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Abstract

In this study the production and optimisation o f  carbon nanotubes using the arc 

discharge method was investigated. The soot produced was analysed for the 

nanotube content. To remove the nanotubes from the soot a novel method of 

purification using PmPV was examined. Uniquely, the PmPV shows good interaction 

with carbon nanotubes. In contrast to other polymers, nanotubes are soluble in PmPV 

solutions, whereas the nanotube production by-products such as polyhedra and 

turbostratic graphite fall out. After purification a number o f composites were made 

from the purified nanotubes with polymers such as PmPV, PMMA, and PS. 

Subsequently these nanotube based polymer composites have been characterised by a 

full range o f thermal and mechanical techniques. The introduction o f nanotubes is 

observed to substantially reinforce the PmPV composite systems, suggesting a new 

method to enhance mechanical properties o f polymers without modification o f  the 

chemical and physical properties.
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Chapter 1

Introduction

1.1 Scientific background

In the past 50 years plastics or polymers have found their way into every aspect of 

our lives. Polymers have replaced traditional materials such as metal, wood, or 

ceramics for one or more o f the following reasons: ease o f processing, low cost, light 

weight, outstanding mechanical properties, and chemical inertness. Over 100 years 

ago natural rubber was extracted to produce tires and wellingtons. Today life seems 

impossible without the extensive use o f polymers and they can be found in many 

applications from toys to car components. Modem medical care would be unfeasible 

without use o f polymers in products such as pacemakers, artificial limbs or clean 

room-produced surgery equipment. Cars could not drive without tires, drive belts, 

plastic fuel tanks, all the plastic pipes and hoses. Electric current would not flow 

through conductors without plastic used as insulation, household appliances need 

their insulating housings. Plastic films revolutionised food packaging. Air travel is
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now more economical because o f the use o f a vast range o f ultra light but strong 

plastic parts in aircraft.

Regarding their mechanical properties, the introduction o f fibre-reinforced polymers 

represents a significant development. Glass fibre has been used for a long time in 

materials engineering because o f  the high strength to weight ratio. From first 

applications in aeronautical and space industry, fibre reinforced materials have 

become available in everyday products such as tennis rackets, skis, and car body 

parts. The fibres on their own are very fragile and brittle, however when being 

incorporated in a polymeric matrix they show enormous potential. One o f the main 

disadvantages o f such composites lies in the processing methods, such as injection 

moulding or extrusion, as the fibres can break during production. For optimum load 

transfer from the matrix to the fibre a high aspect ratio (the ratio o f diameter to 

length o f a fibre) is necessary, however such long fibres tend to break when being 

processed. A high aspect ratio is required to achieve the highest load transfer, hence 

the fibres have to be short and strong, so that low cost production processes can be 

applied.

In 1991 S. lijima discovered long cylindrical forms o f carbon molecules, the so- 

called carbon nanotubes’. His first initial observations were on multi layered 

concentrical cylinders, i.e. multiwalled nanotubes (MWNTs). Later on single walled 

nanotubes (SWNTs) were observed as well^. Nanotubes are a special form o f 

fullerenes. The first observed form o f the fullerenes, the Ceo, was discovered in 

1985 by Kroto, Curl and Smalley'\ a discovery which was awarded the Nobel Prize 

in Chemistry in 1996. In a Ceo molecule 60 carbon atoms are arranged like the
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pattern o f a soccer ball, with pentagons and hexagons, to build a spherical molecule. 

Nanotubes in general consist o f one or more layers o f concentrically wrapped sheets 

o f graphite. Single walled nanotubes consist o f a single ‘rolled-up’ layer o f graphite 

comprising o f carbon hexagons whereas multi walled nanotubes consists o f  several 

layers. The diameter o f nanotubes is between 1 and 3nm for SWNTs . Their length 

cannot be determined with precision as they appear in bundles, where the beginning 

and the end o f an individual nano tube cannot be distinguished. MWNTs have 

diameters usually between 2 and 50 nm and a length between 0.2 and 2|j.m'.

Nanotubes were first observed in soot generated in a Kratschmer generator^, an arc 

discharge apparatus, which was previously used for the production o f fullerenes. In 

this generator an arc is created between two graphite electrodes, where one is 

consumed and forms a deposit at the other electrode. In this deposit, beneath an 

outer shell o f sintered graphite, is the soot which contains the nanotubes. 

Unfortunately the soot contains many other forms o f carbon in large quantities, such 

as polyhedra, amorphous carbon or turbostratic graphite. Shortly after the discovery 

o f nanotubes, theoretical calculations predicted unique properties. Depending on 

their chiralities, the angle by which the graphitic sheets are rolled up, they were 

expected to be either semi conducting or metallic^, and due to their unique structure 

they were expected to be stronger than steel^. First measurements confirmed their

7 8electrical properties ’ , as this is the area o f interest for most o f researchers 

investigating nanotubes. Other areas o f interest are the use o f nanotubes as field 

emitters^, single electron transistor’® or as mechanical actuators". Only recently has
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research begun on the mechanical properties o f nanotubes and nanotube containing 

composites.

Here in Trinity College, the group has vast experience in the area o f conjugated 

polymers and their applications'^''^. One polymer, w^hich was used for optical 

applications, has shown unique interaction with nanotubes'^. It was shown that by 

adding carbon nanotubes to the polymer, a novel composite material was produced. 

Electrical and optical properties were improved, however very little was known 

about the effect on mechanical properties.

This is the main motivation for the research described in this thesis. The nanotube 

production is investigated and optimised, and these nanotubes are used to create 

unique nanotube polymer composites. The mechanical properties o f these 

composites are then investigated and characterised. A novel technique is used to 

carry out the mechanical testing and this is proven to be a valuable tool for 

composite characterisation.

1.2 Thesis outline

In this study two main areas were investigated. The objectives o f this research was:

1. To improve production o f carbon nanotubes using the Kratschmer generator.

2. To investigate the affect o f adding various percentages o f carbon nanotubes 

on the mechanical properties o f these polymer composites.
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Chapter 2 will have a closer look at the theory behind polymers and carbon 

nanotubes. It starts with a detailed look at polymers and their mechanical properties. 

This includes a review on fibre-reinforced materials. It also evaluates the different 

nanotube production methods and their pros and cons.

Chapter 3 is about the experimental methods used for the research o f this thesis. 

Sample preparation will be discussed here as well, as the right sample preparation is 

crucial for the separation o f nanotubes from the production by-products.

Chapter 4 deals with nanotube production in detail. Production parameters have 

been optimised to produce the best yield in the shortest time. The soot generated 

was evaluated, amongst other techniques, using electron microscopy and thermal 

analysis methods.

Chapter 5 is about thermal analysis o f nanotube material and polymer-nanotube 

composites.

Chapter 6 describes mechanical analysis o f polymers and carbon nanotube 

composites. The focus is on the Young’s moduli o f the composites, but the hardness 

o f those materials used will also be discussed.

Finally, Chapter 7 contains the conclusions.
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Chapter 2 

Scientific Background

2.1 Introduction to Polymers

Polymer chemistry is a significant area o f materials science. Since the first polymers 

were made over 150 years ago, much has changed. Started with the polymerisation 

o f epoxy resins by the Swedish chemist Berzelius in 1847, it took almost another 

100 years for the first polymerisation o f commercial quantities o f polyethylene, one 

o f the simplest polymer structures. Today’s polymers have little or nothing in 

common with first polymeric products such as cellulose nitrate or phenol- 

formaldehyde, probably better known as Bakelite. Modem plastics are tailor made 

molecules, often specially developed and polymerised for specific applications. To 

understand the mechanical properties, such as hardness or modulus, it is necessary to 

have a closer look into the polymerisation and chemical structure o f polymers in 

general.
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Polymers can be divided into several groups. Initial polymeric products were made 

out o f  natural rubber. Rubber contains cross-linked molecules, and once 

polymerised they are insoluble or infusible. It was made first by South American 

natives out o f the juice o f a local tree. These juices (latex) form, when allowed to 

evaporate naturally, a film o f rubber. The knowledge o f the production o f natural 

rubber, and the trees itself, was brought to Europe. This subsequently led to the 

development o f “Mackintoshes” and waterproof fabrics. Around 1839 an American 

chemist called Charles Goodyear ‘accidentally’ developed the method o f cross- 

linking or “vulcanisation”, when he dropped some rubber, mixed it with sulphur, 

onto a hot stove. This method solved the problem of the main disadvantages of 

natural rubber, i.e. softness when heated or hardness when cooled.

Plastics are chain-like molecules, made up o f many repeat units. Examples of 

different polymers are shown in Figure 2.1.

C -----

CH

Figure 2.1 a) Polyethylene, b) Polypropylene, c) Polyvinylchloride, and d)
Polystyrene

Polymers consist o f a main carbon chain, to which different side groups, or 

sometimes even side chains, are attached. In the simplest case o f polyethylene, only
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hydrogen atoms are bound to the carbon atoms, as shown in Figure 2.1 a). The name 

provides information about the monomer, e.g. here ‘ethylene’, for the polymer 

polyethylene. If the monomer was a chain o f three carbon atoms with one carbon- 

carbon double bond, propylene, the resulting polymer is polypropylene. Other 

common side groups (and their resulting polymers) are chloride (polyvinyl chloride), 

styrene (polystyrene) or, if all hydrogens are substituted by fluoride, 

polytetrafluoride.

To obtain an even larger variety o f properties, chemists developed polymers whose 

backbone does not consist o f a simple chain o f carbon atoms, but o f structures that 

are more complex. Figure 2.2 shows two o f the most common polymers made out o f 

such monomers.

CH

— O

CH

Figure 2.2 a) Polyacetal, and b) Polycarbonate

Sometimes the properties o f crude polymers are not suitable as they are. There are 

many ways o f altering polymer properties to tailor them for specific applications. To 

enhance the desirable properties o f polymers, additives such as fillers, pigments, or 

fibres can be added to the polymer. The term ‘additives’ is generally used for other 

macromolecules such as plasticiser, stabiliser, or sometimes colorants. If solids are 

mixed into polymers usually the term compound is used. The range o f solids can be
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categorised in various ways, for instance into particulate or fibrous fillers. 

