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Summary

Since their discovery in 1991, carbon nanotubes have generated a lot o f  activity in 

many areas o f science and engineering due to their unprecedented superlative 

mechanical, thermal and electronic properties. This combination o f properties makes 

them ideal candidates as additives for polymer composites with a multitude o f 

applications ranging from ultra-strong materials for bullet proof vests to flexible 

displays and electronic paper. The main aim o f our work is to develop new carbon 

nanotube-polymer composites with enhanced mechanical and/or electrical properties.

Chapter 1 gives a background to the area o f carbon nanotubes and the technological 

importance o f polymer-carbon nanotube composites. A review o f the fabrication o f 

polymer composites and different properties o f  polymers is also given. We discuss a 

variety o f techniques which are involved in polymer composite fabrication and 

characterisation. Some aspects o f nanotube functionalisation, polymer properties and 

ultrasonic processing are also discussed.

In Chapter 2, our work is focused on the development o f  new fianctionalised 

nanotubes, which could be used as additives for polymer reinforcement. In this part we 

developed new Kevlar coated carbon nanotubes via a one step process by refluxing in a 

highly oxidising environment with Kevlar in situ, enabling a polymer coating on the 

surface o f the nanotubes. These Kevlar coated nanotubes have been used as additives to 

various polymers. That resulted in composites with improved mechanical properties 

demonstrating up to 50% and 70% increase in tensile strength and Young’s modulus 

respectively at very low nanotube loading levels. We have also found that the 

mechanical properties o f Kevlar coated carbon nanotube-polymer composites strongly 

depend on the nature o f polymer and mass percentage o f nanotubes.

Chapter 3 deals with the development new ultra-strong polymer composite materials 

using carbon nanotube as additives to Kevlar fibres and employing our new swelling- 

under-ultrasound technique. We have introduced a new approach for the preparation o f 

polymer-nanotube composite fibres. This method is based on the ultrasonic assisted 

swelling o f the polymeric fibre in a nanotube suspension with the use o f  an appropriate 

organic solvent. The swelling o f Kevlar in a carbon nanotube suspension in N-methyl- 

2-pyrrolidone (NMP) resulted in new Kevlar-nanotube composites. These materials



demonstrated significantly improved mechanical properties at very low content o f  

nanotubes.

In Chapter 4 we expand the swelling technique to develop polymer composites which 

have a greater significance to electrical applications. We have selected polymers which 

display good transparency and flexibility, demonstrating potential for applications in 

the field o f  transparent, conductive electrodes. Different solvents have been chosen 

using swelling theory to find the optimal solvent-polymer compatibility. We have 

achieved good and often homogenous penetration o f  nanotubes into a polymer matrix 

fijrther demonstrating the potential for this technique. We have also demonstrated that 

post formation composite treatment with acid or metal can increase conductivity 

further. The best polymer composites demonstrated a significant increase in electrical 

conductivity (up to 10^) while retaining 80 % transparency.

The mechanical properties o f  these prepared polymer composites were also explored in 

Chapter 5. The main area o f  research focused on the samples with the highest 

conductivity and deepest penetration o f  nanotubes. We found that the composites, 

which displayed enhanced electrical properties and good penetration o f  nanotubes into 

the polymer matrix, have also demonstrated enhanced mechanical properties. In 

general, the electrical enhancement o f  the polymers corresponded quite well with their 

mechanical enhancement. The potential utilisation o f  supercritical fluids to enhance 

polymer swelling was also explored in this chapter. We found that carbon nanotubes 

can be intercalated into a polymer by swelling with supercritical CO2 in the presence o f  

nanotubes. The resulting polymer composites displayed deep penetration o f  nanotubes 

and considerable mechanical enhancement when compared to both the original polymer 

and polymer subjected to the same treatment in the absence o f  nanotubes.

In Chapter 6 we presented a flill description o f  the experimental details for the 

procedures and techniques described in this work. Finally Chapter 7 details the 

conclusions o f  this work and also gives a future outlook for the research performed.

Overall in this project we have developed several new polymer-nanotube composite 

materials and a new technique o f  polymer swelling under ultrasound, which has a 

number o f  advantages. We believe that this approach can also be extended for other 

nanomaterials. This research should open new opportunities in the fabrication o f  novel 

polymer composite materials with multitude applications.
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Chapter 1

Introduction



1,1 Composite Materials

The basic concept o f creating composite materials for mechanical reinforcement has 

been around since prehistoric farmers put straw in their mud bricks to increase their 

longevity and strength. It was mentioned in the Biblical book o f Exodus and can be 

seen in paintings from ancient Egypt. Evidence of unwittingly produced carbon 

nanotube composites has also been uncovered recently in the finding of carbon 

nanotubes in the swords o f Muslim soldiers from the crusader era.' With some tailoring 

these composite methods and ideas are still used today in the construction industry 

when steel rods are placed in concrete for support. There is a plethora o f other examples 

o f  composite materials throughout history and now they are ubiquitous in human 

society. Fundamentally we are trying to combine the properties o f  two or more 

constituent materials; these are generally o f  the type, matrix and reinforcement. The 

focus o f  this thesis is on the preparation and investigation o f polymer - carbon nanotube 

composites.

1.2 Carbon Nanotubes 

1.2.1 The discovery of fuUerenes

Until recently only two allotropes o f  carbon were known; these were diamond and 

graphite. Diamond is a sp -hybridised matrix o f  carbon atoms arranged in a tetrahedral 

structure. Graphite is composed o f planar sheets o f  tetragonal sp carbons arranged in a 

hexagonal array. These sheets are connected by van der Waals forces. Being allotropes 

they are understandably very different. Diamond is a clear crystalline material which 

displays excellent thermal conductivity and hardness, graphite is a black soft material 

with interesting electrical properties. The structure o f both forms is shown in Figure 

1 . 1 .
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Figure 1.2 Schematic diagram showing the structures o f  Ceo and C7 0 , represented by 

combinations o f  pentagonally and hexagonally arranged sp hybridised 

carbon atoms^

These molecules attracted immediate interest from many areas o f  research to find any 

possible applications for the fascinating new allotropes o f  an element that was so 

familiar.

1.2.2 Nanotube structure

The scientific world barely had time to take in the amazing discovery o f  fiallerenes 

when Sumio lijima first discovered carbon nanotubes in 1991.'' He reported that they 

were formed by inducing an electrical arc discharge across a graphite source. The 

nanotubes could be represented as a sheet o f  graphene rolled into a tube (Figure 1.3) 

and capped on each end with half a fullerene molecule. An ideal single-walled nanotube 

(SWNT) consists o f  a seamless cylinder composed completely o f  hexagons and capped 

by hemispherical Ceo analogues containing both pentagons and hexagons. Analysis 

techniques included the use o f  High Resolution Transmission Electron Microscopy 

(HR-TEM) and Raman spectroscopy to help understand the physical and chemical 

characteristics o f  the nanotubes. The structure o f  the nanotubes can be zigzag, armchair 

or chiral. These names refer to the arrangement o f  hexagons around the circumference 

o f  the nanotube and are sometimes referred to as the “flavour” o f  a nanotube. The 

nanotubes themselves have a high aspect ratio with diameters often found to be less 

than 1 nm and lengths in the millimetre scale.
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Figure 1.1 Image showing the crystal structure o f  the two most common allotropes 

o f  carbon, diamond, represented by sp^ hybridised carbon atoms and 

graphite, represented by sp^ hybridised carbon atoms

In 1985, however, upon analysis o f  soot prepared by laser ablation o f  graphite, another 

allotropic form o f  carbon was discovered by Smalley et aF. They found the presence o f  

Cao and C70 species in the graphitic material. It was named Buckminsterfullerene and it 

along with other compounds o f  similar structure, e.g. C 70, were collectively called 

fiillerenes. The researchers characterised the Cao using a variety o f  techniques including 

mass spectroscopy. For their work they were awarded the Nobel Prize for Chemistry in 

1996.

In graphite the carbon atoms are arranged in 6 -membered hexagonal rings. I f  we were 

to replace some o f  these with 5-membered pentagonal rings the resulting strain in the 

conformation would cause a curving o f  the sheets o f  graphite. This is still chemically 

permitted as the carbon atoms can still retain their four-coordinated valency. I f  we are 

dealing with very small sheets o f  graphite and a high ratio o f  5-membered rings we can 

create a stabilised closed cage molecule which has unique chemical and physical 

properties. For example the Ceo molecule is made up o f 12 pentagonal and 20 

hexagonal rings, while C70 has 12 pentagonal and 25 hexagonal rings (Figure 1.2).
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Figure 1.3 Analogous simulation o f  nanotube conformation and different types o f 

nanotubes.^ Nanotubes can be thought o f  as a graphene sheet rolled up 

into a tube (left image). Depending on the orientation o f the hexagons 

they can be referred to as zig-zag, armchair or chiral (right image)

Several tubes can be also encapsulated concentrically inside one another to give a 

Multi-Walled Nanotube (MWNT) where each layer is held together by van der Waals 

forces.^ These are much larger than single walled nanotubes and can have diameters o f 

up to 50 nm.

