependence is relatively small 

(), this could probably be reduced dramatically by improving the spinning process. 

Better processing should reduce the surface defect density and so increase b dramatically. 

The orientation contribution to the diameter dependence is larger (). However, it 

should be possible to change / by changing the processing conditions (Pichot et al. and 

Badaire et al. reported data consisted with ;i^l.l7 and ;>^1.19 respectively). A reduction 

of /, possibly by optimisation of needle and pipe diameters and flow rates, would reduce
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the orientation contribution to the diameter dependence. Such improvements could result 

in extremely high stiffness and strength for higher diameter fibres.

5.5 Appendix. Table of Fibre Properties
Fibre name Starting

cone

(wt%)

DR

(%)
Kr

(ml/min)

VPVA

(ml/min)

NT

mass

fraction

Ob (MPa) Y (GPa) D (pm)

Sample 1 0.349 0 0.05 270 0.073 237 23.6 0.038 3.09

Sample 1 0.349 23 0.05 270 0.073 448 19 0.054 2.85

Sample 1 0.349 46 0.05 270 0.073 723 23 0.15 2.49

Sample 1 0.349 61 0.05 270 0.073 883 44 0.065 2.12

Sample 2 0.075 0 0.214 135 0.1968 503.7 44.6 0.068 4.2

Sample 2 0.075 23 0.214 135 0.1968 577.2 31.4 0.093 4.38

Sample 2 0.075 46 0.214 135 0.1968 718.6 43 0.095 3.7

Sample 2 0.075 69 0.214 135 0.1968 1422.8 66.9 0.075 2.7

Sample 3 0.095 0 0.2 81 0.136 239 20 0.0398 7.4

Sample 4 0.095 0 0.214 no 0.319 404 30 0.0357 5.3

Sample 5 0.1007 0 0.214 81 0.127 296 20 0.04 6.8

Sample 6 0.095 0 0.214 81 0.3328 197.424 14.5 0.087 10.16

Sample 6 0.095 7.4 0.214 81 0.3328 308.7 22.7 0.12 7.74

Sample 6 0.095 15 0.214 81 0.3328 257.7 21 0.062 8.58

Sample 6 0.095 22 0.214 81 0.3328 480.5 33.8 0.073 8.18

Sample 6 0.095 44 0.214 81 0.3328 359.88 32.9 0.03 8.24

Sample 6 0.095 59 0.214 81 0.3328 318.14 29 0.053 7.78

Sample 6 0.095 61 0.214 81 0.3328 418.6 35.9 0.05 6.25

Sample 6 0.095 63 0.214 81 0.3328 398.98 36 0.064 6.81

Sample 7 0.095 0 0.214 150 0.02468 439 19.96 0.0335 3.47

Sample 8 0.095 0 0.15 135 0.122 715 33.4 0.0407 2.79

Sample 9 0.2485 0 0.214 135 0.2905 1017 89.2 0.043 4.6

Sample 10 0.294 0 0.1 530 0.1052 850 56.9 0.122 2.7

Sample 11 0.336 0 0.05 270 0.041 690 43.2 0.982 2.05

Sample 12 0.313 0 0.05 530 0.047 1780 152 1.15 1.23

Sample 13 0.301 0 0.214 81 0.2303 238.25 15.4 0.063 13.54

Sample 14 0.2485 0 0.214 81 0.3786 248 16.9 0.0464 12.9

Sample 15 0.2835 0 0.214 135 0.261 188.82 14.2 0.0344 10.09

Sample 16 0.2835 0 0.05 81 0.2652 317.1 24.7 0.0468 5.68

Sample 17 0.336 0 0.05 351 0.03 2920 384 0.115 1.45

Sample 17 (I) 0.336 0 0.05 351 0.03 3480 272 0.108 1.45

Table 5.2: Summary of the fibres studied mechanieally in this work. All data are 

averages over 5-10 pieces of fibre, with the exception of sample 17 (marked I). This 

is the data for the piece of fibre with the highest individual strength.
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Chapter 6
High strength composite fibres from polyester filled 

with nanotubes and graphene

6.1 Introduction
Synthetic polymeric fibres are a very important part of modern life and are used 

extensively in applications in areas such as textiles, packaging and medical technology. 

Their widespread use is largely due to their high strength and low density but also due to 

their durability, abrasion resistance, and chemical and environment stability. Polyester 

fibres are probably the most widespread form of synthetic polymeric fibre', while the 

most common polyester fibres are produced from poly(ethylene terephthalate) (PET) . 

PET fibres are most widely used in textiles and can be produced with Young’s modulus, 

strength and tensile toughness up to ~10 GPa, ~1 GPa and 200 MJ/m respectively . In 

addition, these fibres are reasonably ductile with strain at break usually varying in the 

range -20-100%. (Note that bulk PET is generally less stiff, less strong and can be more 

ductile)"*. The strongest polyester fibre ever reported was produced from poly(ethylene 

naphthalate) and had modulus, strength and ductility of 26 GPa, 1.3 GPa and 7.6% 

respectively (assuming a density of 1.35 g/cc)^. However, while these mechanical 

properties are impressive, they cannot compare to high performance rigid rod polymeric 

fibres such as ultra-high molecular weight polyethylene (Dyneema® or Spectra), 

polyparaphenylene terephthalamide (Kevlar®) and polypyridobisimidazole (PIPD) which 

can display modulus and strength as high as 330 GPa and 4 GPa respectively^. However, 

one advantage of polyester fibres is that they can be melt-spun, cheaply and in large 

quantities. Thus, there would be significant advantages to modifying existing polyesters 

to produce fibres with enhanced mechanical properties.
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Over the last decade, a lot of work has been done to reinforce polymeric fibres 

with nanoscale fillers’’^. When stiff, strong, rodlike (or planar) fillers are added to 

polymers, the mechanical properties can be improved dramatically. As described in 

chapter 2, the simplest possible model to describe this reinforcement is the rule of 

mixtures which predicts that the fibre modulus, Y, and strength, cjb, depend on the filler 

volume fraction, Vf, by’°’":'^’‘'