Particulate fillers are starch, glass beads, magnesia, silicates, or carbon black. 

Particulate fillers are often used to lower the price o f the compound. Fibrous fillers 

are cellulose, wool, whiskers, or glass fibres. One o f the main disadvantages o f 

polymers is their low strength and low stiffness. To compensate for this, fibre 

reinforcement can be used.

2.1.1 Fibre reinforced polymers

Fibre reinforcement is used to improve the main disadvantage o f polymeric matrixes, 

namely their low strength and stiffness. The measured strength o f a polymer is 

usually even less then predicted, due to microscopic flaws and impurities. 

Embedding fibres helps to improve this main disadvantage.

Glass fibres were the first fibres used for polymer reinforcement and are still 

commonly used; due to their low cost and ease o f production. Other advantages 

include their chemical stability and the fact that they are easy to handle.

In recent years, the development o f organic fibres has shown vast improvements in 

the area o f polymer composites. Carbon fibres are made by pyrolising inexpensive 

precursors such as phenol hexamine or acrylics. Even though they are more 

expensive then glass fibres, they have, in general, better mechanical properties. 

Another big advantage, especially in the space and aeronautical industry is their 

lower density, strength to weight ratio and their stiffness to weight ratio.
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Figure 2.3 Stress-strain behaviour o f  polymer composites

Synthetic fibres are another type o f filler used for composites. Fibres are spun from 

the melt, or out o f solution, from polymers such as polyamides (Nylon), acrylics, 

polyethylene, or polyurethane. The melt spinning is the easiest and hence the 

cheapest way o f producing fibres from thermoplastics. They are also made in so- 

called wet spinning, where the fibre is extruded into a coagulating liquid.

2.1.2 Load transfer from matrix to fibre

To obtain optimal mechanical properties in a composite, good interaction between 

matrix and fibre is necessary. If there is no natural interaction between the polymer 

and the fibre, the adhesion can be increased by the use o f coupling agents. 

Otherwise, the fibres would simply be pulled-out o f the matrix if under load. The 

basic concept o f all coupling agents is the fact that they consist o f a molecule with 

two different functional groups, one to interact with the matrix, the other one to 

bond to the fibre. Commonly used coupling agents are silanes. Their general 

structure is shown in figure 2.4.
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Figure 2.4 General structure o f silane.
R] is the functional group to bond with the fibre, R2 the group 

that interacts with the matrix.

2.1.3 Mechanical properties o f polymers

The most common way to measure and describe the mechanical properties o f a 

polymer is to examine its behaviour under load, especially under tensile load. The 

behaviour is best described in a stress-strain diagram. Figure 2.5 shows a range o f 

stress-strain curves for different polymers o f various strength, stiffness and 

toughness.

tn
(T)
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Figure 2.5 Stress strain behaviour o f different polymers, 
a) hard, brittle, b) hard, strong, c) hard, tough, d) soft, tough, e) soft, weali
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The w ay in which a certain polym er reacts under stress is influenced by a huge 

num ber o f  different aspects, prim arily its chemical structure, bu t including its 

average m olecular chain length, its degree o f  polym erisation and its degree o f 

crystallinity. As all polym ers change their structure and m orphology at different 

tem peratures, the tem perature has a m ajor effect on the reaction to applied stress. 

A nother im portant factor is the w ay in which the stress is applied. In general, an 

increase o f  the deform ation rate leads to more brittle behaviour o f  polymers.

2.1.4 Tensile strength o f  com posites

To understand the behaviour o f  reinforced com posites, it seems to be m ost practical 

to look at continuous fibre reinforced com posites first. With the ideal behaviour o f  a 

perfect load transfer betw een fibre and matrix, the follow ing equation shows the 

stress on the composite,

( T , = c T , V , + a J l - V , )

where <r̂  is the stress on the fibre, is the volum e fraction o f  the fibre, and £7„ is

the stress on the matrix. This equation is valid until failure o f  one o f  the two phases. 

In fibre-reinforced plastics usually the fibre breaks first. However, in non- 

continuous fibre com posites the mean fibre stress at failure is

^,=(1-/,/2/)c t,

w here / is the fibre length. Thus, the com posite strength is given by 

a , ^ c T , V , 0 - / ^ / 2 / )  + ( 7 j l - V , )
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This expression is o f  course only valid for composites with a fibre length longer then 

the critical fibre length . This critical fibre length describes the minimum length o f

a fibre, so that the load transfer from the matrix to the fibre is high enough above its 

mechanical limits, rather then pulling it out o f the matrix. It can be determined by 

considering the force required to pull an embedded fibre with the length x and a 

diameter d  out o f  a block o f polymer. If a force P  is applied to the free fibre end, it 

applies a tensile strength o f

o  = AP!  nd^

to this free end. In equilibrium this force is balanced by a shear force at the interface 

between the embedded fibre and the matrix which is equal to

P -  TTlxd

thus

- TKxd and
4

X _ <7

d  4 r

If the fibre can just be pulled out o f the matrix by a force marginally smaller than the 

fibre-breaking load, x must be equal to half the critical length I J 2  since only one 

end o f the fibre is concerned. So the critical aspect ratio I J d  can be written 

d i S l J d  = l lTj

where t. is the shear strength o f the fibre-matrix interface.
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2.2 Nanotubes

Up to 15 years ago it was thought, that carbon only existed in two forms or 

allotropes: graphite and diamond. However, in 1985 Kroto, Smalley and Curl 

discovered another stable allotrope o f carbon^: the Ceo or Buckminster fullerene as it 

was called later.

Figure 2.6 a) diamond b) graphite and c) Ĉ o

This was to honour the architect Buckminster Fuller, who became famous for his 

domes built in similar way, as the carbon atoms are bond in a Ceo molecule. Most 

scientists compare the structure o f Ceo with a soccer ball, consisting o f 12 hexagons 

and 10 pentagons. Following this discovery, many more fullerenes were discovered, 

with different diameters and shapes. Figure 2.7 shows some different types o f 

fullerenes.
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a) b)

Figure 2.7 a) Cm b) C70 c) CeoCU

lijima discovered the most promising members of this family in 1991^. He was the 

first to report his observations of very long, tubular shaped fullerenes, structures that 

are now better known as carbon nanotubes. They are also described as hollow 

graphitic cylinders, with hemisphere shaped fullerenes capping the ends. Nanotubes 

are divided into two main groups, those consisting of a single layer of graphitic 

materials, so-called single walled nanotubes, and those with two or more layers, 

namely multiwalled nanotubes.

Depending on the way, in which the graphene is “rolled-up” to form a single walled 

nanotube, they are either semi conducting or metallic'*. The two extremes, 

depending on the direction of the bonds in the carbon hexagons in relation to the 

tube axis, are called “armchair” and “zigzag” nanotubes; while the ones in-between 

are called “chiral”, as illustrated in Figure 2.8.
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Figure 2.8 (a) armchair; (b) zigzag; (c) chiral single walled nanotubes

At present, there is much research into the electrical and optical properties o f both, 

single- and multiwalled nanotubes. However very little is known about their 

mechanical properties and this is the main focus o f this research.

2.2.1 Nanotube production methods

Nanotubes can be made in four different ways. One is the hydrocarbon pyrolysis^'^, 

where hydrocarbons (e.g. benzene, ethylene, acetylene) are pyrolysed in the presence 

o f catalysts (e.g. cobalt, nickel, or iron), which are deposited on silicon or graphite 

substrates. Another production method is the high temperature laser ablation o f 

graphite*’ which is done in an inert atmosphere. In the gas phase created by the 

laser, the carbon forms some sort o f a flake with at least one pentagon. More carbon 

atoms attach to the edge o f the pentagon, and if the carbon density is high enough 

this reaction leads to the creation o f tubular structures. The third and most recent 

discovered production method is the electrolysis o f nanotubes'*^’" . Here a graphite
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electrode is immersed into molten LiCl, and under electrolytic conditions, fullerene 

related materials are formed.

However, the first observation o f nanotubes was in arc-discharge produced soot,

12made in a so-called Kratschmer-Huffman generator, named after its inventors . 

This generator initially was made for the production o f Ceo and similar structures, 

however by varying the parameters nanotubes can be produced as well. Figure 2.9 

shows a sketch o f such a generator.

,Water-cooled systemVacuum

m Mobile rod

Cathode

Inert gas

Generator

Figure 2.9 Krdtschmer-Hujfman generator

This generator is made o f a metallic cylinder, cooled at the outside, and connected to 

a vacuum pump as shown in figure 2.9. In this chamber there are two graphite 

electrodes connected to a DC power supply. The chamber is filled with an inert gas, 

typically helium. The optimum conditions in the chamber, the applied current and
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voltage are discussed later. The DC current passes through the electrodes, and 

creates a plasma arc in between consisting o f carbon ions. During this arcing, a 

deposit forms on the negative electrode (cathode), while the positive electrode 

(anode) is consumed. The deposit formed (figure 2.10) has a tubular shape, with a 

hard, grey shell consisting o f sintered graphite, and a soft core region, the so-called 

soot as shown in figure 2.10.

Figure 2.10 Arc discharge produced deposit

The soot comprises o f polyhedral particles as well as nanotube material. The main 

accelerating force for the atoms is the ion current in the arc. As this force is parallel 

to the electrode axis and perpendicular to the electrode surface, the formation 

process proceeds with a higher rate along the axis. Hence, it is favourable for the 

formation o f tubular structures.
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Chapter 3

Materials and Experimental
Methods

This chapter describes the materials investigated and details the different 

experimental methods that were employed. In the first section, the materials are 

described. The second section deals with the methods o f characterisation, which 

were used to analyse the crude as-produced nanotube material. The different 

mechanical measurements o f the composites are discussed in the third section.