Figure 1.4 The structure o f a multi-walled nanotube^ can be explained as a number 

of tubes encapsulated concentrically inside one another.

Other methods o f making nanotubes have since been discovered including laser 

ablation,* gas phase catalytic growth,"^ and chemical vapour deposition (CVD).'^’"  

Each o f  these techniques allows to prepare nanotubes that have their own unique 

properties, defects and impurities.
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Immediately, interest was focused on carbon nanotubes in anticipation o f some 

interesting electrical and mechanical properties. The scientific world reacted quickly to 

their discovery and there are currently thousands o f papers published on them every 

year.

1.2.3 Electrical properties of carbon nanotubes

Carbon nanotubes are found to have a very high thermal conductivity, even higher than 
12diamond. Zettle et al found the thermal conductivity for a single rope o f nanotubes at 

room temperature could vary between 1800 - 6000 W/mK. However, it is their 

mechanical and electrical properties, which have attracted the most interest so far.

Depending on their shape and the orientation o f the hexagonal matrix, electrical 

properties o f  carbon nanotubes can range from semi-conductive to m e t a l l i c . I n  fact 

some are potentially more conductive than copper. The differences in conductivity can 

be defined by the graphene sheet properties.'^ This relates to how a theoretical graphene 

sheet would be rolled up to form a tube (Figure 1.5). The aforementioned armchair 

nanotubes are all o f  metallic conductivity and for the zigzag and chiral the conductivity 

is defined by their vector (n,m). The remaining nanotubes’ conductivities are all defined 

by the formula n -  m = x. If the value o f x is a multiple o f 3 then the nanotube has 

metallic conductivity, if  not, it should be semi-conducting. To produce a nanotube with 

the indices (8,8) the sheet is rolled up so that the atom at the point (0,0) is superimposed 

on the atom at (8,8). It should be noted from looking at the figure that m = 0 for all 

zigzag tubes, while n = m for all armchair tubes.
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Figure 1.5 Diagrammatic representation for the calculation o f the chiral vector for 

different forms o f nanotubes.W hen the sheet is folded, the chirality 

and thus the conductivity o f  the nanotube can be determined.

17Initially conductivity measurements were made by Frank et al who discovered that 

MWNT displayed ballistic conductivity and extremely high current densities o f up to 10 

MA/cm'^. This was fiarther supported by Sanvito et who showed from theoretical 

calculations a similar conductance.

A great obstacle to the use o f nanotubes electronically, however, is the fact that it is 

extremely difficult, at present, to separate the conductive nanotubes from the non- 

conductive ones. In fact it is difficult even to separate SWNTs from each other, 

regardless o f  their electronic orientation. However, with the progressive miniaturization 

o f computer components and the quest for ever smaller circuits it seems only a matter 

o f time before nanotubes will be breaking into the technological mainstream. In fact, 

extrapolating Moore’s Law, which predicts a doubling o f the number o f  transistors on a 

square inch o f a computer chip every 12-18 months, the era o f the silicon chip will last 

for only another decade or so. At this point, the fundamental limits o f  transistor size 

will be reached. This will leave a void in the electronic world that may only be filled by 

carbon nanotubes. Some research has been done into separating nanotubes into their
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different electronic flavours with Krupke et at the forefront o f this work but serious 

advances in this field have not yet come through to enhance mainstream research.

1.2.4 Mechanical properties of carbon nanotubes

Carbon nanotubes have remarkable mechanical properties which are a result o f  high-
2 20 strength sp bonding hybridisation o f the carbon atoms in their side walls. With this

inherent strength it is no surprise that they have been shown to be in the region o f 100

GPa for the ultimate tensile s t r e n g t h ^ a n d  an elastic modulus o f  over 1 TPa.

These values demonstrate that they may be up to hundreds o f  times stronger than steel

while only being one sixth o f  the weight (Table 1.1).

Table 1.1 Comparison o f  mechanical properties and density o f carbon nanotubes to
26other common materials

Material Young's Modulus 

(GPa)

Tensile Strength 

(GPa)

Density

(g/cm^)

SWNT 1054 150 1.3

MWNT 1200 150 1.8

Steel 208 0.4 7.8

Epoxy 3.5 0.005 1.25

Wood 16 0.008 0.6

Kevlar 83 3.6 1.47

If it would be possible to incorporate the nanotubes into a macroscopic material, it 

could result in a great enhancement o f the mechanical properties o f  the composite 

material. To attain a good composite it is paramount that we achieve considerable stress 

transfer between the nanotube and the matrix material. A lot o f current research is 

focused on the formation o f polymer composites with nanotubes.
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1.2.5 Solubility and dispersibility of carbon nanotubes

Carbon nanotubes are generally not soluble in most common solvents. Many 

approaches to this problem have been attempted with relatively little success. The 

nanotubes tend to aggregate into bundles. If these nanotubes can be separated, so they 

do not aggregate, they can be used a lot more efficiently. In order to make them more 

soluble and create a stable solution/dispersion, they were often chemically
27functionalised or treated with a surfactant. However, this led to problems with fiarther 

chemical modification o f the nanotubes as they were surrounded by the surfactant and, 

following dispersion, the surfactant would need to be removed. Other research has 

uncovered some solvents which are able to enhance dispersion capabilities o f  pristine 

nanotubes and appear to keep them in a stable dispersion for relatively long periods o f

time. Two o f the best suggested solvents are A^,A^-dimethyIformamide (DMF) and N-
28methyI-2-pyrrolidone (NMP). The reasons for their capabilities at dispersing 

nanotubes are, however, still poorly understood.

1.2.6 Functionalisation of carbon nanotubes

The surface chemistry o f nanotubes and covalent functionalisation are very important 

for the application of nanotubes especially with regard to composite fabrication. These 

treatments can also decrease bundling and enhance their dispersive and chemically 

interactive qualities. The reactivity o f a nanotube flindamentally arises from 

pyramidalisation at the carbon atom and also the misalignment o f TT-orbitals on adjacent 

carbon atoms due to curvature induced strain. The former tends to be more common on 

the more unstable fiillerene-like caps on the ends o f  the nanotubes^^’̂  ̂ and the latter in 

the side-walls at areas such as sp  ̂ hybridised defects, pentagon-heptagon pairs (Stone- 

Wales defects) and in vacant sites in the nanotube structure.^' The increase in strain 

associated with a smaller circumference results in a corresponding increase in 

reactivity.

32 33Acid treatment is often used to purify nanotubes ' producing hydroxyl and carbonyl 

groups and ultimately Niyogi et al^‘' found that refluxing in nitric acid increased 

nanotube degradation and dissolution o f the metal catalyst. Chen et al initially 

solubilised nanotubes in organic solvents like dichloromethane and aromatic solvents 

like benzene by activating acid-purified nanotubes with thionyl chloride to produce acyl
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chloride functionalities.^^ These could then be reacted with amine groups. In other work 

Hamon et al showed that ester flinctionalisation o f defect sites can also produce 

nanotubes with a much greater solubility in chloroform, tetrahydrofuran (THF) and 

other so lv en ts .A q u eo u s  solubility was also achieved via fianctionalisation o f  the
• > 7  T O

nanotubes with glucosamine and 2-aminoethansulphonic acid ’

Many different approaches have been taken when trying to introduce functionalities 

onto a nano tube, including covalently attaching simple molecules like fluorine or 

alkanes,^° and heating in air." '̂ These often lead to further modification by reaction o f  

the side-wall fiinctionalisation with another functional group. This was achieved by 

Boul et al who reacted the fluorine functionality with an alky magnesium bromide 

Grignard reagent to produce side-wall alkylated nanotubes. The reaction occurred via a 

concerted, allylic displacement mechanism.

Nanotubes can also be functionalised to one another via a linker group. Koos et a f^  

linked nanotubes using a diaminopropane linker group. They bonded the linker to the 

nanotube, exploiting the fact that nanotubes oxidised by acid have carboxylic acid 

functional groups. They found upon analysis from TEM they had achieved connections 

between nanotubes. Similar work was carried out by Zhao et a t^  who also found that 

the nanotubes had much increased stability in solution.