= 6-1

O’!) = ('7,,'7/^CT, - CT, ) + (7,, 6.2

Here, the subscripts R and P refer to the reinforcing filler and the polymer respectively. 

In addition rjo and 7/. are factors which vary between 0 and 1 and correct for the effects 

ot nanotube orientation and length respectively ’ . These expressions mean that the rate 

of increase in both fibre modulus and strength with filler content have upper limits given 

by

df/dF^ < or dcr^/dF^ < cr^ 6.3

Due to their intrinsically high stiffness and strength, one of the most exciting filler 

materials of recent years has been carbon nanotubes. These high aspect ratio carbon 

cylinders have diameters of ~nm, lengths of -microns and display superlative mechanical 

properties with modulus and strength up to 1 TPa and 50-150 GPa respectively*’’"’''^. 

Significant successes have been achieved by reinforcing polymers with carbon
g

nanotubes . Polymer-carbon nanotube composite fibres have been produced using a range 

of matrices and spinning methods and in some cases have achieved exceptional 

mechanical properties, with a number of papers describing composite fibres with strength 

in excess of 1 GPa'^’^’’'^"’. However, in many cases the key to such impressive results has 

been the quality of the nanotube dispersion, which is usually achieved through solution 

processing. This often means that the fibres have been formed from solution using 

methods such as coagulation spinning^^. This is unfortunate as many commercial plastic 

fibres are melt processed; it has proved more difficult to produce excellent composite 

fibres from the melt than from solution*.

Surprisingly few papers have reported the reinforcement of polyester fibres. A 

small number of papers have described the reinforcement of PET fibres with carbon 

nanofibres^^ or organoclays^^ with limited improvements in mechanical properties. In 

addition, some papers have reported the production of nanotube-PET composite fibres 

Of these, the most impressive results were those of Anand et al. who prepared 

composite fibres by melt compounding, followed by spinning and drawing . They
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obtained fibres with a modulus and strength of 15.9 GPa and 712 MPa, significantly 

better than the pure polymer.

The fibres described in this chapter aim to build on this work to generate fibres 

with significantly higher stiffness and strength at reduced cost. It is known that some 

nanotubes are present as large aggregates when melt mixed into PET^'^. This is probably a 

result of incomplete exfoliation during mixing. Such aggregates act to concentrate stress 

and can precipitate failure. This issue could be addressed by first exfoliating the 

nanotubes in a solvent before mixing into the PET melt. This should lead to a uniform 

composite with well dispersed nanotubes and minimal aggregates. Another problem with 

using nanotubes as a filler, is that the nanotubes with high strength (i.e. single walled 

nanotubes) tend to be extremely expensive (~^500/g). This issue could be resolved by 

using solvent exfoliated graphene as a filler material. Using these strategies, the 

production of composite fibres with extremely high stiffness and strength can be 

demonstrated, using a filler (graphene) exfoliated from a starting material which costs as 

little as ~€5/kg.

6.2 Background
PET-nanotube fibres have been produced by several groups. Li et al. have 

produced such composites by compounding PET resin with nanotubes followed by 

extrusion. They carried out electrical measurements on these fibres and found them, to 

have a resistance of 10^ Q cm which is 12 orders lower than pure PET. These fibres had a 

diameter of 30pm and a strength of 14.9 MPa^'. Kim et al. have also produced PET- 

nanotube fibres using fibre extrusion . The strength of PET only fibres was 60 MPa and 

this increased to 68 MPa upon the addition of 2wt% MWNTs. This corresponds to a 

do/dVf value of 670 MPa. The Young’s modulus increased from 1.55 GPa to 1.85 GPa 

for composites containing 2wt% nanotubes. For these fibres, dY/dVf was 25 GPa. PET- 

SWNT fibres were also melt spun by Anand et al^^. Fibres were drawn by 4, 5 and 6 

times their original length. For samples drawn by 4 times their original length, a strength 

of 195 MPa for PET only fibres was obtained which increased to 509 MPa upon the 

addition of 2wt% SWNTs. This corresponds to a da/dVf\a\uQ of 22.1 GPa. The Young’s 

modulus of the fibres also increased from 2.21 GPa up to 11.69 GPa at a concentration of 

2wt% resulting in a dY/dVf value of 667.6 GPa. Nanotube templated crystallinity was 

present in these fibres and contributes to reinforcement. For these composites, it was 

found that by using melt compounding for fibre production, nanotube aggregates as large 

as 50-100 pm could be observed giving their fibres an uneven surface. This was due to
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poor dispersion due to the melt compounding method. Thus, the nanotube dispersion 

method used in this chapter aims to disperse the nanotubes more effectively and thus 

improve on mechanical properties of fibres.