3.1 Materials

This chapter describes the materials used to carry out this research, namely the 

polymers and nanotubes used as discussed. In addition sample preparation o f the 

composite films is also described.
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3.1.1 Polymeric materials

Various different polymers have been used in this study. But in most cases, one 

polymer was always present: Poly(w-phenylenevinylene-2,5-di-«-octyloxy-l,4- 

phenylenevinylene) (PmPV). It has shown unique interaction with nanotubes''^, 

which have proven to be crucial for the preparation o f nanotube-polymer 

composites. As the polymerisation route has a very big influence in the final 

structure o f the polymer, and as this structure is very important for the interaction o f 

the polymer with the nanotube material, the polymerisation route is described in 

greater detail.

3.1.2 Poly(phenylenevinylene)

Conjugated polymers have been o f major interest in the recent years due to their 

electronic and photonic properties combined with the processing advantages o f 

organic material'*^. Polyacetylene was the conductive polymer that launched the 

field o f conductive polymer research ''. O ther polymers studied extensively since the 

early 1980s include polypyrrole, polyflourene, polythiophene, polyaniline and poly 

(phenylenevinylene).

The latter one poly(phenylenevinylene) (PPV) is o f  interest for the present work. 

Numerous applications have been published with PPV derived polymers as the key 

component e.g. LED’s'^, photovoltaic cells'^, FET’s'"', solid-state laser material'^ 

etc.

The PPV derivative, Poly(w-phenylenevinylene-2,5-di-«-octyloxy-l,4-phenylene- 

vinylene), shown in figure 3.1, has been intensely investigated in our research group
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and also for the present thesis in connection with carbon nanotubes. This is due the 

fact that carbon nanotubes aggregate with PPV in solution and therefore PPV can be 

employed for the purification o f carbon nanotubes.

Figure 3.1 Poly(m-phenylenevinylene-2,5-di-n-octyloxy-l,4-phenylenevinylene)
PmPV

A number o f synthetic approaches for soluble dialkoxy PPVs have been reported in 

the literature: Dehydrohalogenation'®, elimination from sulfonium salts'^ and

aryl/ethylene coupling via Heck'* or Suzuki-reactions'^, McMurray^*’ and Wessling- 

Zimmermann route^'’^̂ .

Polymers synthesised by these methods contain small amounts o f structural defects 

as a result o f incomplete elimination, cross-linking or other side reactions during 

polymerisation. These reactions also have the disadvantage that alternating 

copolymers with different arylene vinylene units cannot be prepared.

Both Wittig and Homer are heterocoupling-processes and therefore these 

polycondensation routes are suitable for the synthesis o f well-defined strictly 

alternating copolymers.
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In the Wittig reaction, an aldehyde or ketone (II) is converted to an olefin by reaction 

with a phosphorous ylide (I). The mechanism of this reaction is outlined in figure 

3.2. Attack by the carbanionic centre of the ylide on the carbonyl carbon generates a 

labile diionic intermediate known as a betaine (III) which rapidly collapses to an 

oxaphosphetane (IV). Decomposition o f the oxaphosphetane affords the alkene and 

a phosphine oxide.

P h , P - C - R

( I )

P h a P ^  O PhsP—

R2—C C — R4 -------- ► R2 C C R4

Ri R2 Ri R2

( H I )  (IV)

Figure 3.2 Wittig mechanism

+ P h 3 P = 0

The Wittig reaction has been modified by the use of ylides generated from other 

phosphorous compounds such as phosphine oxides and phosphonate esters.

Homer showed that phosphine oxides (V) react with aldehydes or ketones (VI) to 

give a P-alkoxyphosphine oxide (VII) which liberates the alkene (VIII) when treated 

with base.
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Figure 3.3 Horner mechanism

Both routes have been employed for the synthesis of poly(w-phenylenevinylene-2,5- 

di-rt-octyloxy-l,4-phenylenevinylene).

Investigation in our group has shown that the preparation method and also the 

employed reaction conditions influence the polymers final structure. The formation 

of the C=C bond results in two different isomers. Additionally, the molecular 

weights vary. It was found that the binding abilities of the polymer on the nanotube 

are greatly influenced by the polymerisation conditions^'’.

Figure 3.4 shows the formation of both cis and trans alkene on the example of the 

Wittig mechanism.
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Figure 3.4 Wittig mechanism yielding either trans or cis alkene

In this process, a phosphorane adds to a ketone or aldehyde yielding two different 

betaine intermediates which in turn determine the formation of the either cis or trans 

isomer. The so-called erythro betaine (IX) leads to the formation of the c«-alkene 

whereas the threo betaine (XI) gives rise to the formation of the /ra«5-alkene. The 

terms erythro- and threo betaine have their origin in proteine chemistry^^. Generally 

a mixture of trans and cis moieties is obtained. The percentage of either 

conformation depends on the reaction conditions, i.e. temperature, the choice of 

polar or nonpolar solvents, the addition of salts and base and finally the choice of 

starting materials.

Generally, Homer-ylides are more reactive than the corresponding Wittig-ylides 

which frequently do not react with ketones^®.
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Furthermore the Homer reaction resulted in better yields in previous investigations

onand higher molecular w'eights .

The following scheme presents the synthesis route to obtain the suitable starting 

material for the Wittig and Homer condensation polymerisation.

8̂̂ 17

0CgHi7 

( 1)

O C a H i7

C H j B r

O C g H i7  

(2 )

17

CH2PO(OC2H5)2

17

Figure 3.5 Preparation pathway o f  the starting materials

The first step is a mild alkylation o f hydroquinone with bromo-octane. This

octyloxy side chain is introduced for solubility reasons. The basic poly 

(phenylenevinylene) is not soluble in organic solvents.

1,4-Di-n-octyloxybenzene (1) was then bromomethylated using paraformaldehyde 

and potassium bromide to give l,4-bis(2,5-di-«-octyloxy)bromomethyl benzene.

P IO C jH ,),

,CH2PPh3

(C 2 H 5 )2 0 P H 2 C ‘
Ph3PH2C

K O H /C jH ^ B r 
s. DMSO

1)KBr/(CHzO)r
CH jCO O H

2 )C H 3 C 0 0 H /
HjSO^
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From the final step, depending on the reaction condition and the reagent, either the 

Wittig t>pe phosphonium salt or the Homer type phosphonate ester is obtained: 1,4- 

bis(bromomethyl)-2,5-di-n-octyloxybenzene benzene (2) reacted with triphenyl- 

phosphine yields 2,5-di-n-octyloxy-l,4-xylyl-bis-phosphonium bromide (3), while 

the so called Arbuzov reaction of (2) with triethylphosphite gives 2,5-di-n-octyloxy- 

1,4-xylyl-diethylphosphonate-ester (4).

O H

0.5 h/RT 
KOH

-HBr

O H

Sh/SO-̂ C 
Acetic acid 
Sulfuric acid 
KBr
(CH 2 0 ) n

OCsH

3.5h, I50°C 
2 P(OEt)

O C g H Q C g H

Br-

O C . H

O H C c H oyvittig-reactionHorner-reaction

route a: 5h '130°C  
DM F 

route b; 5h /l 10®C 
toluene

route a: 5h/130®C /
DM F /

route b: Sh-'l 10°C /
toluene /

KOtBu /  - 2 POPh 
/  - 2 HBr

KOtBu \ - 2 P O H ( O E t)

Figure 3.6 Polymerisation ofPmPV

Figure 3.6 shows the final polymerisation reaction.
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A range of polymers have been synthesised by varying reaction conditions, i.e. 

reaction temperature in different solvents, in order to investigate the polymers’ 

properties (molecular weights, cis-trans ratios, etc) and also the ability to bind 

nanotubes^"*.

PwPV synthesised by Homer reaction at 80°C in toluene has been employed for the 

present work. PmPVs produced by the Wittig route or under different reaction 

conditions have been found to be of poorer quality regarding composite preparation 

properties.

3.1.3 Polystyrene and Polymethyl-methacrylate

Other polymers used in this research are standard Polymethyl-methacrylate (PMMA) 

and Polystyrene (PS) as shown in figure 3.7. Both polymers are standard materials 

and available from commercial suppliers. But as nanotubes do not disperse in PS or 

PMMA solutions, they had to be coated with PmPV. In this case the PmPV works 

as a coupling agent, similar to silanes with glass fibres, between fibre (here: the 

nanotubes) and the polymer (here: PS or PMMA).

H CH

H C = 0

CH

Figure 3.7 Structure formula o f  a) PS and b) PMMA
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3.1.4 Nanotube material

The nanotubes used were produced in a Kratschmer-Huffman generator, thus are 

made in an arc discharge. This technique is best to obtain very long and very 

straight nanotubes, that means well graphitisised nanotubes. The production method 

and the materials produced will be described in chapter 4.

Solely multi walled nanotubes were used. To produce single walled nanotubes using 

the arc discharge production method, it has to be significantly altered. Most single 

walled nanotubes produced with the arc-discharge method use Yttrium, Cobalt, Iron, 

or Nickel as a catalyst. These catalysts, pure or in a mixture, are put in a cylindrical 

hole in the cathode. Furthermore all parameters during arc-discharge production, 

such as current, voltage, and pressure, have to be adjusted.

Nanotubes in generally do not stay in solution. If they are dispersed in a solvent, for 

instance by ultrasonic power, they soon aggregate and fall out again. However if 

certain polymers such as PmPV are introduced, the nanotube-polymer interactions 

can be strong enough to form stable composite solutions.

3.2 Sample preparation

The nanotube material used was crude powder or soot, as produced from the 

Kratschmer generator. In a first step the PmPV was dissolved in toluene, in a 

concentration o f 20g/l. The raw powder then was added to that solution and 

dispersed with a high power ultrasonic tip for 2 minutes. After that, the composite 

solution was placed in low' power ultrasonic bath for two hours. Then the solution
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was left 24 hours steady to settle. The nanotubes, now coated with the PmPV, stay 

in solution, whereas the nanotube production by-products such as polyhedra, 

turbostratic graphite, or amorphous carbon, precipitate out. The nanotube-PmPV 

solution is then decanted to separate it from the graphitic material.