Cycloaddition reactions were perfonned by Holzinger et a f ‘̂ who observed the 

formation o f  aziridine rings via fianctionalisation with nitrenes. The three-membered 

rings are composed two carbon atoms from the the side-wall o f  the nanotubes and a 

nitrogen. This opened the opportunity again for further functionalisation through these 

rings.

As we will discuss in the following section, polymer grafting is another form o f 

fiinctionalisation and there is a variety o f other approaches to nanotube 

functionalisation including attaching organometallic species or fullerenes.'*^ Previously 

Blake et have shown carbon nanotubes can be lithiated using n-BuLi (n-

butyllithium). These nanotubes could then be covalently bonded to chlorinated 

polypropylene (CPP). The addition o f these CPP-grafted nanotubes to the various 

polymers resulted in significant improvement o f  their mechanical properties. Recently 

Hirsch et a t^  reported an interesting development involving a reaction sequence with ^  

BuLi, which has been used to obtain SWNTs with a high degree o f ^butyl- 
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functionalisation. This year the same group published their new research on a covalent 

sidewall addition to SWNTs o f  a series o f  organolithium and organomagnesium 

compounds followed by re-oxidation."^^ A good review o f  the different techniques was 

published by Banajeree et al and the scheme showing many o f  the nanotube 

fiinctionalisation approaches is presented in Figure 1.6.
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Figure 1.6 Schematic displaying many o f  the different chemical functionalisation 

capabilities o f  carbon nanotubes^®
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1.2.7 Carbon nanotube-polymer composites

The idea to create synthetic polymer composites based on carbon was formulated in the 

1980s and the first successful attempts utilised carbon fibres to create reinforced 

thermoplastics and thermosets.^'’̂ ’̂̂  ̂ There was immediate interest in this field and 

other possible additives for reinforcement were explored before the discovery o f carbon 

nanotubes. However, carbon nanotubes were considered structurally much more 

promising and once their structure was fully appreciated there were high expectations 

for their reinforcement capability. This was due to the combined effect o f their quasi- 

one-dimensional structure and the comparatively low amount o f structural defects and 

surface impurities when compared to related carbon fibres and other composite 

materials.

Fundamentally, looking at the different approaches to fabricating polymer composites, 

we find that nanotubes can introduce a number o f both positive and negative effects into 

polymers’ mechanical properties. There are four main system requirements for effective 

reinforcement, namely a large nanotube aspect ratio, good dispersion capability, 

alignment and a good interfacial stress transfer between the nanotube and the matrix. A 

large aspect ratio will maximise the load transfer to the na no t ub e . Go od  dispersion 

will maximise polymer nanotube interface and result in greater load transfer again and a 

more uniform stress distribution. When a good interfacial stress transfer between the 

polymer and nanotubes is achieved, some o f the stress that the polymer will undergo is 

transferred from the polymer chains to the nanotubes, improving polymers mechanical 

properties. If the stress transfer from the polymer to the nanotube can be achieved to a 

good degree we expect to see large increases in strength and modulus, often, but not 

necessarily always, with corresponding decreases in toughness and strain. The 

nanotubes may also disrupt the structure o f the polymer matrix and cause imperfections, 

having a negative impact on the polymers mechanical properties. Previous research has 

also shown that the use o f higher concentrations o f  nanotubes results in the formation o f 

aggregates which do not infer any mechanical strength increases as they are not 

interacting efficiently with the polymer matrix. This usually results in a decrease in
57the strength and modulus o f a polymer. Alignment will result in better mechanical 

properties by up to a factor o f five, but only in the direction o f the alignment.
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Early attempts at creating nanotube-polymer proved quite successful with many papers 

published displaying increases in mechanical properties. They proved that the

extraordinary mechanical properties o f the carbon nanotube could be transferred to the 

polymer, although they were still far away from the theoretical levels o f  reinforcement. 

To achieve these kinds o f  reinforcement, many hurdles would have to be overcome. 

The biggest o f these included nanotube impurity, aggregation and non-homogenous 

dispersion within the polymer matrix.

Impurities in nanotubes can be anything from amorphous carbon, metal catalyst, non- 

tubular flillerenes or graphite and soot and are formed in their syntheses as mentioned 

above. These tend to have a negative impact on the mechanical properties o f  a polymer 

as they have nowhere near the mechanical properties o f  the individual nanotubes. 

Impurity was initially side-stepped by a move towards using CVD nanotubes instead o f 

arc-discharge as they had inherently much higher purity (up to 95% compared to around 

10%) than their linear high-production-energy counterparts. They were also much 

cheaper and although were not as strong, they could still, theoretically at least, provide 

enormous enhancement. Many different purification methods have since been 

developed however, purifying CVD nanotubes even further and also enabling the use o f  

arc-discharge variety.

Primary preparation methods o f  polymer composites utilised the solution casting 

method which achieved good dispersions and reduced aggregation via functionalisation 

o f the nanotubes. Solution casting is generally based on a process o f dispersing 

nanotubes in either a solvent or polymer solution by energetic agitation. This is 

followed by mixing o f nanotubes and polymer in solution with further energetic 

agitation. Finally the solvent is evaporated off in a controlled fashion resulting in a 

composite film. Agitation can be achieved by a number o f methods including, shear 

mixing, stirring, reflux or ultrasonication.

Early work in this field by Jin et a f ’̂  created nanotube-composite films by dispersing 

arc discharge MWNTs in chloroform using ultrasonication. This was followed with the 

dissolution o f  polyhydroxyaminoether in the dispersion. The mixture was placed on a 

Teflon mould and the solvent was allowed to evaporate overnight. Much further work 

has been carried out in this area by chemists like Schaffer et who demonstrated

that carboxyl functionalised nanotubes were more stable in water and could be used to

i 13



create composites by evaporating the water from a solution o f  water-soluble polymer 

with nanotubes dispersed throughout. Qian et tried another approach without 

fiinctionalisation by using high energy sonication with a sonic tip to disperse the 

MWNTs in toluene and subsequent mixing o f this solution with another solution o f  

polystyrene in toluene before solvent evaporation.

Solution casting is a very effective technique for producing composites; however it is 

wholly ineffective for the vast variety o f  polymers which are relatively insoluble in 

common solvents. For this reason another approach was taken; simply mixing o f 

nanotubes with a thermoplastic by melt processing.^® This is a rather straightforward 

method as all that is ultimately required is sufficient heating o f  the polymer to create a 

viscous liquid. The additive, in this case carbon nanotubes, can just be added directly to 

melted polymer by shear mixing. Extrusion or moulding o f the mixture results in 

nanotube alignment in the matrix o f  the polymer composite. Jin et a/^'are noteworthy 

for developing early techniques in this work. Their work involved the mixing o f a high 

percentage (26 %) o f MWNTs with polymethylmethacralate (PMMA) at 200"C 

followed by compression moulding to produce slabs o f  composite.

A combination o f  both solution casting and melt processing can also be used to produce 

aligned nanotube composites where shear mixing is found to be difficult. This method
72was introduced by Thostenson and Chou who dispersed MWNTs in a solution o f 

polystyrene in THF. The solution was drop cast and after solvent evaporation the 

composite was cut up and extruded. This was extended to produce composite fibres by
'7 'XHaggenmueler et al who first dipersed nanotubes in a solution o f  PMMA in DMF and 

following drop casting, repeatedly hot pressed the composite film to achieve a high 

alignment.

Approaches o f  fabricating composites using epoxy resins and other thermosetting 

polymers have also been tried with work by Ajayan et a f ^  who simply dispersed 

nanotubes in the liquid epoxy and added the hardener.

Covalently attaching or grafting o f polymers is also an important area. This is generally 

achieved by one o f  two methods. The first is based on the immobilisation o f initiators 

on the surface o f the nanotube and subsequent in situ polymerisation o f  the 

corresponding monomer. An example o f  this technique was developed by Ajayan et a f^  

who generated carbanions on a nanotube surface by treatment with .vec-butyllithium.
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These served as initiators for styrene to produce polystyrene grafted nanotubes. The 

second approach involves reacting a ready formed polymer with functionalities on the 

nanotube surface. Fu et a f ^  used this approach to convert carboxylic functionalities to 

acid chlorides by refluxing in thionyl chloride. The acid chloride functionalities were 

then reacted with the hydroxyl groups o f polyethylene glycol to produced polymer 

grafted nanotubes.