Mun et al. produced PET-functionalised MWNT composite fibres by in situ
A

polymerisation . Fibres were produced by hot pressing, followed by fibre extrusion. 

Fibres were also drawn to improve mechanical properties. For a draw ratio of 1, PFT 

only fibres had a strength of 46 MPa while composites containing 0.5 wt% functionalised 

MWNTs had a strength of 64 MPa. This corresponds to a value of 5.97 GPa. PET 

only fibres had a Young’s modulus of 2.21 GPa while at a higher draw ratio, composites 

containing 1.5wt% nanotubes had a modulus of 4.91 GPa. This gives a dY/dVj value of 

301 GPa.

Other PET composite fibres were reinforced with materials such as nanofibres 

and orgaiioclays. PET-carbon nanofibre composites were produced by Ma et al. The 

tensile strength stayed much the same for PET only and composite fibres. PET only 

fibres were 0.43 GPa in strength while 5 wt% composites were 0.42 GPa. The Young’s 

modulus increased from 10 GPa to 11 GPa upon the addition of 5 wt% carbon nanofibres. 

While these properties did not improve by much, the compressive strength of the 

composites was considerably higher than for PET only fibres. This increased from 0.08 

GPa to0.12GPa^^

Chang et al. used hot pressing followed by fibre extrusion for fibre production. 

PET only fibres had strengths of 46MPa and PET-organoclay fibres had strengths of 71 
MPa for drawn fibres at an organoclay concentration of 3wt%^^.

As described in chapter 2, graphene can also be used for composite reinforcement. 

There are currently no papers reporting the production of PET-graphene fibres to date 

and this research aims to produce and mechanically test fibres of this kind. A simple 

method of PET-nanotube and PET-graphene composite fibre production will be described 

in this chapter.

6.3 Experimental Procedure
Composite melts were produced by adding solvent-dispersed, exfoliated single 

walled nanotubes or graphene to a PET melt while stirring. After solvent evaporation, a 

uniform melt was obtained with no visual evidence of aggregates. The procedure is 

described in detail below.
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6.3.1 Dispersion of Graphene
Graphite powder (Aldrich product number 332461, batch number 06106DE) was 

dispersed in N-methyl-2-pyrrolidone (NMP, Aldrich) at an initial concentration of 

3mg/ml (ISOOmgs in 600mls) by bath sonication (Bransonl510E-MT) for 144 hours 

using methods described recently^^'^'*. In order to produce a more concentrated 

dispersion , this was then filtered on a porous nylon membrane (Sterlitech, pore diameter 

0.45 pm). The deposited graphene was then re-dispersed in 15 mis of fresh NMP by bath 

sonication for a further 24 hrs. This dispersion was then centrifuged at 1000 rpm for 45 

mins and the supernatant collected.

6.3.2 Dispersion of Nanotubes
SWNTs (EliPCO, Unidym) were dispersed in NMP at an initial concentration of 

7mg/ml using a sonic tip processor (GEX600, 120 W, 60 kHz, flat head probe) operated 

in pulsed mode (9 sec on/9 sec off) for 16 hrs^^'^*. The resulting dispersion was further 

sonicated in a sonic bath for 4 hours.

6.3.3 Estimation of Nanotube and Graphene Concentration
The dispersed concentration was estimated by filtering 2ml of dispersion through 

a nylon membrane which was then dried in an oven (60 °C) for an hour. The filtrate mass 

was found by careful weighing, yielding concentrations of 7mgs/ml and 9mgs/ml for 

nanotube and graphene dispersions respectively.

This method was confirmed by carrying out UV Vis measurements on the 

dispersion. This was calculated using the Beer-Lambert law, (equation (6.4)) which states 

that the absorbance of the solution is directly proportional to the solutions concentration:

/
= e -A 6.4

where A=aCl.

a is the extinction coefficient. Its value for a carbon nanotube dispersion is 

3264ml mg''m'' and 3620ml mg''m‘' for a graphene dispersion^^'^^, C is the concentration 

and 1 is the length of the cuvette (1 mm).

Once the nanotube mass fraction is known, this can be converted into volume 

fraction using equation 6.5^^.

Vr = 1 +
f V 

Pm
V Pi'ol J V )

6.5
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6.3.4 Melt Processing of PET fibres
A sheet of PET (Deyn Plastics Ltd.) weighing Igram, (of measured mechanical 

properties Y=1.3 GPa, aB=148 MPa, Sb=150%) was cut into pieces, placed in a beaker on 

a hotplate (190 °C) and allowed to melt over the course of approximately 10 mins. 

Composite melts were produced by adding a dispersion of nanotubes/graphene with well- 

defined volume and concentration (and so well defined dispersed mass) to the PET melt. 

The mixture was constantly stirred to give a homogenous liquid. After approximately 10 

mins of heating, the NMP had completely evaporated to give a composite melt. The mass 

fraction of the composite is controlled by the mass of nanotubes/graphene added and the 

PET mass. Nanotube and graphene filled composite melts were prepared at mass 

fractions (0.5wt%, lwt%, 2wt%) and (0.25wt%, 0.5wt% lwt%, 4wt%) respectively.