3.3 Experimental procedures

3.3.1 General remarks

The following equipment was used:

TGA Mettler System: TA 4000; Balance: TG 50; Processor: TC 11

DSC Rheometric Scientific DSC SP
Perkin-Elmer DSC 4, TA M icroprocessor Controller System 4

SEM Hitachi S-4300
elemental analysis: PGT Energy Dispersive X-ray Microanalysis 
Spectrometer (IMIX-PTS)

TEM Hitachi H-7000

EPR modified Bruker EPR

NHT CSEM Nano Hardness Tester

DMA TA Instruments DMA 2980

FT-IR Nicolet NEXUS

3.3.2 Characterisation o f arc-discharge produced nanotubes 

The nanotubes described, characterised and measured in this thesis were produced as 

described in chapter 2. The average diameter and length o f the tubes produced is 

important, but even more important is the purity o f the soot. Since direct
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measurement o f the nanotube content is not available initially using the Kratschmer- 

generator method material is commonly investigated using electron microscopy. In 

addition, thermal analysis is also employed to characterise these polymer composites. 

One such method is the Thermogravimetric Analysis

3.3.3 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is the study o f the change o f weight o f a sample 

as a function o f temperature. This method o f characterisation provides valuable 

information about a material or a composite profile, namely the percentage o f the 

components present, their decomposition, the temperature when this occurs or 

simply physical or chemical processes that occur within the material. Figure 3.8 

shows a schematic TGA plot^*.

100

Weight

Temperature

400 °C25 200

Figure 3.8 TGA plo t o f  polymeric material 
1) volatile components (water, solvents), 2) loss o f  water o f  crystallisation, 3)

decomposition, 4) residue
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The thermogravimetric analyser used in this thesis was a Mettler TC 11. It 

comprises o f a microbalance (Mettler TG 50), which holds the crucible with the 

sample in a temperature-controlled furnace, and the control unit. Usually the sample 

weight is between 5 and lOmg, but the resolution o f the microbalance allows the 

investigation o f changes and transitions in samples o f 1 or 2mg. All investigations 

are carried out in a controlled atmosphere. Depending on the purpose o f the 

measurement usually dry nitrogen atmosphere or oxygen, both at a controlled flow 

rate. The microbalance continuously monitors the weight o f the sample. Both the 

balance and the furnace are linked to the control unit, which simultaneously controls 

the temperature and records the sample mass. Another method is to keep the sample 

at a controlled temperature and to measure the change o f weight over time.

The experimental data is usually presented as a plot o f mass versus temperature or, 

in the second case, mass over time. Another useful way o f presenting the data is to 

plot the first derivative, i.e. the change o f weight over the change o f time. This is 

especially usefial to determine the exact temperature, where a particulate transition or 

weight loss occurs.

3.3.4 Differential scanning calorimetry

In differential scanning calorimetry (DSC) the thermal properties o f polymers are 

measured as a function o f temperature or as a function o f time at a constant 

temperature. The heat flow into or from a sample chamber compared to a reference 

chamber is measured as a fiinction o f temperature or time. DSC gives much 

information about molecular ordering including the glass transition temperature (Tg),
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the melting temperature (Tm), heat of fusion, or entropy of fusion (Tc). A DSC curve 

plots the energy absorbed or emitted as a function of time or temperature (figure 3.9)

A
heat
flow

m

temperature ---------►

Figure 3.9 DSC plot

3.3.5 Dynamic mechanical analysis

Polymers are viscoelastic materials. In DMA measurements a load is applied to the 

polymer and the response is analysed for the viscous and the elastic part of the 

polymer. An oscillatory stress is applied to the specimen in the bending or tensile 

mode of deformation and the lag of the resulting oscillatory strain is measured^^. 

The sample is clamped into a frame and the applied sinusoidally varying stress of 

frequency CO can be represented as

( j ,  -  c7 q sin(fy/ + ̂ )

where cTq is the maximum stress amplitude and the stress proceeds the strain by an 

angle S . The strain is given by

e, -SQsinicot)
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where is the maximum strain amplitude. These quantities are related by 

=  Ele{t)

where E*̂  is the dynamic modulus and

E'^ and E^ are the dynamic storage modulus and the dynamic loss modulus,

respectively. For a viscoelastic polymer E ' characterises the ability of the polymer 

to store energy (clastic behaviour), while E" reveals the tendency of the material to 

dissipate energy (viscous behaviour)^*^. The phase angle S  is then calculated from

Eland = —7 
E

Normally E ' , E" and tan^  are plotted against temperature or time (Figure 3.10)
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Peak (Loss)
\ A
\  /  I*®" d e lta )

•1 J S  -

Inf tel

3s

Figure 3.10 DMA plot
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3.3.6 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) provides detailed pictures o f  carbon 

nanotubes and related materials, such as polyhedra or turbostratic graphite. As 

optical microscopy is limited by the wavelength o f  visible light, TEM can provide 

pictures o f nanometric resolution. High resolution TEM can, in our case, show the 

individual shells o f polyhedra and multi walled nanotubes.

TEM samples are imaged by passing and electron beam through the sample. This 

beam then hits a fluorescent viewing screen behind the window. The TEM used was 

a Hitachi 7000 and is shown in the picture below. The electron source or cathode is 

at the top, just above the specimen holder.

Specimen
Holder

Window

Figure 3.11 Hitachi 7000 TEM

It is a heated tungsten filament surrounded by a control grid. The cathode and 

control grid are at a negative potential equal to the desired accelerating voltage, 

usually lOOkV in this study. The opposite electrode o f the electron gun is the anode, 

which has the form o f a disk with a hole. Electrons leave the cathode, accelerate
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toward the anode, and pass through the central aperture at a constant energy. The 

specimen, mounted on a copper grid, is held in a small holder in a movable 

specimen. The electron beam passes through the specimen and forms an image on 

the fluorescent screen.

Electron Beam

Specimen

Viewing
Screen

Figure 3.12 Schematic o f  TEM

Some images were taken after a CCD has been added to the system, which has the 

advantage o f being more sensitive, thus images o f higher magnification or resolution 

can be obtained.

To take images o f the nanotube soot, the soot was dispersed in the solvent using a 

high power ultrasonic tip. A drop o f  this solution was put on a standard holey 

carbon TEM grid as shown in figure 3.13.

Figure 3.13 TEM grid, diameter 3mm
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These grids are made from copper coated with a holey carbon film. After the solvent 

evaporates the nanotube soot is left on the holey carbon film and can be examined in 

the TEM.

3.3.7 Scanning Electron Microscopy SEM

The scanning electron microscope, designed for directly studying the surfaces o f 

solid objects, uses a beam o f focused electrons as an electron probe that is scanned 

in a regular manner over the specimen. The electron source which generates the 

beam is similar to the one described for the transmission electron microscope. This 

beam is scanned across the surface o f the specimen and generates the emission o f 

backscattered electrons. A schematic is shown in figure 3.14.

cathode ray tube

scanning generator

Electron gun

condensor lens

condensor lens

video amplifier
detector^ backscattered electrons

specimen

Figure 3.14 Schematic o f  SEM
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These are collected and passed to a scintillator, which produces light when 

bom barded with electrons. The light is passed to a photom ultiplier tube, where it is 

converted back to an electric signal w ith an effective gain o f  10,000 tim es or more. 

The resultant am plified current is used to m odulate the brightness o f  a cathode-ray 

display (or television) tube that is scanned in synchronism  with the probe beam  in 

the m icroscope colum n. Thus a picture o f  the scanned specim en is built on the 

screen.

3.3.8 Electron Param agnetic Resonance spectroscopy

Electron param agnetic resonance (EPR) was used to characterise nanotube soot 

produced with a K ratschm er generator. D uring this research this technique also was 

used to determ ine the purity  o f  the nanotubes, e.g. the mass fraction o f  nanotubes in 

the soot. The spectrom eter used was a Bruker EPR system.

A ccording to quantum  m echanics an electron m ust be in one o f  two possible spins, 

usually referred to as ‘spin u p ’ and ‘spin dow n’ or ‘+ V2 ’ and ‘- Vi'. EPR m easures 

the m icrowave absorption o f  the unpaired spins. These m ight result from  free, 

conducting electrons or defect states. D ifferent to o ther spectroscopic techniques, in 

EPR the frequency stays constant, but the applied m agnetic field is swept.

The unpaired electrons, because o f  their spin, behave like tiny magnets. W hen 

m aterials containing such electrons are put in a strong stationary m agnetic field, the 

magnetic axes o f  the unpaired electrons, or elem entary magnets, partially align 

them selves with the strong external field, and they precess in the field. Resonance is 

the absorption o f  energy from  the weak alternating m agnetic field o f  the m icrowave
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when its frequency corresponds to the natural frequency o f precession o f the 

elementary magnets. When stationary field strength is varied and the microwave 

frequency is kept constant, the measurement o f radiation absorbed as a function of 

the changing variable gives an electron paramagnetic resonance spectrum. Such a 

spectrum is used to identify paramagnetic substances and to investigate the nature of 

chemical bonds within molecules by identifying unpaired electrons and their 

interaction with the immediate surroundings.

3.4 Mechanical Measurements

The techniques mentioned above were mainly used for characterisation o f the 

produced nanotube materials. The composites made from these materials were then 

mechanically tested with one o f the following techniques.

3.4.1 Nanoindentation

Nanoindentation is a technique widely use for the study o f mechanical properties of 

thin films and coatings. Figure 3.15 shows the principle function o f a nanoindenter.

Normal Load

L o iid  C el I

Capacitive 
dispt. sensor i nden ter

Sam ple  s u r f a c e

Figure 3.15 Schematic o f  nanoindenter
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The measuring head consists out o f the load cell, the indenter tip, a capacitive 

displacement sensor and a sapphire reference ring. The reference ring rests on the 

sample surface, and the indenter tip is driven into the sample. The applied load is 

measured by the load cell and the displacement with the capacitive sensor.