There are a number o f other methods for developing polymer composites which have 

also been explored including, polymer intercalation into preformed nanotube networks^^ 

and coagulation spinning^*’̂  ̂among many others which demonstrate the many different 

approaches to preparing nanotube-polymer composites. Ultimately we are moving 

towards even stronger materials and with new methods for creating composites 

emerging levels o f  reinforcement are advancing nearer to those predicted by theory.

The fabrication o f  nanotube polymer composites with an emphasis on their resultant 

electrical properties has also become an important focus for composite researchers.

Somewhat surprisingly, the current largest commercial use o f  nanotubes is in the field
80o f anti-static polymer composites, a much more electrically orientated field. When

nanotubes are compared to a similar common conductive filler material, carbon black, it

is found that they can be more effective by achieving higher conductivities with a much 
8!lower loading. It is anticipated that they could be used to produce conductive 

polymers with exceedingly low percolation thresholds. The percolation threshold is 

where long-range connectivity o f  the nanotubes is achieved, thereby creating a good 

possibility for current to flow. If good percolation thresholds can be reached at lower 

loadings it could open up some very interesting possibilities for advancements o f the 

electronic industry, including transparent conductive electrodes for solar cells and 

flexible displays.

1.3 Polymers

Polymer is a general term for a variety o f  highly important materials which are 

fundamentally made up o f multiple repeating units. They can be natural, like cellulose 

and DNA, semi-synthetic, like vulcanised rubber or completely synthetic, like Kevlar. 

Man-made polymers are generally called plastics although it is not a specifically 

assigned term. Most plastics are employed in their respective applications because they
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have desirable mechanical properties at an economical cost. The polymers used in this 

work are presented in the subsequent sections.

1.3.1 Kevlar

Aramid fibre is the commonly used phrase to replace the more descriptive term 

“aromatic polyamide fibre”. They were first introduced in the 1960s. Before this time 

most organic fibres were o f  a relatively poor standard with regards to their mechanical 

performance. Since then, however, many different types o f high performance organic 

fibres have been produced. Many o f  which are equal to or better than most classically 

interpreted high strength materials. There are many current applications for these fibres 

in use today, including ballistics, bullet-proof vests, ropes and cables, sports equipment 

and composite materials. Initially scientists recognised that if they could prepare certain 

intractable polymers with extended chains, they could achieve high strengths and 

moduli with stability at much higher temperatures than were currently available. The 

resolution o f their research came with formation o f polymers via liquid crystalline 

spinning o f solutions. This was the beginning o f the formation o f aramid fibres.

In an aramid, the amide groups are found between two aromatic rings, with nothing else 

intervening. They tend to have considerably different properties to conventional 

polyamides, like nylon. This is because they contain many more aromatic groups which 

tend to have a large influence on the structure o f  the polymer chains and also provide a 

high thermal resistance. The aromatic ring structure gives Kevlar its high thermal 

stability.*^

84DuPont developed it through the research o f two scientists Kwolek and Blades. The 

chemical composition o f Kevlar fibre is based on poly(/?-phenylene terephthalamide) 

(PPTA), which is synthesized by terephthaloylchloride and p-phenylene diamine in a 

low temperature polycondensation reaction. The polymer they developed was an
Q C

aromatic polyamide that displayed some amazing mechanical properties.

There are three ftindamental reasons why Kevlar has amazing mechanical properties.

Firstly its molecular structure is in the trans- conformation, as can be seen in Figure
861.7, which was described by Zhang et al If it forms the cis- conformation we see there 

is steric hindrance o f two o f the hydrogen atoms on adjacent phenyl rings. This is due to 

the aromatic groups separating the amides being very large and causing them to arrange
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themselves so that they are on opposite sides o f  the rigid amide bond. Kevlar, therefore 

nearly always forms the trans- conformation. This characteristic, often referred to as the 

“rigid-rod,” is a fiinction o f  the substitution o f the benzene ring being located in the 

para- position and gives covalent bond strength in the linear direction. Extrapolated 

outward we achieve a highly linear macromolecular chain which distributes axial stress 

evenly throughout.

Cis conformation 
Steric hindrance

T rans conformation 
No hindrance

Figure 1.7 Theoretically possible conformations o f  Kevlar with the trans- 

conformation displaying the usual primary mechanical structure. Note 

how the cis- conformation is rarely formed due to steric hindrance from 

the overlapping hydrogen atoms.

Secondly because o f  the regularity o f the structure and position o f the functional groups 

within the matrix o f  the polymer strands, Kevlar fibre has a highly ordered polymeric 

structure with high crystallinity. Additionally there is flirther structural strength due to 

the hydrogen bonding that occurs between the amide and carbonyl end groups which lie 

close to each other*^, in long ordered rows (Figure 1.8). Although these bonds are 

individually nowhere near as strong as the covalent bonds that form the parallel chains, 

when we consider the combined effect o f the thousands o f  them that form between the 

rigid aramid molecules we can understand the enormous tension that would be required 

to separate them all at once. This gives them their considerable strength in axial tension 

(tensile strength).

Thirdly, Kevlar forms pleated layers o f sheets which give additional strength to its 

structure.** The hydrogen bonds that form between the polar amide groups on adjacent
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chains hold the individual Kevlar polymer chains together. This leads to a high degree 

o f  alignment o f long, straight polymer chains. When the X-ray diffraction data is 

observed it is found that the characteristic distance o f adjacent polymer chains is 3A, 

confirming the strong hydrogen bonding between lattice planes.

Figure 1.8 Molecular structure o f an individual sheet o f Kevlar displaying the 

hydrogen bonding ability between adjacent chains from the oxygen o f 

the carbonyl group to the hydrogen o f the amido group

In addition, in Kevlar, along with other para-polyamides, the orientation o f the bonds as 

the polymer is formed produces an extremely rigid extended-chain. The liquid 

crystalline spinning method produces extended-chain crystallites within the fibre which 

are generally aligned parallel to the direction from which they are drawn and also to 

each other. The resulting polymer chains have a very high aspect ratio and an unbroken 

extremely long filament can be formed. In general, the interior o f the fibre displays the 

highest crystallinity, along with the highest elastic modulus and both decrease as we
Q Q

extend outwards towards the fibre surface.
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Since it was launched on the market in 1972, Kevlar has been adapted to a variety o f 

applications. It is used for many applications where strength and low weight is a 

priority, such as in protective clothing.

1.3.2 Polyvinyl acetate

Polyvinyl acetate (PVAc) is a colourless, water-insoluble thermoplastic and can be 

prepared by treating its monomer, vinyl acetate with a peroxide catalyst. It is very 

soluble in many other polar and aromatic solvents. One o f its most important uses is as 

a common synthetic precursor to many polymers. Other important applications are in 

adhesives and latex paints. These applications require considerable mechanical 

properties.

o

Figure 1.9 Molecular structure o f polyvinyl acetate

1.3.3 Polyvinyl alcohol

Polyvinyl alcohol (PVA) is a water soluble polymer which has good mechanical 

properties provided it is kept dry.^^ It is however chemically resistant to many solvents, 

oil, and grease. It is generally produced from polyvinyl acetate by hydrolysis to remove 

the acetate groups^' although there are other methods o f production depending on the 

type required.^^’̂  ̂ This is an easier approach than polymerisation o f its monomer, vinyl 

alcohol, as that exists in its tautomeric form, acetaldehyde. It has very good adhesive 

properties, similar to PVAc, which is where its main use lies. It is also found in 

emulsifiers and colloid stabilizers.
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Figure 1.10 Molecular structure o f polyvinyl alcohol 

1.3.4 Polystyrene

Polystyrene (PS) is an aromatic thermoplastic with high thermal insulating properties 

and good thermal stability.^'* It also has a good solubility in a variety o f  solvents.^^ It 

can be generally formed from free radical polymerisation o f its monomer styrene via a 

number o f  different methods including heat or ultraviolet radiation. It is one o f the most 

widely used plastics, having applications in many different industries but is probably 

most recognisable routinely in both regular and expanded form in plastic drinks holders 

and in strong but light packaging. Another large part o f its use is in the electronic and 

construction industry and as casing for appliances. For this reason, its strength is very 

important and also its rigidity.^^’̂ ^

n

Figure 1.11 Molecular structure o f polystyrene
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1.3.5 Polyvinyl chloride

Polyvinyl chloride (PVC) is used in many different building applications, water and 

sewage pipes and gutters and strength is an inherent requirement in its applications. It is 

also used in the production o f gramophone records, hence the name “vinyl records”. It 

generally has to be coloured black to prevent decomposition due to sunlight.^* It can 

also be produced in film form and is used in consumer packaging.