Fibres could be formed from either a PET or composite melt by inserting a fine 

needle to which the melt adhered strongly. The needle was drawn out of the melt at a rate 

of «40 cm/s to give a fibre. The fibres were then drawn to the maximum possible draw 

ratio before failure. Interestingly, while the PET fibres could only be drawn to -200%, 

the composite fibres could generally be drawn considerably further: SWNT fibres - 

(0.5wt%, 400% draw), (lwt%, 250%), (2wt%, 400%) and graphene fibres - (0.25wt%, 

370%), (0.5wt%, 350%) (lwt%, 400%), (4wt%, undrawable). This is in contrast to the 

experience of Anand et al. and Mun et al. who found that the maximum draw ratio 

either remained constant or was reduced in the presence of nanotubes.In addition, the 

1 wt% nanotube fibres and 0.5 wt% graphene fibres were drawn to a range of draw ratios 

(and so a range of final diameters).

Using this procedure, between 4 and 23 fibres were produced for each volume 

fraction of both nanotubes and graphene. After drawing, the fibre diameters were 

measured at typically 3 positions along their lengths using a profilometer (Dektak 6M 

Stylus Profiler). The diameter variance along a fibre was typically small (<10%). The 

mean diameter varied from 3-19 pm for the nanotube composites and 5-20 pm for the 

graphene composites. Note that using this procedure there is no control over the fibre 

diameter before drawing but some control of the diameter after drawing.

Tensile testing was performed on all fibres with a Zwick ZlOO tensile at a strain 

rate of 5mm/min. SEM measurements were performed using a Carl Zeiss Ultra Plus Field 

Emission Scanning Electron Microscope. The nanotube/graphene mass fraction was 

converted to volume fraction assuming the densities: pPET=1300kg/m , pswNT=1800kg/m 

& PUraphene~2 1 OOkg/m .



6.4 Results and Discussion

6.4.1 PET-nanotube fibres: Volume fraction dependence
The processing procedure used in this work resulted in large set of PET-nanotube 

fibres with a range of volume fractions and diameters. SEM images of a selection of these 

fibres are shown in figure 6.1.

,1 .

Figure 6.1: SEM images of melt processed PET-SWNT fibres. The scale bars are A) 
20 pm, B) 2 pm, C) 10 pm and D) 1 pm.

As shown in figure 6.1 A the fibre is extremely uniform and the cross-section 

relatively circular (figure 6.IB). In addition, the side-walls are relatively smooth and well 

defined (figure 6.1C). No signs of nanotube aggregates were observed in any fibres. 

Shown in figure 6.ID is a fracture surface of a broken fibre. Close to the centre of the 

fibre, a number of SWNT bundles can be seen protruding. This suggests that the fracture 

mechanism is by nanotube pullout. This suggests that the nanotubes used here are shorter 

than the critical length and ultimately means that the fibre strength will not be limited by 

the nanotube strength .

Stress-strain measurements were made for all fibres. For composites, the most 

fundamental question is how the mechanical properties scale with filler content. The 

measured fibres were divided into subsets including all volume fractions and with similar 

diameters (maximum deviation from mean diameter was ~10%). Note that less than half 

of the total fibres could be grouped into such subsets. This allowed the study of the effect 

of nanotube volume fraction on mechanical properties without any contribution from 

varying fibre diameter. This is critical as the mechanical properties of fibres can vary

19



strongly with fibre diameter^^'*''^^. Shown in figure 6.2A are stress-strain curves for a 

PET fibre and composite fibres with 0.36 vol%, 0.72 vol% and 1.4 vol% SWNT.

Strain (%)

Volume fraction, (%)

Figure 6.2: Mechanical properties of PET-SWNT fibres with diameter D«5 pm as a 

function of nanotube volume fraction. A) Stress strain curves. B) Young’s modulus. 
The slope of the straight line is dY/dVi=1805±150 GPa. C) Ultimate tensile strength. 

The slope of the straight line is daB/dVf=51±12 GPa.

In all cases the fibres were very close to 5 pm in diameter. On addition of the 

nanotubes the modulus and strength increase significantly. The increases in modulus, Y, 

and strength, qb can be quantified by plotting them as a function of volume fraction, Vf, 

in figure 6.2B and C. The modulus increases from 4 GPa for PET to 22 GPa for the 1.5 

vol% sample. The initial portion of this curve is linear with slope dY/dVt=l 805±150 

GPa. This is significantly beyond the upper limit of 1000 GPa set by the intrinsic 

nanotube modulus and the rule of mixtures ’ ’ ’ , indicating that an additional 

component of reinforcement is present. This is not unusual, with nanotube-nucleated
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crystallinity a common In fact, this is a reasonable explanation as

nanotube-induced crystallinity has been observed in PET-nanotube composites .

Similarly, the strength increases from 420 MPa for PET to 820 MPa for the 1.5 

vol% sample. Again, the initial portion of this curve is linear with slope daB/dVt=51±12 

GPa. While this value is not beyond the upper limit of -50-100 GPa set by the intrinsic 

nanotube strength and the rule of mixtures*’"^^, it is extremely high for a nanotube 

reinforced composite^^. Because nanotubes are often shorter than the critical length (as is 

the case here) , composite strength is usually much lower than if it was limited by the 

nanotube strength*'"*^. Usually, the strength increase is limited by either defects^^ or the 

shear strength of the polymer-nanotube interface (or the polymer shear strength 

depending on which is smaller) 45.4647,48 value of dciB/dVf suggests that defects

don’t dramatically affect the strength or that the interfacial/polymer shear strengths are 

relatively large. Alternatively, nanotube nucleated crystallinity may contribute strongly to 

the reinforcement . Note that both strength and modulus behaved similarly for other 

fibre diameters as shown in figure 6.3.
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Figure 6.3: Young’s modulus (A) and ultimate tensile strength (B) as a function of 
nanotube volume fraction for fibres with a range of mean diameters from 5.0 to 8.1 

pm.
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The strain at break, Sb, was also measured and found to be relatively invariant 

with nanotube volume fraction, remaining between 20 and 40% for almost all volume 

fractions for each diameter set. The same behaviour was observed for the tensile 

toughness, T, (energy per unit volume required to break the fibre) which was typically 

between 75 and 175 MjW for most samples (see figure 6.4).