In contradiction to micro indentation, in nanoindentation the size o f the indent is too 

small to be resolved by optical microscopy. It usually involves the constant 

recording o f the load and the displacement o f the indenter. Each test is a complete 

loading and unloading cycle. The data is usually visualised in a load vs. 

displacement plot (see figure 3.16).

max0 .4 -

0 .3 -

0 .2 - S=dP/dH
T3

s X (hm-ht)

0.0
100

displacement [nm]

Figure 3.16 Load vs. displacement p lo t
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A simple linear fit through the upper 1/3 of the unloading data intersects the depth 

axis at ht. The stiffness, S, is given by the slope of this line. The contact depth, he, is 

then calculated as

K=K-£iK-K)

where 8 depends on the investigated material^'. In practise, a more meticulous 

approach is used where a power law fiinction is used to describe the upper 80% of 

the unloading data.

P = P̂

where the constants m and ho are determined by a least squares fitting procedure. 

The contact stiffness S (=1/C) is given by the derivative at peak load

5 = f  dp  ^
-

1T1

1

m&x i ( h ^ - K r  J

and the tangent depth, he, is thus given by

P
h = h - ^

The contact depth, he, is then

K=K-£(K-K)

where e now depends on the power law exponent, m. Such an exponent can be 

summarised for different indenter geometries:
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Table 3.17 Constants depending on indenter geometry

indenter
geometry

m (power law 
exponent) 8

flat 1 1

paraboloid 1.5 0.75

conical 2 0.72

The reduced modulus, Er, is given by 

^  S  _ 1 1

which can be calculated having derived S and Ac (using the area function) from the 

indenter curve. The Young’s modulus, E, can then be obtained from

1 i - y f
Er~ E  ̂ £ ,

The hardness is determined from the maximum load, Pmax, divided by the projected 

area after unloading

ji   max

and will be discussed in more detail in chapter 6.
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Chapter 4

Nanotube Production

Chapter 4 examines nanotube production in detail. Production parameters were 

investigated to produce the best yield in the shortest time. The soot generated was 

analysed, using a variety o f techniques including electron microscopy.

4.1 Nanotube production

The production method used was the arc-discharge production method using a 

Kratschmer-Huffman generator. In such a generator, a current is applied between 

two graphite electrodes, so that a plasma forms. Due to the electrical potential 

between the two electrodes the anode is sublimed, while a deposit is formed on the 

cathode. The formation mechanism for the nanotubes and the other graphitic 

production by-products depend on the environment in the generator, the applied 

current, and the voltage drop between the electrodes.
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The development o f an evaluation method for the nanotube-percentage in the soot is 

described later. However, at the time this research began no such method was 

available. The only method available to describe the quality, purity and dimensions 

o f the nanotubes was by visual examination, thus by electron microscopy. Random 

pictures o f  the as-produced soot were taken, and analysed for the content.

Figures 4.1 a) to d) show a typical sample o f a soot particle produced with the 

Kratschmer generator, where an area with a very high nanotube content is 

highlighted.

Figure 4.1 a) to d) SEM images o f  nanotube soot
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4.1.1 Variation o f the voltage

In addition to pressure and current density, the voltage is one o f the important 

variables in fullerene production. A t voltages below 22.5V a plasma will not be 

built, the anode will not be sublimed; hence no nanotubes will form on the cathode. 

A current will run through the electrodes, but a deposit is not developed. To obtain 

a voltage drop across the electrodes o f 23.3V and more, the electrodes have to be 

moved to close together, so that no plasma sheath will built between them '.

A range o f nanotube samples (runs) were produced with average voltages between 

22.6 to 23.0Volts. The produced nanotube material was analysed using SEM and 

TEM imaging o f the raw soot. Since this was done after the completion o f each run, 

there are other more subjective measurements o f the quality o f each run in situ 

during production. A good indication o f the quality is the stability o f the plasma . 

This is apparent to the operator by visual and aural inspection. Even if these are not 

scientific values, which can be measured quantitatively, it still gives an indication o f 

the quality o f each run. During production o f fullerene materials, the generator 

vibrates and a ‘buzzing’ noise is audible at very distinct frequencies. Furthermore, 

the intensity o f  the plasma between the electrodes can be seen in a small window at 

the side o f  the generator. Depending on the voltage and the current the light changes 

from a low intensity, yellow colour to an intense yellow to a bright, almost white 

light.

For the SEM characterisation o f the nanotube material, the raw soot was put onto a 

SEM sample holder. No purification or any other kind o f  treatment was carried out. 

Then the samples were coated with a thin gold film, to achieve the necessary 

conductivity o f the sample. For the visualisation o f the nanotubes produced at
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various voltages images were taken at sample areas with very high purities, i.e. with 

almost no impurities. When nanotubes are produced using the Kratschmer 

generator, some impurities, so-called by products are produced as well, namely 

amorphous carbon, turbostratic graphite, and polyhedra (“Bucky onions”). When 

the soot is analysed for purity, this means the ratio o f  nanotubes to all other by 

products.

Figure 4.2 shows an SEM o f nanotube material produced at 22.6V. This picture 

mainly shows nanotubes, but some impurities can be seen as well. However, it is not 

always possible to determine what kind o f impurity can be seen on those pictures. 

At such a relative low voltage, the nanotube production is quite long. An average 

run took around 1.5 hours and consumed approximately 8cm o f the anode. The 

optimisation o f this production method aims to produce the highest purity possible in 

the shortest time possible.

Figure 4.2 SEM image o f  nanotube soot produced at 22.6V
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Figure 4.3 SEM  image o f  nanotube soot produced at 22.7V

Figure 4.3 shows nanotube material produced at 22.1V. This SEM, like the pictures 

taken at all voltages, is taken at a random position on the sample. All pictures show 

representative areas of the produced soot. It shows no significant difference to the 

sample produced at 22.6V. It shows the same purity and the nanotubes have the 

same average tube length. The run took slightly less time (approx. Ihr 20min) than 

the one produced at 22.6V.

For the next run the average voltage was again increased by 0.1 V. Figure 4.4 shows 

a sample produced at 22.8V. Once again the run took less time to finish (approx. 

Ihr), even though the voltage becomes less stable the higher the voltage is. This was 

even more noticeable at the runs produced at 22.9 and 23.0V.
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Figure 4.4 SEM image o f  nanotube soot produced at 22.8 V

The next tw'o figures show nanotubes produced at 22.9 and 23.0V respectively. As 

shown in the previous pictures, there is no noticeable change in the purity o f the 

nanotubes. The average length o f the nanotubes did not change either. However, 

with increasing voltage the time it took to consume about 8cm o f the cathode 

decreased. An average run at 23.0V only took 45min, compared to around l.Shrs at 

22.6V.
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Figure 4.5 SEM image o f  nanotube soot produced at 22.9V

Figure 4.6 SEM image o f  nanotube soot produced at 23.0V
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The samples were also analysed using TEM imaging. The samples were dispersed in 

ethanol with the high power ultrasonic tip, and then a drop o f this solution was 

dropped onto the TEM sample grid. Figures 4.7 and 4.8 show samples produced at 

22.9 and 23.0V respectively.

200nm

Figure 4.7 TEM picture o f  soot produced at 22.9 V
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200nm

Figure 4.8 TEM picture o f  soot produced at 23.0 V

As it can be seen from these images, the nanotubes form aggregates with the by 

products from the production method, hence these TEM pictures do not provide 

evidence for any changes in quality or purity.

Different TEM samples were prepared with sodium dodoxy sulphate (SDS) as a 

surfactant. Here it was possible to observe individual nanotubes. Figure 4.9 shows 

a picture o f the nanotubes produced at 22.8V, dispersed with lweight%  SDS in 

toluene.
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Figure 4.9 TEM picture o f  soot produced at 23.0V

However, SDS interacts differently with nanotubes and graphitic particles. In fact 

TEM pictures show that SDS micelles serve to disperse nanotubes well, while 

interacting less extensively with the graphitic impurities^. Therefore, an 

unrepresentative picture o f nanotube purity is observed.

4.1.2 Variation o f the pressure

As shown in the SEMs variation o f the voltage did not affect the quality o f the 

nanotube material produced, but the time to produce nanotubes decreased with 

higher voltage. Hence, all future runs were made at 23.0V. Now the pressure in the 

generator chamber was varied. At first nanotubes were produced at a pressure o f
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300Torr, which was then raised in steps o f 25Torr to a final value o f 450Torr. 

Again, the material was analysed with SEM to find the best quality and purity.

Figure 4.10 SEM image o f  nanotube soot produced at 300Torr

Figure 4.11 SEM image o f  nanotube soot produced at 350Torr
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Figure 4.12 SEM image o f nanotube soot produced at 400Torr

Figure 4.13 SEM image o f nanotube soot produced at 450Torr
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Only minor differences in quality and purity were found. The nanotube content in 

comparison to the by products such as turbostratic graphite was constant. However, 

in nanotube samples produced at higher pressures the nanotubes seem to be longer. 

This might be due to the fact that at higher pressures the plasma is more stable‘s. 

This can be seen by the fact that a smaller variation o f the voltage between the 

electrodes is noticeable, as well as at the constant vibration and ‘buzzing’ o f the 

entire generator while producing the nanotubes.

4.1.3 Variation o f the current density

Finally, nano tubes were produced at different current densities. The current density 

J  is calculated by the following equation

where I  is the current and is the area o f the cross section o f the electrodes.

As all nanotubes were produced using the same electrodes with a constant diameter, 

the current density is proportional to the current and therefore will be only referred 

to as current.

Having found the optimal voltage and pressure, all nanotubes were then produced 

with a voltage o f approximately 23V and at a pressure o f  400Torr. The current was 

changed from 34A to 40A in steps o f 1 A, and two more runs at 32A and 45A.
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Figure 4.14 SEM image o f nano tube soot produced at 32 A

Figure 4.15 SEM image o f nanotube soot produced at 34A
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Figure 4.16 SEM  image o f  nano tube soot produced at 36A

Figure 4.17 SEM image o f nano tube soot produced at 38A
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Figure 4.19 SEM image o f nanotube soot produced at 40A
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These pictures show that with increasing current the average length o f the nanotubes 

increases as well. Furthermore, the ratio o f graphitic particles to nanotubes appears 

to be the same throughout the lower currents, but above 39A there are more 

nanotubes in the soot.