Cl

Figure 1.12 Molecular structure o f  polyvinyl chloride

1.3.6 Polypropylene

Polypropylene (PP) is a very common polymer, generally synthesised using a Ziegler- 

Natta catalyst with typical co-monomers o f  ethylene and 1-butene. It has an excellent 

resistance to chemicals and is often used in applications where this property can be 

exploited, like laboratory apparatus. It is cheap and generally colourless and can be 

produced in a transparent form. Its mechanical properties are reasonable with a 

moderate strength and stiffness optically it is moderately clear.

CH

n
Figure 1.13 Molecular structure o f  polypropylene
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1.3.7 Polyethylene terephthalate

Polyethylene terephthalate (PET) is an easily processible thermoplastic and displays 

very good optical and mechanical properties. A rigid, very high strength polymer^^ that 

is also very light, highly transparent and colourless. It is synthesized in a semi

crystalline form by a condensation/step-growth polymerisation o f  ethylene glycol and 

terephthalic acid with an aromatic sulphonate as a c a t a l y s t . I t  is more commonly 

found in its amorphous form, however, which is achieved by fast quenching o f the 

melted polymer. It is regularly found in plastic drink bottles due to its considerable 

impermeability to liquids and gases. Its high strength is also able to withstand the 

higher pressures o f  carbonated drinks.

Due to its high transparency, a more recent use for it is found in transparent electrodes 

where it is used as a transparent support polymer for indium-tin oxide (ITO) conducting 

f i l m s . I t s  flexibility is reasonable, however it is relatively stiff when concerned 

with transparent electrodes and this may be a hinderance in some o f its applications.

Figure 1.14 Molecular structure o f polyethylene terephthalate 

1.3.8 Polyethylene

Low density polyethylene has a good mix o f optical and mechanical properties and is 

easily processed and relatively cheap to produce. Depending on its proposed usage it 

can be fabricated by a number o f different m e t h o d s . M a i n l y  it is produced 

under high pressure and temperature by a free radical initiator which would usually be 

oxygen or peroxide. The resulting polymer contains a large amount o f  branching with 

both short chain and very long chain branches, often as long as the polymer chains 

t h e m s e l v e s . I t  has a good chemical resistance and insolubility to most organic 

solvents'^’* but can undergo swelling in many aromatic and some polar solvents.
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The electrical properties o f polyethylene are relatively good for a polymer and 

mechanically it has a good flexibility and toughness, at the expense o f  stifftiess and 

s t r e n g t h . I t  is generally colourless when formed and its optical clarity"^ is of 

interest in the field o f  transparent conductive electrodes. It is similar to PET in this 

respect and if it can be shown to be a substitute for it the higher flexibility o f  

polyethylene may make it a more attractive polymer for flexible displays. Its current 

major applications, however, include bags and packaging materials, coatings for paper, 

metals and glass and it is also easily moulded for application in toys, squeezable bottles 

and many other everyday items.

H H

Figure 1.15 Molecular structure o f polyethylene 

1.4 Polym er Swelling

In polymers, and liquids or solids in general, the ability o f  molecules to separate from 

each other fiilly is restricted and the molecules in the polymer are generally held 

together quite well by intermolecular forces. These forces can be simply van der Vaals 

forces, hydrogen bonding, ionic bonding or covalent bonding depending on the 

molecules involved. To make a solution o f a polymer these intermolecular forces must 

be overcome and the solvent must find its way between the adjacent molecules, 

disrupting the forces that hold them together, and then completely surrounding the 

solute molecules. The solvent molecules themselves also must remain separate from 

each other.

Normally when we add two molecular components together we can class them as 

j  soluble or insoluble. A good solution is generally achieved when the attractions

between the molecules in the solvent and the solute are similar. If the polymer is
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completely insoluble it can still undergo polymer swelling. This is when the interatomic 

distances between adjacent molecules o f the polymer are increased but the polymer 

bonds are not fully broken. The selection o f a good solvent for a particular polymer 

requires a method o f quantifying the type and magnitude o f  the molecular interactions. 

If the strength and type o f the interactions between the solvent and polymer can be 

matched then thermodynamically the conditions should provide attractive forces 

between them thereby initiating polymer swelling or solvation.

The ability o f  a solvent to increase the inter-atomic distances between molecules and 

cause swelling, or separate molecules completely from each other to make a solution, 

can be estimated by the Hildebrand cohesion parameter, 6 (also called the Hildebrand 

solubility parameter). This is the square root o f the cohesive energy density, c, given,

AH -  R T  

^ ~  V

where, AH is the heat o f vaporization, R is the gas constant, T is the temperature and 

Vm is the molar volume, therefore.

5 =  yfc =

Hildebrand parameters were first formulated in 1950"^ and give an extensive and 

qualitative indication o f  the behaviour o f most solvent polymer systems. If  the solvent 

and the polymer have cohesion energy densities that are close to each other they tend to 

be very soluble with one another or have very good swelling properties; however there 

can be some noticeable exceptions. If  the polymer or solvent in the system is very polar 

or hydrogen bonded then the total cohesive energy may be made up by more than one 

component. This gives rise to incompatibilities in the Hildebrand parameters and so a 

further set o f parameters is required for these systems, the most popular o f these are 

called the Hansen parameters which were first formulated in 1967."“* Generally the 

basis o f  Hansen Solubility Parameters is the assumption that the total cohesive energy 

parameter, 5t, is made up o f the different components parameters which are, additive 

contributions from non-polar (dispersion) interactions, Sj, polar interactions, 5p, and 

hydrogen bonding or other specific association interactions, 6h."^ The most general
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cohesive energy interaction in all molecules is the non-polar interaction. These derive 

from the atomic forces in a molecule and as all molecules are made up o f atoms, this 

attractive force is universal. The permanent dipole-dipole interactions result in the 

second polar cohesive energy interaction. There is some polar component to most 

molecules and the dipole moment is the main parameter used to calculate the 

interactions. Thirdly there is the hydrogen bonding cohesive energy interaction. 

Fundamentally this interaction occurs due to the presence o f hydrogen bonds in a 

molecule. In general though, it is used to encompass the energies from all the other 

interactions not included in the first two components. Further, expanded studies 

resulting in increasing numbers o f cohesion parameters have been carried out by 

Barton"^ among others. When we divide these by the molar volume as before, we end 

up with the square o f each parameter, resulting in the formula,

5̂ r = S l + 8 l  + Sl

There are different methods”  ̂ o f calculating the individual Hansen parameters but 

ultimately the total cohesive energy, 5t, by the Hansen parameter should be 

approximately equal to the Hildebrand parameter, 6. Both should give us a good 

understanding of how to swell a particular polymer with the equivalent solvent. In any 

system, if the Hildebrand parameters o f both solvent and polymer are similar it 

indicates a much better swelling possibility. In systems where the two parameters are 

considerably different but we still see good solubility/swelling, an explanation may be 

found when the Hansen parameters are examined.
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Table 1.2 Hildebrand and Hansen parameters for a range of solvents and polymers 

used in this work

Substance
Hildebrand

Parameter
Hansen Parameters

6 (SI) du 6t

THF 18.6 16.8 5.7 8.0 19.4
Toluene 18.2 18.0 1.4 2.0 18.2

NMP 23.1 18.0 12.3 7.2 23.0
PE 18.1 18.0 0.0 2.0 18.1
PP 18.0 18.0 0.0 1.0 18.0

PET 20.0 18.0 6.2 6.2 20.0

1.5 Ultrasonic Treatment

Ultrasound is sound pitched above the level o f human hearing and is currently used in a 

large industrial and academic scale for a large variety o f applications which are far too 

numerous to mention here. Traditionally its use can be split into two fields. Firstly it 

may be used for non-destructive analytical techniques with high frequency (generally 

greater than 5 MHz) and low power. Secondly, it may be used to induce physical or 

chemical effects in a medium. This involves using lower frequencies (20 KHz to 2 

MHz) but much higher powers.

As we discussed above nanotubes have an inherent property whereby they tend to

bundle together in most solvents. Ultrasonication has been shown to be capable o f de-
118aggregating and homogenising particles in a solvent having little degradation effects. 