Figure 6.4: Strain at break (A) and tensile toughness (B) as a function of nanotube 

volume fraction for fibres with a range of mean diameters from 5.0 to 8.1 pm.

6.4.2 PET-nanotube fibres: Diameter dependence
The entire data set can be summarised by plotting each mechanical parameter (Y, 

qb, £b and T) as a function of fibre diameter as shown in figure 6.5.
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Figure 6.5: Mechanical properties of PET-SWNT fibres as a function of fibre 

diameter. For a given fibre the typical spread in the diameter is <10%. A) Young’s 

modulus, B) ultimate tensile strength, C) strain at break and D) tensile toughness. In 

A) and B) the dashed lines are power law fits to the entire data set. The nanotube 

contents are given as wt%.

Both modulus and strength increase with decreasing fibre diameter. The highest 

modulus and strength observed were 42 GPa and 1.2 GPa, both for a 3.7 gm diameter 

fibre. In chapter 5, it was shown that both modulus and strength of polymer-nanotube 

composite fibres scale with fibre diameter as power laws;^^ Y oc and cr^ oc 

The diameter dependence of the modulus is controlled only by changes in nanotube 

orientation with fibre diameter (as described by a). However, the diameter dependence of
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the strength is controlled by a combination of orientation effects and surface defects (as 

described by P). For poly(vinyl) alcohol fibres, a^O.6 while

This behaviour was tested here by fitting the entire modulus and strength versus 

diameter data sets to power laws. Reasonable agreement is found in both cases with 

cr=0.86±0.17 and /?=0.88±0.11, consistent with p<0.3. It can be concluded from this 

that the observed diameter dependence is entirely consistent with this defect/orientation 

model. However, it is likely that the orientation dependence here is slightly stronger and 

the defect dependence slightly weaker than that observed previously.

The strain at break as a function of fibre diameter is shown in figure 6.5C. In 

general the strain at break tends to increase with increasing D, from ~10% to -70% as D 

is increased from 4 to 18 pm. Interestingly there appears to be a peak in the strain at 

break for D»8 pm where Sb reaches 130%. The origin of this remains unclear. Shown in 

figure 6.5D is the tensile toughness as a function of D. This remains relatively flat at
-j

-100 MJ/m but shows signs of a peak again around D«8 pm. The highest value obtained 

was 637 MJ/m for composites containing 1 wt% nanotubes. This is relatively large 

compared to tough materials such as Kevlar and dragline spider silk (48 MJ/m^ and 214 

MJ/m^) However, it is worth noting that this toughness is attained at relatively large 

ductility i.e. >100%.

6.4.3 PET-graphene fibres
Polymer-nanotube composite fibres are relatively straightforward to prepare and 

have been known for over 10 years'^^. In contrast, polymer-graphene fibres have not been 

reported to date. Like nanotubes, graphene is a promising filler due to the exceptional 

mechanical properties of monolayer graphene which has been reported at Y»1 TPa and 

aB«100 GPa^^. While a number of papers have reported bulk composites based on 

chemically modified graphene as a filler^"''^', in general the level of reinforcement 

achieved has been significantly below that predicted by the rule of mixtures". This is 

probably due to a combination of the relatively poor mechanical properties of chemically 

modified graphene^^ and the fact that reasonably large graphene flakes are required to 

achieve effective reinforcement^However, it has recently been shown that high 

quality, defect free graphene with relatively large flake size can be produced by 

exfoliation of graphite in solvents or surfactants^^’^^'^^. In this work, a solvent based 

dispersion and exfoliation method recently pioneered in our group is used^^'^^. This 

method results in dispersions of few layer graphene flakes with mean length, width and
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thickness (in this case) of 1.1 |am, 0.51 |am and 4.6 layers respectively. This was found by 

investigating the graphene dispersion using transmission electron microscopy (TEM) by 

dropping a small quantity of the dispersion onto holey carbon grids. Representative TEM 

images are shown in figure 6.6.

f ’
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Figure 6.6: TEM images of exfoliated graphene multilayers deposited from the 

dispersion used to prepare the PET-graphene composite melts.

TEM Hake size statistics can also be found for the graphene dispersion. The flake 
thickness, n, was measured using the edge counting method (see figure 6.7)^''.
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Figure 6.7: TEM statistics of graphene flakes centrifuged at lOOOrpm where w is the 

width of the flake, L is the length and n is the number of graphene layers.
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Raman spectroscopy shows the flakes to be relatively free of basal plane defects. 

Raman spectra for the graphene dispersion used for this work are shown in figure 6.8. A 

reference graphite powder is shown also as a comparison. Here the D band (~1300cm'') 

is indicative of the presence of defects. However, note that for small flakes such as those 

observed here, significant D bands can come simply from the presence of flake edges^''.