The nanotubes produced from 3 6 A  to 40A have been analysed using EPR. The EPR 

signal can be deconvoluted into two distinct peaks for multiwalled nanotubes and 

turbostratic graphite, respectively. The area under those peaks (A mwnt, A jsg ) is 

representative o f the amount o f those materials in the sample. The ratio o f the two 

areas is a direct measure o f the purity o f the nanotube soot and is shown in table 

4.20

Table 4.20 EPR results

1[A] Amw'nt/Atsg

36 0.469

37 0.497

38 0.538

39 0.625

40 0.753

Those results confirm the information gained from analysing the SEM pictures.

At even higher currents the amount o f by products increases. As figure 4.21 shows, 

the nanotubes have a very high average length, but the nanotube content over all has 

decreased.
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Figure 4.21 SEM image o f nanotube soot produced at 45 A 

4.2 Results and discussion

The main interest was to optimise the arc discharge production method by examining

• Purity o f the nanotubes produced

• Length o f the nanotubes produced

• Length o f time for each run

The influence o f different voltages, pressures and currents in the arc discharge 

nanotube production method was investigated.

The change o f the voltages in the reaction chamber did not affect the purity or the 

length distribution in the samples as seen in the SEMs. However, by slightly 

increasing the voltage the run time decreases. The variation o f the helium pressure
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in the reaction chamber showed, that at slightly higher pressures the plasma was 

more stable, hence the nanotubes produced are slightly longer. In addition, the 

pressure did not have any influence on the purity o f the nanotubes produced.

The biggest influence on the quality o f the nanotubes produced was the current 

density, at which the nanotubes are produced. By increasing current, the nanotubes 

became much longer. Since a high aspect ratio o f nanotubes is very important for 

this research, the nanotube production method was optimised to produce the best 

nanotube material by arc discharge production method using the Kratschmer 

generator. The nanotubes produced for the composites described in chapter 5 and 6 

have been made at a pressure o f 450Torr, a voltage o f 23.0V and a current o f 40A. 

The nanotubes produced at these parameters had an average diameter o f lOnm to 

40nm and an average length o f about 0.5|am to 1 |j.m.
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Chapter 5 

Thermal Characterisation

This chapter deals with the characterisation o f the thermal properties o f PmPV, 

nanotube materials, and composites.

5.1 Thermogravimetric Analysis o f PmPV

Thermal characterisation is an important tool in polymer characterisation. Especially 

if  the polymers are not purchased from a commercial supplier, but polymerised in 

small batches by different research groups. One o f the tests done with every batch 

o f the PmPV synthesised by our group is thermogravimetric analysis (TGA). 

Usually TGAs are performed in an inert atmosphere, e.g. in nitrogen. Since this 

would prevent the oxidisation o f the polymers, only a part o f the important 

information can be obtained in an inert atmosphere. Figure 5.1 shows two different 

TGAs with the same PmPV polymer, one in air and the second in nitrogen.
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Figure 5.1 ComparisGn o f  TGA in air and in nitrogen

Since the oxidisation of the nanotube material, as shown later in this chapter, occurs 

at much higher temperatures, all TGAs were performed in air.

After the first batches o f PmPVs were analysed, after the measurement was finished, 

some residue could be observed in the crucible. Figure 5.2 shows a TGA o f one o f 

these batches.
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Figure 5.2 TGA o f  PmPV with impurities
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As organic compounds usually oxidise in temperatures below 1000°C the residue 

was analysed with elemental analysis. This was done using the energy dispersive X- 

ray analysis which is attached to the SEM. Table 5.3 shows the results o f the 

elemental analysis o f the residue.

Table 5.3 Elemental analysis o f  the residue

element average 
weight [%]

standard
deviation

Mg 9.92 2.41

A1 0.24 0.36

Si 21.23 3.94

P 25.33 6.76

K 1.86 0.72

Ca 4.81 0.41

Ti 0.29 0.10

element average 
weight [%]

standard
deviation

Cr 0.66 0.32

Fe 1.73 0.87

Ni 0.27 0.31

Cu 0.87 0.23

Zn 2.11 0.48

C 20.79 10.26

0 9.90 3.34

All o f these impurities could be traced back to the polymerisation reaction o f the 

PmPV. Among other reasons these were due to the use o f certain filters (Si), or the 

usage o f non-deionised water (Mg, K, Ca). The polymerisation was repeated with 

different filters and deionised water, and afterwards the TGA revealed that no more 

residue was left over.

To compare different polymerisation routes and different batches polymerised by the 

same route, TGAs were recorded. Figure 5.4 shows the TGA plots o f different 

PmPVs, polymerised at different temperatures.
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Figure 5.4 TGA of PmPV polymerised at different temperatures

More information can be obtained from a plot o f the first derivatives as shown in 

figure 5.5.
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This plot shows the change o f the slope o f  the first plot. Here it becomes clear that 

three different transitions (indicated with three arrows) occur. These three different 

transitions can be associated with the oxidisation o f three different segments o f the 

PmPV molecules. The first oxidisation is the oxidisation o f the OCgHn side arms o f 

the polymer, the second with the oxidisation o f the benzene rings, and the last one 

with the oxidisation o f the polymer backbone. Figure 5.6 shows the TGA of another 

batch o f PmPV. Even though it was polymerised the same way as the PmPV shown 

above, it shows distinct differences in its thermal properties.
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Figure 5.6 TGA and derivative o f  a different PmPV batch

This was one o f the first batches polymerised by our group. The differences, which 

can be seen especially in the plot o f the 1®‘ derivative, give reason to believe that

1 derivative 
weight
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there are significant alterations in the polymeric structure o f this batch. This batch 

also did not show any interactions with the nanotubes and was not used for the 

preparation o f the composites described later.

5.2 Thermogravimetric Analysis o f nanotube material

All the nanotube soot produced has been thermally characterised. Figure 5.7 shows 

the TGA and first derivative o f  nanotube soot produced at 37A. Figure 5.8 shows 

the TGA and first derivative o f pure graphite taken from a graphite electrode which 

is used for the arc discharge production o f nanotubes.
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Figure 5.7 TGA graph o f  nanotube soot (produced at 37A)
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Figure 5.8 TGA graph o f  pristine graphite

While the maximum peak of the first derivative for graphite is at 635°C, the first 

peak for the nanotube material is at 775°C. As the onset o f the oxidisation has 

shifted by 140K, this indicates that all o f the graphite has been converted, either into 

nanotubes or into polyhedra.

Nanotubes produced using different parameters did not show significant differences 

to the sample shown above using this method o f thermal characterisation.

5.3 Thermogravimetric Analysis o f composites

As mentioned before, PmPV solubilises nanotubes only, and none o f its by products, 

hence nanotube composites have been prepared and thermally characterised. The
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PmPV polymer was dissolved in toluene with a concentration o f 20g/l and sonicated 

for two hours. Then the desired amount o f the raw nanotubcs were added and the 

sample was sonicated with a high power ultrasonic tip for two minutes. After that 

the sample was placed in the ultrasonic bath for two hours. This solution was left 

settling for 24 hours and the nanotube/PPV solution was decanted from the 

precipitate. The solution was poured onto a Teflon sheet and placed in an oven to 

evaporate the solvent.
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Figure 5.9 1̂ ' derivative o f  nanotube PmPV composite

The plot o f the 1 derivative clearly shows four distinct peaks. The first three can be 

associated with the oxidisation polymer and the fourth peak is from the later 

occurring namely oxidisation o f the nanotubes.
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Figure S.lOshows the TGA of the same measurement.
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Figure 5.10 TGA graph o f  nanotube PmPV composite

This graph shows a distinct shoulder, where the polymeric material is fully oxidised, 

but not the nanotubes. It has been shown previously' that this shoulder represents 

the nanotubes only and not the by products. This shoulder indicates the real 

nanotube content in the composite.

Figure 5.11 shows TGAs o f three different composites. The nanotube soot contents 

which were added are 20%, 33%, and 50%. After the separation o f the nanotubes 

from the by products, the TGA reveals that there are 7%, 11.5%, and 15% of 

nanotubes left in the composite. This number now can be used to calculate the real 

nanotube content in the soot.
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Figure 5.11 TGA graph o f  nanotube PmPV composites

The way to calculate the nanotube yield in the soot ( NTy) from the percentage of 

soot before separation ( NT^ ) and the amount of soot in the composite ( NT^), which 

is measured with the TGA, is given in the following equation

10^
NT,

With the percentages shown in figure 5.11 this gives an average yield of 33.2% of 

nanotubes in the produced soot. This was the first quantitative method developed to 

measure the nanotube yield in the soot.

Further studies revealed , that some nanotubes fall out together with the precipitate, 

and thus are separated from the composite when the solution is decanted from the 

sediment. Thus the calculated numbers shown above are the lower limits of the
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nanotube yield, as those nanotubes fallen out are not taken into count. Hence, the 

calculated yield is smaller then the real yield, the real nanotube content is higher.

5.4 Differential Scanning Calorimetry o f composites

The polymers and composite were also characterised using differential scanning 

calorimetry (DSC). This technique gives valuable information about molecular 

thermal properties including the glass transition temperature Tg or the melting 

temperature Tm- Figure 5.12 shows a DSC plot o f the pure PMMA.
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Figure 5.12 DSC o f  PMMA

The shoulder in the graph shows the glass transition o f the PMMA. The onset o f the 

phase transition is at a temperature o f 90°C.
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Figure 5.13 DSC ofPMMA composites

Figure 5.13 shows DSC for two different PMMA nanotube composites. Only 

composite samples o f approx. 4mg could be examined. This is due to the spatial 

distribution o f films, which means that only a relatively small sample mass can be 

readily loaded into the DSC pan. This lowers the resolution o f the DSC 

substantially. Even though there are no clear transitions such as those seen in the 

pure PMMA sample, shoulders are also apparent in those graphs, where the onset 

temperature seems to be slightly lower than 90°C. This would suggest that possibly 

the nanotubes act as plasticiser.