This has inevitable led to its being utilised to create stable dispersions of carbon 

nanotubes whether by s u r f a c t a n t o r  solvent alone.'^' These capabilities are very 

important for the development of better stabilised nanotube dispersions and it has been

shown that by employing the right solvent, long-term stable dispersions o f nanotubes
122can be sustained in common solvents like NMP. This is important for the 

development of nanotubes and the creation of homogenous nanotube-polymer 

composites. The ability of ultrasonication to greatly enhance swelling or dissolution of
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polymers to create nanocomposites has also been e x p l o r e d . U l t i m a t e l y  it is a 

highly adaptable technique which can be used to disperse nanotubes and swell or 

dissolve polymers quickly and easily. For higher and more focused, but less 

homogenous, energy dissipation an ultrasonic tip with a processor can be used. This is 

generally good for dispersing or dissolving materials but machine recommendations 

generally state it as being much less efficient at volumes o f 10 cm or more. For less 

focused and more homogeneous energy dissipation an ultrasonic bath is generally used.

1.6 Mechanical Analyses

Different materials will have different mechanical properties depending on their 

structure. There are a variety o f  mechanical properties that can be measured and a 

common systematic way o f  measuring the mechanical properties o f a material is by 

measuring a stress-strain curve using tensile testing machinery. The stress (ff) on a 

material can be described as the average amount o f  force (F) per unit area (A),

F

and is usually described as the strength o f a material measured in Pascals. One Pascal is 

equivalent to one Newton per square metre. The strain is the geometrical measure o f 

deformation representing the relative displacement o f material and is dimensionless, 

usually measured in percentage increase (%) or fractional increase. If  we measure the 

stress on a material as we vary the strain this results in a stress-strain curve (Figure 

1.16). This can be used for comparison o f  mechanical properties o f many different 

materials and some o f the more important features o f  the curve are marked. The elastic 

modulus describes the tendency o f  a substance to deform elastically (non-permanently) 

when force is applied to it. It can be defined as the slope o f the stress-strain curve in the 

elastic deformation region. This region is defined as the part o f the curve below point A 

in Figure 1.16. The Young’s modulus is this ratio when the force is applied in the axial 

direction and the shear modulus is the elastic modulus when acted on by opposing 

forces and can be referred to as rigidity.

The tensile strength is the maximum amount o f stress that is required to permanently 

deform or break a material. This can be referred to as the yield strength, which is the 

stress at which a material strain changes from plastic deformation to elastic deformation
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and indicates the material will not return to its original form when stress is released 

after this point. The upper and lower yield strengths can be found at points B and C 

respectively. The ultimate tensile strength is the maximum stress a material can 

withstand under tension and can be seen as point D on the curve. It is the highest stress 

coordinate reached on the stress-strain curve. The breaking strength is represented by 

the stress achieved at point E, the breaking point o f the material. Point E also represents 

the maximum strain achieved on the strain axis.

Finally we can find the toughness o f  a material by taking the area under the stress-strain 

curve from the origin (O) to the breaking point (E). Toughness is a materials resistance 

to fracture when it is stressed. It is the amount o f energy per unit volume that a material 

can absorb before fracturing and is usually measured in Joules per millimetre cubed 

(J/mm^).

in
in
<L>

c/>

o strain

Figure 1.16 A typical stress-strain curve theoretically obtained from a ductile 

material stretched under tension. The curve extends from the origin (O) 

to the breaking point (E) also including the limit o f elasticity (A), upper 

and lower yield stresses (B and C) and finally the maximum stress point



1.7 Aims of Research

The main objective o f our research is to develop new carbon nanotube-polymer 

composites with enhanced mechanical and/or electrical properties. Firstly we are going 

to explore some new approaches in the fiinctionalisation o f nanotubes, to create a more 

chemically and physically compatible nanotube for composite fabrication. This part o f 

the work will be focused on the development o f new Kevlar coated carbon nanotubes. 

The fiinctionalised nanotubes will be examined and compared to pristine nanotubes 

using a number o f instrumental techniques including TEM, Raman spectroscopy and 

sedimentation analysis. We then aim to prepare nanotube-polymer composites by the 

drop cast method and analyse them fiarther, ultimately following-on with mechanical 

testing. Reinforcement will be attempted on a range o f  everyday polymers for which 

mechanical properties are important: polystyrene, polyvinyl acetate, polyvinyl alcohol 

and polyvinyl chloride. Fundamentally using the drop cast technique we are going to 

incorporate functionalised nanotubes into polymers expecting to produce composite 

materials with improved mechanical properties. Mechanical properties o f the polymer 

composite films will then be investigated using a tensile tester.

Furthermore, we plan to use a novel technique for the preparation o f  nanotube 

composites by swelling o f polymer films or fibers under ultrasound in dispersions o f 

carbon nanotubes. Currently all existing approaches to the fabrication o f nanotube- 

polymer composites involve complicated, expensive, time-demanding processing 

techniques such as solution casting, melting, moulding, extrusion, and in situ 

polymerisation. In addition all these technologies need large amounts o f expensive 

carbon nanotubes to be used. In all o f  these techniques nanotubes must either be 

incorporated into a polymer solution, molten polymer or mixed with the initial 

monomer before the formation o f the final product (e.g. yarn, ribbon, film, etc.). Our 

new technology is expected to allow the incorporation o f nanotubes into already formed 

polymer products by swelling them in carbon nanotube suspensions. Using this 

approach we expect to obtain new polymer composites with enhanced mechanical and 

electrical properties by these methods and investigate these properties via 

comprehensive, systematic analysis o f  the products. Initially we plan to focus our 

research on a mechanically very important polymer Kevlar. After that we are going to 

develop this approach for modification o f other commercially important polymers such 

as polyethylene, polypropylene and polyethylene terephthalate. Ultimately we aim to
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develop a novel post processing method for incorporation o f nanotubes into preformed 

polymer materials to fabricate new polymer composites with a multitude o f potential 

applications.

We hope that successful outcome o f this research will contribute to the further 

development o f  nanoscale physics and chemistry and augment the expansion o f  

nanotechnological applications.
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Kevlar Functionalised Nanotubes 

For Polymer Reinforcement
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2.1 Introduction

Due to the extraordinary mechanical properties and very low densities o f  carbon 

nanotubes, they are expected to play an important role in the future o f high-tech 

polymer composites. Nanotubes are able to withstand considerable bending yet return to 

their original s h a p e . T h i s  property means they will, in theory, be able to absorb a 

large amount o f energy and it is hoped that the addition o f nanotubes to polymers will 

create stronger composites able to withstand extreme physical conditions. With an 

exceeding large range o f  polymeric materials available, and the fact that they are 

currently used in a wide-array o f products, the potential for the application o f nano

composite polymers is almost beyond imagination.

As we discussed in the introduction the mechanical properties o f  nanotubes are 

extraordinary with both very high strength^’"' and moduli^’̂ ’̂  reported numerously in the 

literature. They have already been shown to improve the mechanical properties o f
Q

polymers when added to them but there is still much research to be done in this area. 

One o f  the problems in improving the strengths o f  carbon nanotube polymer composites 

lies in the ability to achieve good interfacial stress transfer between the nanotube and 

polymer matrix.

Theoretically a nanotube side-wall surface is just the same as a graphite sheet, both 

containing hexagonally arranged sp  ̂ hybridised carbon atoms. Therefore, at the 

molecular level, this surface would be expected to be relatively chemically inactive. 

However in reality they tend to contain defects in the form o f 5-,7- and 8-membered 

rings along with carboxylic acid functionalities.^ Although we would imagine that 

defects may reduce the mechanical properties o f an individual nanotube it may actually 

result in an increase in the mechanical properties o f  a composite material as a whole. 

This can be explained by the fact that inherent in their chemical structure, pure carbon 

nanotubes would be expected to be atomically very smooth. As we discussed in the 

Introduction in Chapter 1 if  we can decrease their smoothness by introducing defects 

and functionalities it may give them a better ‘grip’ in the polymer structure.

Another factor for which we have to take account in making nanotube - polymer 

composites is in finding a way to transfer the stress between the polymer and nanotube, 

which has much better mechanical characteristics. When added to a polymer, nanotubes
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generally might not interact strongly with the individual polymer chains. If we could 

flinctionalise the nanotubes so that they would have a stronger interaction with the 

polymer chains, it may result in better interfacial stress transfer. This would further 

exploit the mechanical properties o f the nanotubes.

Functionalisation o f  nanotubes is very important for their processing and 

manipulation'^’"  as currently applications o f carbon nanotubes are limited mostly by 

their insolubility and their low miscibility with most materials. Choosing the 

functionality is another important step. As it was mentioned above nanotubes generally 

contain carboxylic acid ftinctionalities on their surface. These are mainly located on the 

nanotube tips and on side-wall defects. We would expect these functionalities to give 

some beneficial effect when incorporating the nanotubes in a composite and depending 

on the desired effect the selection o f nanotube fianctionality is o f  paramount importance.