Figure 6.8 Raman spectra for the graphene dispersion used for this work with 

spectrum for reference graphite powder shown for comparison.

As a result, it is expected that they will have mechanical properties approaching 

that of monolayer graphene. This exfoliation method can be combined with the polymer- 

nanotube fibre formation method described above to prepare high quality polymer- 

graphene fibres.

6.4.4 PET-graphene fibres: Volume fraction dependence
Shown in figure 6.9 are SEM images of PET-graphene fibres.
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Figure 6.9: SEM images of melt processed PET-graphene fibres. The scale bars are 

A) 10 pm, B) 2 pm and C) 2 pm.

Like the PET-nanotube fibres, the PET-graphene fibres are uniform in diameter, 

have smooth, well defined walls and a circular cross-section.

Shown in figure 6.10A are stress strain curves for a subset of PET-graphene fibres 

with Dwl3 pm.

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Volume fraction, (%)

Figure 6.10: Mechanical properties of PET-graphene fibres with diameter D»13 pm 

as a function of graphene volume fraction. A) Stress strain curves. B) Young's 

modulus. The slope of the straight line is dY/dVf=2100±1300 GPa. C) Ultimate 

tensile strength. The slope of the straight line is dCTB/dV|=145±15 GPa.

127



Here both modulus and strength increase with graphene content while the strain at 

break tends to fall off. The modulus increases approximately linearly with graphene 

volume fraction from ~7 GPa to ~ 15.7 GPa for the 0.3 vol% sample. The rate of increase 

is dY/dVf=2100±1300 GPa. Similarly the strength increases linearly with graphene 

volume fraction from ~200 MPa to ~ 636 MPa for the 0.3 vol% sample with a rate of 

increase of dY/dVf=145±15 GPa. Again, these rates are large compared to that expected 
from the intrinsic properties of graphene and the rule of mixtures'*^, suggesting the 

presence of graphene nucleated crystallinity. Note that at higher volume fractions, both 

modulus and strength fall off dramatically, suggesting large scale graphene aggregation. 

Similar data was found for other fibre diameters (figure 6.11).

Figure 6.11: Young’s modulus (A) and strength (B) as a function of graphene 

volume fraction for fibres with a range of mean diameters from 7 to 12.8 pm.

The strain at break and toughness were also measured as a function of graphene 

volume fraction (figure 6.12).
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Figure 6.12: Strain at break (A) and tensile toughness (B) as a function of graphene 

volume fraction for fibres with a range of mean diameters from 7 to 12.8 pm.

Significant differences were observed here in comparison to the PET-nanotube 

fibres. Both ductility and toughness fell dramatically with graphene content. The strain at 

break fell exponentially with volume fraction from -100 % to 1-2% on addition of 4wt% 

graphene. A similar reduction was observed for toughness.

6.4.5 PET-graphene fibres: Diameter dependence
As with the PET-nanotube composites, an overview can be achieved by plotting 

the mechanical parameters as a function of D. This is shown in figure 6.13.
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Figure 6.13: Mechanical properties of PET-graphene fibres as a function of fibre 

diameter. For a given fibre the typical spread in the diameter is 7%. A) Young’s 
modulus, B) ultimate tensile strength, C) strain at break and D) tensile toughness. 
The graphene contents are given as wt%. The line in B is a power law fit to the 

entire data set.

The modulus data (figure 6.13A) is extremely scattered, hardly displaying any 

diameter dependence at all (i.e. Y oc £)”“ with a=0.1±0.2, fit line not shown). This is 

perhaps not surprising for a planar filler like graphene, as confinement due to small fibre 

diameter may not result in orientation as efficiently as it will for rodlike fillers. As a 

result the largest modulus observed was 21 GPa for a relatively large fibre with D=9.5 

pm.
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However, the strength data in figure 6.13B does display a diameter dependence, 

consistent with cc where a+/?=0.33±0.14. Ultimately, this means that
O'!y9=0.2±0.3, a value entirely consistent with defect limited strength." As with modulus, 

the strongest fibre had D= 9.5 pm and had aB=l .0 GPa. The strain at break data is plotted 

as a function of D in figure 6.13C. Here two things are of note. It is very clear that 

addition of graphene results in a reduction of ductility. Secondly, the peak in ductility 

observed previously, is much clearer here. The toughness, as shown in figure 6.13D, 

shows similar behaviour.

6.4.6 Comparison of mechanical properties with previous work on PET- 

nanotube composites
The mechanical properties found here can be compared to literature values. As 

mentioned in the introduction and background, there are only a handful of papers 

describing composites of PET and nanotubes. For these papers, the best results are 

plotted in terms of strength as a function of modulus in figure 6.14. In addition, the same 

data is plotted for all of the fibres in this work.
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Figure 6.14: Summary of strength and stiffness data for all the fibres measured in 

this work. For eomparison, the best data from three papers in the literature are also 

included.