DSC curves for PS and PS composites are shown in figure 5.14 and 5.15.

■ PMMA + 33% nanotubes 
- PMMA + 50% nanotubes
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Figure 5.14 DSC o f  PS
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Figure 5.15 DSC o f  PS composite with 50 % nanotubes

As the same problems appeared with the preparation o f the composite samples as 

described for the PMMA, this needs further investigation. There was no significant 

change in the glass transition temperature observed.
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The glass transition o f PmPV^ is at around 0°C and as it was not possible to measure 

sub ambient temperatures with the equipment used, no DSC curves for PmPV and 

it’s composites have been recorded.

5.5 Dynamic Mechanical Analysis o f composites

The films analysed with the dynamic mechanical analysis (DMA) where dropcast 

onto a Teflon sheet and peeled o ff after drying. The film thickness has to be known 

in order to measure the mechanical and thermal properties using DMA. Film 

thickness measurements were performed using Fourier transform infrared 

spectroscopy (FT-IR). Two sample strips were sandwiched between two sodium 

chloride (NaCI) plates, separated by a gap which approximately equals the sample 

thickness. The interference fringes produced by the two NaCl plates therefore 

correspond to the film thickness. Figure 5.16 shows the interference pattern for the 

PmPV composite with 50% nanotubes.
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Figure 5.16 FT-IR interference pattern for PmPV composite with 50% nanotubes
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The follow ing form ula shows how  the separation o f  the two NaCl and thus the film 

thickness is calculated:

b = -
2(Vi-V2)

w here b is the thickness o f  the cell in cm, n is the num ber o f  fringes betw een K, 

and , and and are the respective w avenum bers chosen for the limits o f  the 

range in which well defined fringes can be counted'*. Using this form ula, the sample 

show n above gives a film thickness o f

b = ----------------  r  =  0.00367cm  = 36.7//m
2 (3 3 7 7 - 2 0 1 6 )c m '‘

As described in chapter 3, DM A m easures the storage m odulus and the loss m odulus 

as a function o f  tem perature. The storage m odulus o f  a polym er usually remains 

stable until its glass transition tem perature is reached. At the glass transition 

tem perature it decreases and this gives rise to a m aximum  in the loss m odulus. Tan6, 

which is the ratio o f  the two moduli, has also a peak at this tem perature.

The DM A plot for the PmPV com posite with 50%  nanotubes is shown in figure 

5.17.
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Figure 5.17 DMA o f  PmPV composite with 50% nanotubes

Both moduli, the storage modulus and the loss modulus, show a decrease from the 

beginning. This indicates an insufficient response o f the film to the measurement, 

meaning that the mechanical properties o f the sample are probably too weak to be 

recorded. Usually the tan5 peak indicates the glass transition temperature. 

However, it is known that the glass transition temperature o f  PmPV is at 0°C^ and 

therefore the data is misleading. It is possible that the tanS peak is due to an 

experimental artefact. Thicker films could possibly produce better results. The fact 

that the DMA machine is limited to moduli measurements above lOGPa, adds 

further to the difficulties in these measurements, as this means that in most cases the 

measurements stop before tan§ has reached a maximum.
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5.6 Results and discussion

The polymers and polymer composites have been analysed using DSC, DMA, and 

TGA. The DSC measured the glass transition temperature for PMMA, PS and 

composites o f both polymers. For the PMMA the glass transition shifted slightly, 

which may be explained with the nanotubes functioning as a plasticiser. However 

there is no observable change in the glass transition temperature for PS.

DMA measurements could not confirm the DSC measurements, as all produced 

films were to thin to be measured accurately.

The TGA analysis o f the initial polymerised PmPV samples revealed inorganic 

impurities in the polymer. These impurities have been identified using elemental 

analysis and this information has been used to improve the quality o f PmPV. 

Procedures have since been adopted which have enabled the impurities to be 

eliminated during the polymerisation o f the PmPV batches used for further 

composite studies.

TGA was performed on PmPV nanotube composites with different nanotube mass 

fractions. Work on this composite in Trinity have used PmPV treatment o f carbon 

nanotubes as a method o f carbon nanotube purification^. It has been shown that the 

PmPV selectively binds to the nanotubes enabling impurities to be filtered out. Also 

this polymer treatment technique has been used to develop a method o f measuring 

the nanotube content in the arc discharge produced soot. Prior to this a process o f 

estimation was used, where the nanotube content was judged from TEM or SEM 

pictures. Hence, for the first time a quantitative method was available to determine 

the yield o f nanotube production.
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Chapter 6

Mechanical Properties of Composite
Materials

Chapter 6 describes mechanical analysis o f a range o f polymer-nanotube composites. 

The focus is on the Young’s moduli o f the compounds. Additionally, the hardness 

o f those materials used will be discussed.

6.1 Sample preparation

A range o f different polymer-nanotube composites of different weight ratios has 

been investigated. These were mainly PmPV-nanotube composites but PMMA and 

PS composites were also tested. However due to the poor aggregation o f nanotubes 

in PMMA and PS solutions, these samples first had to be ‘coated’ with PmPV.

The raw nanotube material has to be purified in order to separate the nanotubes from 

all by-products obtained during the arc-discharge production. This is done by a
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separation method employing PmPV. Therefore the PmPV was first dissolved in 

toluene followed by addition o f the raw' multi-walled carbon nanotube powder. To 

break up aggregation and to disperse the raw nanotube powder in the polymer 

solution the mixture was sonicated for 2 minutes with a high power ultrasonic tip. 

Afterwards the suspension was placed in a low power ultrasonic bath for several 

hours. Finally, the mixture was left standing for 24 hours. During this time, the 

turbostratic graphite and other by-products settled to the bottom while the nanotubes 

stayed in the polymer solution. Then the solution can be decanted to separate the 

sediment from the nanotube containing solution. In order to calculate the purity o f 

the nanotubes produced using the arc-discharge method, it was assumed that all 

nanotubes remained in solution. However, this is not the case as some nanotubes 

precipitated but the amount can be neglected. The yield was found to be around 25 

to 35% for this production procedure'.

For the polymer-nanotube composite preparation, films o f different material 

composition were prepared. The PmPV-nanotube films were simply drop-cast from 

PmPV-nanotube toluene solutions o f different concentrations. As already 

mentioned, due to the poor solubility o f nanotubes in PMMA and PS solution, the 

nanotubes for these samples were ‘coated’ with PmPV. Therefore a solution o f 1:1 

nanotubes and PmPV in toluene was prepared. In order to dissolve PMMA and PS 

in toluene, the mixtures were sonicated using the low power ultrasonic bath for two 

hours. To obtain composites o f different material ratios, a certain volume o f the 

PmPV-nanotube solution, corresponding to the required polymer-nanotube 

concentration, was added to the PMMA- or PS-toluene solution. These solutions 

were then again sonicated for two hours in the ultrasonic bath.
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The films were drop cast on glass substrates. These substrates were pre-heated to 

50°C for a faster evaporation o f the solvent. In order to get the required film 

thickness needed for the Nano Hardness Test, multiple layers were added. After 

addition o f each layer the samples were dried in a vacuum oven at 50°C for one 

hour.

6.2 Nanoindentation

In this chapter, the nanoindentational measurements o f nanotube composite films are 

described. A range o f measurements have been performed and evaluated to obtain 

hardness values and Young’s moduli for several polymers, pure and with nanotubes. 

Figure 6.1 shows an Atomic Force Microscopy (AFM) image o f a typical indentation 

on polymeric materials.

T op o g ra p h y  (Forward)

P lan e CorrBction (automatic) of PmPVO

I I nm

0 10000

Picture 6.1 AFM micrograph o f  an indentation in PmPV
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Using the AFM imaging tool the indentations can easily be visualised. This is 

necessary to check for instance, whether the various indentations on one sample 

have been sufficiently far from each other. Furthermore it can be used to analyse the 

edges o f  each indentation. Some materials, especially soft polymeric materials, tend 

to built a ‘pile-up’ at the edges o f the contact area with the diamond tip. This effect 

can be seen on figure 6.2 at the point labelled with number “3”. This pile-up effects 

the real contact area compared to the projected area which is taken to calculate 

hardness and Young’s modulus. Thus it has to be checked to see whether it has to 

be taken into consideration or not. As the nanoindenter is fitted with an AFM 

microscope these pictures are easily acquired. Each material; has been checked for 

this effect.

nm

T o p o g rap h y  (Forward)
P lan e  Correction (automatic) of PmPVO

nm

Topography (Forward) 
Suilace Profile of PmFVO

nm

Figure 6.2 Topographic information from  an AFM micrograph
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6.2.1 Hardness

First nanoindentations were carried out on PmPV, PMMA and PS films. For the 

PmPV samples the nanotube content in was 0%, 20%, 33%, and 50%. All films 

were drop-casted onto glass substrates. Since such drop-casted films have only a 

thickness o f around 1 micron, the applied load and the resulting indentational depth 

had to be kept as low as possible. Thus, the indentations were carried out near the 

lower limit o f the resolution o f the Nano Hardness Tester. This leads to a relative 

high standard deviation in all measurements.