2.2 Aims of This Work

The main aim o f this part o f the work is to prepare and investigate Kevlar 

fijnctionalised carbon nanotubes (FNTs) as new additives for the reinforcement o f 

various polymer materials. It is expected that the nanotube fianctionalisation will result 

in a better grip for nanotubes in the polymer matrix when compared to pristine 

nanotubes (PNTs).

Kevlar is a well known high-strength polymer, which has been used for a variety o f  

applications including bullet-proof vests, protective clothing and high-performance
12 13composites for aircraft and automotive industries. ’ Kevlar is comparable to steel in 

strength, yet has only a fraction o f the density. The main aim o f our experiment was to 

combine two ultrastrong materials such as Kevlar and nanotubes in one nanocomposite 

and investigate this new nano-material as an additive for polymer reinforcement. To 

achieve this goal we have developed a new nanotube processing procedure, which 

involves in situ purification and Kevlar coating o f carbon nanotubes. It was hoped that 

if  we can functionalise the nanotubes with Kevlar, its high strength and stiffness might 

complement the properties o f  the matrix polymer and it could act as a “stress-bridge” 

between the polymer and the nanotube. This will hopefully give an increase in the 

effect that the nanotubes had on the polymer’s strength and modulus.
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2.3 Synthesis of Kevlar

Kevlar is an extremely strong and light polymer, which has a very high melting point 

(550°C) and which is insoluble in all common solvents. A more comprehensive 

discussion o f  its structure and properties can be found in Chapter 1. It is also a very 

chemically resistant material. We expected that Kevlar, which contains aromatic groups 

in the main backbone, would interact with carbon nanotubes via n-n  interactions 

wrapping the nanotubes. Also carboxylic groups on the tips o f  the nanotubes may be 

linked to Kevlar chains via hydrogen and covalent (e.g. amido-) bonds. That should 

result in functionalisation o f the carbon nanotubes and coating them with Kevlar giving 

novel nanotube-Kevlar composite materials, which might be potentially used for 

polymer reinforcement.

The Kevlar was prepared according to published procedure.'”* This was achieved by a 

polycondensation reaction between terephthaloyl chloride and /7-phenylenediamine. The 

synthesised Kevlar was characterised by elemental analysis, TGA and Raman 

spectroscopy. Raman spectrum (Figure 2.1: Pure Kevlar) o f Kevlar has shown peaks 

at 1182 cm ', 1276 cm ', 1323 cm ', 1516 cm ', 1613 cm ' and 1651 cm '. This Raman 

spectrum definitively matched those reported by Prasad and G r u b b . E l e m e n t a l  

analysis was carried out and returned values o f  62 % Carbon, 11.4 % Nitrogen and 4.9 

% Hydrogen. The percentage o f Oxygen in the sample could not be measured as the 

sample was burned in an Oxygen atmosphere. The theoretical values for Kevlar are 

70.6% Carbon, 11.8% Nitrogen, and % Hydrogen. The discrepancies between 

theoretical and actual values may be due to residual water in the sample, which would 

cause the value for Hydrogen to be slightly high and the other values to be slightly low.

The derivative o f  the TGA curve shows an individual broad peak which reaches its 

maximum at 550°C (Appendix). This peak represents its decomposition temperature 

and is consistent with similar studies o f Kevlar reported in the literature.'^
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2.4 Preparation and Investigation of Kevlar Functionalised Carbon 

Nanotubes

2.4.1 Functionalisation of thin Multi-walled nanotubes

Nanocyl thin multi walled nanotubes are prepared by chemical vapour deposition and 

were chosen as they are a commercially readily available source o f  systematically 

produced nanotubes. Thin nanotubes were selected so as to give potentially less 

disruption to the polymer matrix but also their multi-walled structure gives them a 

better ability to withstand considerable degradation without jeopardising their 

mechanical integrity. The Nanocyl nanotubes were functionalised and purified by 

heating Kevlar with Nanocyl thin multi-walled carbon nanotubes) in the mixture o f 

sulfuric (20ml, 95%) and nitric acids (70ml, 65%) under reflux at 100“C for up to 24 

hours similar to previously published purification methods.'^ Samples were extracted at 

time periods o f 2, 4, 6, and 12 hours. After 24 hours complete degradation o f all 

materials in the vessel had occurred. The process resulted in purified and Kevlar coated 

carbon nanotubes. These nano-composites were analysed by transmission electron 

microscopy (TEM), thermogravimetric analysis (TGA), Raman and Infrared 

Spectroscopy.

2.4.2 Infrared and Raman spectroscopy studies

In Fourier transform infra-red spectra (FTIR) spectra, pristine nanotubes in general 

show very few peaks, if  any, however FTIR o f FNTs show the presence o f 

characteristic Kevlar bands in the range o f 400 -  1700 cm"' and 2500 -  3000 cm"' for 

the samples refluxed over 2, 4 and 6 hours with the 2 hour samples having the most 

intensive peaks (Figure 2.1). The 12 hour sample show little presence o f  Kevlar bands 

indicating decomposition o f the Kevlar.
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Figure 2.1 Infrared spectra o f  nanotubes heated for various periods o f time (0, 2, 4,

6 and 12 hours) under reflux in a mixture o f nitric and sulfliric acid in 

the presence o f  Kevlar

18Raman spectroscopy can give information about the structure o f  nanotubes and it 

can also potentially help to evaluate the degree o f nanotube ftinctionalisation.'^’̂® 

When we analyse the PNTs (Figure 2.2: 0 hours) we see two peaks at 1335cm ' and 

1585 cm ' These correspond to the D and G band respectively. The G band in the 

spectrum corresponds to that o f  sp hybridised carbons and is a tangential stretching 

mode for the carbon-carbon bond. The G band is an intrinsic feature o f  carbon 

nanotubes in general, although it is also present in fullerenes and other carbon-based

42



materials. It can be correlated to the area o f  graphitisation o f the nanotube and from 

it the degree o f  graphitisation can be estimated. Large G bands indicate that 

structurally the nanotube contains a lot o f  hexagonal carbon rings and conversely a 

smaller peak indicates less structure indicating a large amount o f  5 and 7 membered 

rings. When the G band decreases it indicates a decrease in structure usually via 

degredation. Conversely, the D band relates to the sp^ carbon atoms and can be 

found in any graphitic material. It is the dispersive disorder-induced band, and when 

it is large it gives an indication o f a lot o f  impurity and other carbon in the sample 

which is not integrated in the nanotube structure. When we compare the two bands, 

therefore, we get an indication o f how structured and pure the nanotube sample is. 

The Raman spectra o f the FNTs showed the presence of both the nanotubes bands at 

approximately 1335cm'' and 1585 cm '', although some shifting is evident depending 

on the reflux time. We also can see evidence o f Kevlar bands (1180, 1276, 1326, 1610 

and 1652 cm '') demonstrating the dual nature o f the FNTs. Due to the significant 

overlap o f the D and G bands o f the nanotubes with Kevlar peaks it is quite difficult to 

judge the changes in the intensity o f these bands. However, there is a clear difference 

between the pristine and Kevlar flinctionalised nanotubes. The spectra taken at 2, 4 and 

6 hours o f the treatment show the presence o f both Kevlar and nanotube peaks. 

However, when we analyse the spectrum from the sample refluxed for the longest time 

(12 hours), we find that there remains some highly degraded Kevlar in the sample and 

we are left with nanotubes that have a different spectrum to the original and previous 

ones. When the peak areas are compared we can get a ratio between the D and G band. 

For the pure nanotubes this is approximately 1:1.44 for D:G band. After the longest 

heating under reflux the ratio changes to 1.55:1. This large increase in the comparative 

areas indicates that there is a large increase in the amount o f disorder in the nanotubes. 

This is to be explained by the degradation o f nanotubes given the highly oxidising 

acidic environment o f the reaction. We cannot infer too much fi-om the other sample as 

the peaks o f the D and G bands, although still present, cannot be discerned accurately 

from the Kevlar peaks.
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Figure 2.2 Raman spectra o f nanotubes heated for various periods o f  time (0, 2, 4, 6 

and 12 hours) under reflux in a mixture o f  nitric and sulfiiric acid in the 

presence o f Kevlar

2.4.3 Transmission electron microscopy analysis

The Transmission Electron Microscopy (TEM) images (Figure 2.3 A-D) show that the 

fiinctionalised nanotubes have considerably larger diameters than pristine ones. This 

increase in diameter can be attributed to the Kevlar coating. The thickness increased 

from an average o f  12 nm (±2.8 nm) before, to 37 nm (±6.5 nm) after the 2 hour 

treatment, giving an overall increase o f 200%. When we look at the sample after 4 hrs
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o f the treatment we see a similar increase in nanotube thickness o f 34 nm (±5.1 nm). It 

also appears to show a less uniform or solid coating o f  the nanotubes than the 2 hour. 