Of the literature data, by far the highest strength and modulus values were those 

of Anand et al. who attained values of Y=16 GPa coupled with aB=720 MPa. By 

comparison, the PET-nanotube (2wt%) and PET-graphene (0.5wt%) composites in this 

work show maximum moduli of 42 GPa and 21 GPa respectively and maximum strengths
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of 1.2 GPa and 1.0 GPa respectively. It can be suggested that the data in this chapter is 

superior largely because of the use of an extremely good dispersion of the filler in the 

matrix (except for high graphene contents). This is almost certainly due to the fact that 

the filler is dispersed in NMP prior to mixing, guaranteeing minimal aggregation. In 

addition, it is worth noting that the best values of modulus and strength in this work are 

competitive with the best polyester fibres reported to date (Y=26 GPa, aB=1.3 GPa for 

D«20 pm)^

The results in this chapter can be put in context with other fibres which are 

currently produced such as coagulation spun fibres, PET only fibres and high 

performance fibres (figure 6.15). Figure 6.15 shows the UTS Vs Young’s modulus and 

the toughness Vs strain at break for PET-nanotube and PET-graphene fibres in 

comparison with high performance fibres like Kevlar^'’’"', Xylon^^’^^ and Spectra^^, with 

other PET-nanotube composite fibres^^’^^’^^, with PET fibres^^'^^’^^, with nanotube 

fibres^’’*' and also with coagulation spun fibresA data point at each 

concentration studied is shown here. The best modulus and toughness were sometimes 

obtained for different fibres. For this reason, the best strength is plotted with it’s 

corresponding Young’s modulus but the toughness values reported for each fibre batch 

are not necessarily for the same fibre as for the strength value.
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Figure 6.15. Comparison of mechanical properties of this work with other fibres 
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The PET-nanotube and PET-graphene composites show maximum strengths of 1.19 GPa 

and 1.01 GPa respectively. PET-nanotube composites also have maximum Young’s 

modulus value of 41.7 GPa while PET-graphene composites have a maximum Young’s 

modulus of 20.56 GPa. These fibres have a higher strength and Young’s modulus than 

other PET-nanotube composites reported in literature with the next highest being 0.7 

GPa ’ ’ . They also show higher values than PET only fibres which have a maximum 

strength of 0.426 GPa ’ ’ . While some nanotube only fibres show lower strengths than 

the composites produced in this work, some show superior strengths and Young’s 

modulus values than the composites reported here^^’*'. Windle et al. produced nanotube 

only fibres with impressive strengths of 9 GPa*°. These PET composites also lie in the 

mid range of coagulation spun compositesbut have the advantage of 

industrial style processing in comparison with these composites. While the strength and 

Young’s modulus values of the composites prepared in this work are below that of high 

performance composites like Kevlar^"^ and Xylon^^’^^, they can be processed at a much 

lower cost than these fibres.

PET-nanotube composites display higher toughness values than PET-graphene 

composites with values of 490 J/g and 372 J/g respectively. Both types of composites in 

this work show higher toughness values than high perfonnance fibres such as Kevlar (33 

J/g)^'’^'*, Xylon (66 J/g)^^’’^ and Spectra (50 J/g)^^ Along with this, some fibres are also 

tougher than nanotube only fibres’^'^^. They show similar toughness values to the highest 

toughness coagulation spun fibres (max 600 J/g) ’ • • ' into which extensive research 

has been carried out.

6.5 Conclusions
A method has been developed to produce PET-nanotube and PET-graphene fibres 

by combining solution and melt processing. These fibres have exceptional mechanical 

properties, similar to the best polyester fibres ever reported. For low loadings of both 

filler types, the modulus and strength increased linearly with volume fraction with slopes 

far in excess of rule of mixtures predictions, suggesting the presence of filler-induced 

crystallinity. For nanotube based composites, the diameter dependence of the composites 

suggest the modulus to be limited by nanotube orientation while the strength is limited by 

orientation and defects. However, for PET-graphene composites, the modulus was 

relatively invariant with D suggesting orientation to be relatively unaffected by diameter 

reduction. While the strength did depend on fibre diameter, the dependence was much 

weaker than for the nanotube fibres. This is consistent with orientation playing virtually
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no role and the strength being controlled largely by defects. It is noted that the ability to 

successfully reinforce commodity plastics with graphene is significant for purely 

economic reasons. For example the cost of graphite is <€5/kg. This means the material 

cost of adding 0.5wt% (i.e. where the maximum mechanical reinforcement is observed) 

graphene to a PET fibre is <0.03 c per km for a fibre with D=100 pm (c.f PET fibre costs 

~l-3 c per 1000 km). As the cost of high quality SWNT is ~€500/g, the cost per km of 

adding 2wt% SWNT is approximately €100. In reality, the cost of exfoliation/mixing etc 

will increase these estimates somewhat. However, reinforcement using graphene may be 

economically viable in a way that nanotubes never could be.
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Chapter 7
Conclusions and Future Work

7.1 Conclusions
A method to control and measure the nanotube volume fraction in poly(vinyl) 

alcohol-nanotube fibres has been developed. The effect of nanotube volume fraction on 

the mechanical properties of fibres was studied, facilitating analysis using models such as 

the rule of mixtures. Both the fibre modulus, Y, and strength, og, scale linearly with 

nanotube volume fraction up to Vf~\Q%, after which saturation occurs. A value of 

dY/dVf=25A GPa and daB/dVj=2.S GPa was measured in the linear region. By drawing 

fibres with T/<10%, these values could be increased to dY/dVf=600 GPa and d(7B/dVj=l 

GPa. Raman measurements show the Herman’s orientation parameter, S, to increase with 

drawing, indicating that significant nanotube alignment occurs. Raman spectroscopy also 

shows that the nanotube effective modulus, Yejj, increases with drawing, due to the 

increased alignment. As expected for simple two-phase composites, the undrawn samples 

display dY/dV^YEjf. However, for draw ratios above 22%, dY/dVf>YEff, suggesting that 

drawing induces polymer crystallinity. An empirical relationship between KrencheTs 

nanotube orientation efficiency factor, ijo, and S was calculated. Data showing versus 

S was fitted, confirming that the fibre modulus scales linearly with rjo. In addition, the 

Young’s modulus of the nanotubes used in this work was estimated to be Tv7^480 GPa. 