Table 6.3 Hardness o f  PmPV-nanotube composite films

Sample

Meyer
hardness

[GPal

Standard
deviation

Vickers
hardness

[Vickers]

Standard
deviation

PmPV 0.029 0.0024 2.70 0.22

PmPV 20 0.034 0.0003 3.18 0.02

PmPV 33 0.046 0.0090 4.22 0.84

PmPV 50 0.038 0.0039 3.51 0.36

For the measured PMMA composites the nanotube content o f the samples was 0%, 

20%, 33%, and 50%. As mentioned previously nanotubes do not disperse evenly 

enough to form homogeneous composites, the nanotubes had to be coated with 

PmPV. Therefore the nanotubes were, before they were mixed with the PMMA, 

dispersed in PmPV. The weight ratio o f nanotubes:PmPV was 1:1. The hardness 

values obtained with those samples are given in table 6.4.
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Table 6.4 Hardness o f  PMMA-nanotube composite films

Sample

Meyer
hardness

[GPa]

Standard
deviation

Vickers
hardness

[Vickers]

Standard
deviation

PMMA 0.1198 0.0126 11.11 1.17

PMMA 20 0.1793 0.0243 16.62 2.25

PMMA 33 0.0443 0.0048 4.10 0.45

PMMA 50 0.0604 0.0049 5.60 0.46

For PS composites the nanotube content was 20%, 33%, and 50%. Like in PMMA, 

nanotubes are not soluble in PS solutions. Here the nanotubes had to be PmPV- 

coated as well. The ratio o f nanotubes:PmPV was 1:1 as well. Table 6.5 shows the 

Hardness o f the different PS composites.

Table 6.5 Hardness o f  PS-nanotube composite films

Sample

Meyer
hardness

IGPa]

Standard
deviation

Vickers
hardness

[Vickers]

Standard
deviation

PS 20 0.16998 0.0212 15.75 1.96

PS 33 0.19397 0.0266 17.98 2.46

PS 50 0.13089 0.0146 12.13 1.35
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A s shown, there are only m inor changes to the hardness o f  the tested materials. For 

m ost o f  polym er and polym er-com posite applications the surface hardness itself is a 

less im portant figure. Far more im portant, especially if  the polym er will undergo 

further treatm ent or coating, are the surface m orphology and chemical structure o f  

the polym er. As these are not affected by the addition o f  nanotubes, these 

com posites are well suitable for all known application.

6.2.2 Y oung’s m odulus

Far more im portant for polym er applications are the m echanical properties o f  the 

com posites. The m ost descriptive value for the strength o f  a material is the elastic or 

Y oung’s modulus.

This m odulus is also determ ined by m easurem ents with the Nano H ardness Test as it 

w as em ployed in the present work.

The elastic m odulus can be obtained from  the contact stiffness S=dF/dh on any point 

o f  the unloading curve. A ccording to theoretical calculations^ follow ing relations 

are valid:

E ^=0 .5 {dF  I dh) I {A

Ê  is the so-called reduced m odulus, which takes the elastic deform ation o f  the 

indenter into account, too. F  is the load, h is the according depth, ^^the area o f  the
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indent. The Poisson ratio is v ,  the indices s and I refer to the sample and the 

indenter material respectively.

Tables 6.6 to 6.9 show the Young’s moduli of PmPV-, PMMA-, and PS-nanotube 

composites.

Table 6.6 Young’s moduli o f  PmPV-nanotube composites

Sample
Young’s
modulus

[GPa]

Standard
deviation

PmPV 0.86 0.07

PmPV 20 0.95 0.17

PmPV 33 1.06 0.16

PmPV 50 1.17 0.07
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Figure 6.7 Young's moduli o f  PmPV-nanotube composites

Figure 6.7 shows the increase o f the Young’s modulus for PmPV-nanotube 

composites. This indicates that the PmPV-nanotube interactions, which are 

mentioned in previous chapters, are strong enough to not only hold nanotubes in 

solution and creating composites, but to transfer some o f the applied load from the 

polymeric matrix to the fibre-like nanotube reinforcement.

Table 6.8 Young’s moduli o f  PMMA-nanotube composites

Sample
Young’s
modulus

[GPal

Standard
deviation

PMMA 3.62 0.18

PMMA 20 3.81 0.16

PMMA 33 1.98 0.11

PMMA 50 2.53 0.10
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Table 6.9 Young's moduli o f  PS-nanotube composites

Sample

Young’s
modulus

[GPa]

Standard
deviation

PS 25 3.57 0.21

PS 50 3.38 0.36

PS 100 2.57 0.17

For both materials, PMMA and PS, the Y oung’s modulus decreases when nanotubes 

are introduced into the system. This effect may not be related to the nanotubes 

alone, but the their PmPV coating. As mentioned before, the PmPV coating is 

required for a good dispersion o f the nanotubes in PMMA and PS, as pure 

nanotubes

linear fit (r^=0.39)

- 1 I I I I  I I I I I I I

0 10 20 30 40 50

Nanotube Content [%]

Figure 6.10 Young’s moduli o f  PMMA-nanotube composites
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tend to aggregate in these polymer solutions. Since both, PMMA and PS, have a 

much higher Y oung’s modulus than PmPV, the introduction o f PmPV in either 

PMMA or PS does not seem to increase the modulus of these composites. Figure 

6.11 shows this decrease o f  the Young’s modulus in PS-nanotube composites.
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Figure 6.11 Young’s moduli o f  PS-nanotube composites

Further measurements were made using a weaker PmPV-nanotube concentration. 

The samples were prepared as mentioned above, but this time with a 

PmPVinanotube ratio o f 1:5. Then this solution was added to the PMMA-solution. 

Figure 6.12 shows the Y oung’s modulus o f  those films. Here the composites have a
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significant higher Y oung’s modulus than the first samples. However, there is no 

significant difference in Young’s modulus if it is compared to the pure PMMA 

sample.
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Figure 6.12 Young’s moduli o f  PMMA-nanotube composites

6.3 Results and discussion

The nanohardness test has been employed to measure mechanical properties, such as 

hardness and Y oung’s modulus, for different polymeric composites. Since it is not 

possible to disperse nanotubes in PS or PMMA solutions, PmPV was introduced to 

coat the nanotubes and to create a homogeneous composite. However, the 

introduction o f nanotubes into these polymers resulted in a decrease in the 

mechanical properties. It is unclear if this is due to the lack o f polymer-nanotube 

interaction, or simply because o f the introduction o f the much weaker PmPV.
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It has been shown that adding nanotubes to pure PmPV increases the mechanical 

properties o f  this polymer. This shows that the interactions o f the nanotubes with 

the PmPV polymer are strong enough to support a partial load transfer from the 

polymeric matrix to the fibre. The composite with the highest nanotube content, i.e. 

50% soot by weight, has the highest Young’s modulus o f the investigated PmPV 

composites. However, the measured moduli appear to saturate in the region o f this 

percentage. Further investigations are required in order to verify this trend.

It has therefore been shown that the nanohardness test can be used to measure the 

mechanical properties o f polymers and polymer composites. These were among the 

first nanoindentational measurements for such soft materials and the positive 

industrial feedback received indicates the significance o f these measurements.
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Chapter 7 

Conclusions

This chapter will concisely review the main results o f this thesis.

Carbon nanotubes and nanotube based composites have been developed and 

investigated for the purposes o f mechanical reinforcement. Initially, the nanotube 

production method was optimised to give high quality suitable samples for 

mechanical improvement o f the composites. Specifically what was required was the 

efficient production o f nanotube samples o f a high purity and a high aspect ratio.

The influence o f different factors such as voltage, pressure and current in the arc 

discharge nanotube production method was investigated. Purity and length 

distribution in the samples was found to be voltage independent. However, by 

slightly increasing the voltage, the run time decreased. The variation o f the helium 

pressure in the reaction chamber showed that, at slightly higher pressures, the plasma
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was more stable, hence the nanotubes produced are slightly longer. In addition, the 

pressure did not have any influence on the purity o f  the nanotubes produced.

The biggest influence on the quality o f the nanotubes produced was the current 

density at which the nanotubes were produced. By increasing current, the nanotubes 

produced were much longer. Since a high aspect ratio o f nanotubes is very 

important for reinforcement purposes, the nanotube production method was 

optimised to produce the most suitable nanotube material for these studies.

TGA was performed on PmPV nanotube composites with different nanotube mass 

fractions. Work on this composite in Trinity has used PmPV based composites as a 

method o f  carbon nanotube purification. It has been shown that the PmPV 

selectively binds to the nanotubes enabling impurities to be filtered out. This has 

been used to develop a quantitative method o f measuring the nanotube content in the 

arc discharge produced soot for the first time. Prior to this, a qualitative process was 

used, where the nanotube content was estimated from TEM or SEM pictures.

Thermal analysis o f the initial polymerised PmPV samples revealed inorganic 

impurities in the polymer. These impurities have been identified using elemental 

analysis and this information has been used to improve the quality o f PmPV. 

Procedures have since been adopted which have enabled the impurities to be 

eliminated during the polymerisation o f the PmPV batches used for further 

composite studies.

The polymers and polymer composites have been analysed using DSC, DMA, and 

TGA. The DSC measured the glass transition temperature for PMMA, PS and 

composites o f both polymers. For the PMMA, the glass transition shifted slightly.
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which may be explained by the nanotubes functioning as a plasticiser. However 

there is no observable change in the glass transition temperature for PS.

The nanohardness test has been employed to measure mechanical properties, such as 

hardness and Young’s modulus, for different polymeric composites. Blends o f 

PMMA or PS and the PmPV based composite are used, since it is not possible to 

disperse nanotubes in PS or PMMA solutions. However, the introduction of 

nanotubes into these polymers resulted in a decrease in the mechanical properties. It 

is unclear if this is due to the lack o f polymer-nanotube interaction, or simply 

because o f the introduction o f the much weaker PmPV.

Adding nanotubes to pure PmPV increases the mechanical properties o f this 

polymer. This shows that the interactions of the nanotubes with the PmPV polymer 

are strong enough to support a partial load transfer from the polymeric matrix to the 

fibre. The composite with the highest nanotube content, i.e. 15% nanotubes in the 

composite, has the highest Young’s modulus o f the investigated PmPV composites. 

However, the measured moduli appears to saturate in the region o f this percentage.

It has been shown that the nanohardness test can be used to measure the mechanical 

properties o f polymers and polymer composites. These were among the first 

nanoindentational measurements for such soft materials and the positive industrial 

feedback received indicates the significance o f these measurements.
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