This value is about half of the expected value of 1 TPa, suggesting that these composites 

are limited either by an imperfect polynier-nanotube interface or that the nanotubes are 

less stiff than expected. It was shown that the fibre strength also scales linearly with rjo. 

The effective interfacial shear strength and critical length could be calculated to be 40 

MPa and 1250 nm respectively.
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The mechanical properties of poiymer-nanotube fibres as a function of fibre 

diameter where characterised. A strong dependence of fibre modulus and strength with 

diameter was observed. This D dependence was attributed to a combination of the effects 

of nanotube orientation and surface defects. The balance of these effects was determined 

and showed that orientation effects are dominant for fibre diameters between 4 and 50 

pm. While the defect contribution to the diameter dependence is relatively small (), 

this could probably be reduced dramatically by improving the spinning process. The 

orientation contribution to the diameter dependence is larger (). However, it should 

be possible to change y by changing the processing conditions. A reduction of possibly 

by optimisation of needle and pipe diameters and flow rates, would reduce the orientation 

contribution to tbe diameter dependence. Such improvements could result in extremely 

high stiffness and strength for higher diameter fibres. For low diameter fibres where the 

nanotubes are well aligned, fibres have been prepared with moduli approaching 250 GPa 
and strength of 2.9 GPa.

An alternative method of composite fibre production was also described. PET- 

nanotube and PET-graphene fibres were produced using a combination of both solution 

processing and melt processing. This was the first time that fibres reinforced with 

graphene have been produced. A volume fraction study was also conducted to establish 

the most effective volume fraction for composite reinforcement. PET-nanotube fibres 

with a strength of 1.19 GPa and a Young’s modulus of 41.7 GPa were produced. PET- 

graphene fibres had a maximum strength of 1.01 GPa and Young’s modulus of 20.56 

GPa. The use of graphene may provide a more economically viable method of composite 

reinforcement due to its extremely low cost and effectiveness in increasing polymer 

strength and modulus.

7.2 Future Work
The work presented in this thesis shows that very strong composite fibres can be 

produced by reinforcing polymers with carbon nanotubes and graphene. However, there 

is still room for improvement and potentially very strong, stiff composites could be 

produced for a larger range of diameters. It is known that PVA fibres with different 

molecular weights result in fibres with very different strengths. Other brands of PVA 

could be investigated and molecular weight dependencies on the mechanical properties of 

composites could be established. Fibres made from nanotubes of different lengths could 

be investigated. An increase in nanotube length should increase the mechanical properties 

of the PVA-nanotube fibres described in this thesis. The drawing technique could also be 
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improved. While it was seen that fibre drawing significantly improved the mechanical 

properties of PVA-nanotube fibres, hot drawing of fibres could also be investigated to see 

if further drawing and hence an improvement in mechanical properties is possible. A 

combination of such improvements could result in extremely high stiffness and strength 

for higher diameter fibres. Also, the possibility of nanotube templated crystallinity in 

these fibres must also be investigated further to establish if low diameter fibres have well 

aligned polymer chains, resulting in F / Vf >dY I dV^ and > dcj^ / dVf.

Surfactant free fibre spinning could also be studied. It is hoped that fibres prepared from 

functionalised nanotubes that do not require a surfactant to disperse can also be produced, 

optimised and fully characterised.

While there has been extensive research into coagulation spinning of PVA- 

nanotube fibres in literature, PET-nanotube and PET-graphene fibres were produced for 

the first time using the preparation method described in this thesis. Thus, there are many 

improvements on this system which could be investigated. The nanotube dispersion could 

be optimised further by sonicating for varying times resulting in fibres containing 

nanotubes of lengths. The graphene dispersion could also be improved. If the aspect ratio 

of the graphene flakes used for this work was increased, improvements in the mechanical 

properties of fibres should be expected. As with the case with PVA fibres, the use of hot 

drawing could also be investigated to see if further drawing is possible using this 

technique.

It would also be interesting to investigate the use of biosteel (spider silk) for fibre 

production. Spider silk is flexible and lightweight and has exceptional strength and 

toughness. Spider dragline have Young’s modulus, strength and toughness values of 

lOGPa, ~lGPa and 123J/g respectively'. Native spider silk cannot be used 

experimentally due to failure to domesticate spiders. However recently, the production of 

silk by protein synthesis in mammalian cells has been achieved^. This silk (known as 

Biosteel) has already been used by Blond et al. in carbon nanotube composite films' and 

by Lazaris et al in coagulation spun fibres^. Investigation into the incorporation of carbon 

nanotubes into coagulation spun Biosteel composites should result in both strong and 

tough fibres.

It is hoped that, because of the advances made in this thesis that there is a better 

insight into what makes a fibre strong and into how the mechanical properties of fibres 

can be improved. It is hoped that building on this work will result in even stronger and 

stiffer composites and further advances in carbon nanotube reinforced fibres will be 

achieved using this work as a strong foundation.
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