Ultimately when we look at the sample after 12 hr we can see that both nanotubes and 

the coating appear to be overwhelmingly degraded. There is to be little structural 

integrity to the nanotubes and we generally find clumps o f  material located on the 

nanotube periphery. If  we look at the size o f  the nanotube, where it appears to be 

structurally sound, we find that it seems to have reverted mostly back to the original 

size, indicating that there remains little or no functionality bound to its surface. Overall 

when we analyse the TEM images we find that we achieve good fUnctionalisation o f the 

nanotubes after a short period o f approximately 2 hours. This is followed by a general 

degradation o f  the polymer to the point where ultimately it is almost completely 

oxidised in the harsh acidic and oxidising environment.

45



Figure 2.3 TEM images of refluxed nanotubes 0 hr (A), 2 hr (B), 4 hr (C) 12 hr (D)
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2.4,4 Thermogravimetric analysis

The thermogravimetric analysis (TGA) o f the original nanotubes (Figure 2.4: 0 hours) 

shows a broad peak at 605 ”C but after the two hour reflux we see a narrowing o f the 

peak and a shift downwards. This indicates the removal o f  impurities from the 

nanotubes. The two hour peak also shows the formation o f a shoulder which 

corresponds fairly well with the decomposition o f Kevlar at 500 °C. After longer reflux 

times we can see the formation o f a second peak at a much lower temperature o f 

approximately 300 °C. This represents further decomposition o f  the Kevlar and we can 

see the peak increase in size as we increase the reflux time. This is to be expected as the 

highly oxidising environment created by the combination o f acids will break down the 

structure o f both the nanotubes and the Kevlar, but initially it creates a much greater 

opportunity for fianctionalisation.

Overall the TGA curvcs showed the nanotube decomposition peak appearing at a lower 

temperature for each sample, demonstrating degradation o f structure. The peak for 

Kevlar is also shifted downward with the second, further decomposed peak found at an 

even lower temperature. Eventually after 12 hours we see very small presence o f  

nanotube or Kevlar material in the sample.
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Figure 2.4 TGA curves o f  nanotubes heated for various periods o f  time (0, 2, 4, 6 

and 12 hours) under reflux in the mixture o f acids the presence o f  Kevlar

2.5 Preparation of Carbon Nanotube Dispersions

One o f  the major limitations for studies and applications o f  nanotubes is their 

insolubility in most common solvents. When nanotubes bundle in a solvent they tend to 

precipitate on the bottom o f the vessel. When nanotubes aggregate and form bundles 

this often corresponds to a considerable decrease in mechanical properties in 

comparison to individual nanotubes. One o f  the ways to debundle the nanotubes is by 

using ultrasound. The ultra-sonic waves cause areas o f compression and rarefaction
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when passing through a Hquid. In the areas o f rarefaction, cavitation bubbles can form 

due to a decrease in pressure and their implosion can cause high localised temperatures 

and pressures. When ultrasound is applied to a solvent containing aggregated nanotubes 

these conditions should cause the nanotubes to be dispersed in the solvent.

We have developed a new technique, which monitors this dispersion and sedimentation 

over time, and from this we can determine how well a solvent can disperse the 

nanotubes. The experiment is performed by monitoring the absorbance o f a solution, 

over time, using 4 lasers. We can see a schematic representation o f the setup o f the 

apparatus in Figure 2.5

absorbing sample of
I concentration c I0

i i
^ —  path length 1 —►

Figure 2.5 Schematic o f  the sedimentation apparatus

It operates on the principle o f  the Beer-Lambert Law. The Beer-Lambert law is the 

linear relationship between absorbance and concentration o f  an absorbing species and 

can generally be written as,

A - e.c.I

where, A is the absorbance, c is the molar absorptivity with units o f L mol'' cm’', c is 

the concentration o f the compound in solution in mol L'*’ and 1 is the path length o f the 

sample (the path length o f the cuvette in which the sample is contained). Experimental 

measurements are usually made in terms of transmittance (T), which is defined as,
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T = I / lo

where, I is the Hght intensity after it passes through the sample and lo is the intensity o f 

the light before it passes through the sample. The relationship between A and T is,

A = -log T = - log (I / lo)

From our measurements o f  the nanotubes subjected to different times o f  reflux we can 

see in Figure 2.6 that the nanotubes tend to be more stable in the solvent with increased 

functionality.
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Figure 2.6 Sedimentation curves for fiinctionalised nanotubes; as the level o f 

functionality increases, the stability o f  the nanotube dispersion increases

2.6 Preparation of Nanotube-Polymer Composite Films

The polymers used for this work are commercially available everyday polymers, 

polyvinyl chloride (PVC), polystyrene (PS), polyvinyl alcohol (PVA) and polyvinyl 

acetate (PVAc). These polymers were chosen as they display good solubility in 

common solvents, including N-methyl-2-pyrollidone (NMP) and have mechanical 

strengths and moduli that are important for their respective applications. A more 

comprehensive description o f their structures and properties can be found in Chapter 1.
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All nanotube-polymer composites were prepared by the solution casting technique. 

This involved dispersing o f different concentrations o f  PNTs or FNTs in a solvent and 

then dissolving one o f the polymers in this dispersion. Variable amounts o f pristine and 

Kevlar-functionalised nanotubes were dispersed in NMP using ultrasonication with a 

conical sonic horn for 10 minutes to prepare solutions o f different concentrations. Then 

the required polymer was dissolved in this dispersion, again using ultrasonic treatment 

for 10 minutes. Nanotubes have a strong tendency to aggregate and form bundles which 

often leads to a considerable decrease in mechanical properties in the resulting 

composites. However, by using ultrasonication and NMP as a solvent we achieved a

very good stable dispersion o f nanotubes and dissolved the polymer. The ability o f
21 ̂ 2NMP to disperse nanotubes is well reported and is discussed in more depth in the 

introduction. This homogenous mixture was drop-cast on to a glass slide measuring 25 

mm X 75 mm and the solvent was allowed to evaporate in a vacuum oven which is 

operated at a controlled temperature o f 60 °C. To ensure complete removal o f  the 

solvent the film is left to dry overnight. This resulted in the formation o f thin polymer 

composite films on the slide that can be easily peeled off.

The films produced varied from clear transparent films through to nearly completely 

opaque, black films as the concentration o f nanotubes contained was increased. The 

films for the different polymers were virtually identical visually for each different 

polymer and so representative images are shown in Figure 2.7 A and B respectively. 

The higher nanotube concentration films tended to have black specs in them, indicating 

aggregation o f the nanotubes within the polymer.

25mm25mm

Figure 2.7 Photographs o f  polymer (PVC) composite films containing 0.0625 

mass percentage carbon nanotubes (A) and 2 mass percentage carbon 

nanotubes (B)
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Following their fabrication and drying, the composite films were lifted from the glass 

substrate and mechanical tests were performed on them using a Zwick 100 tensile 

tester. To perform the tests the films were first cut into strips which were then analysed 

individually. Tensile measurements were carried out to evaluate the relationship 

between composite morphology and mechanical performance. The data was used to 

calculate mechanical properties and these are presented in sections 2.7 through 2.10.

23As has been previously reported, SEM can be utilised to analyse the fracture 

surface o f  polymer-nanotube composites. In order to investigate composite 

morphology after fracture, the composite films in this work were fractured by 

dipping the composite strip into a flask o f  liquid Nitrogen and then broken. Cross 

sectional SEM images o f  the fracture surface o f  both original PVC and PVC 

nanotube composites used for mechanical testing are shown in Figure 2.8 A and B 

respectively. Representative images are shown again, as microscopically all 

polymers also are very similar. In the first SEM image we see a relatively flat 

surface with small lumps o f broken polymer protruding. On the second image we 

can see multiple tubes extending beyond the fracture surface.

k

\  c

Figure 2.8 Examples o f  cross-sectional SEM images o f  the fracture surface o f 

pure PVC (A) and PVC-Kevlar functionalised nanotube composite 

(2.0% NT) (B)
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As discussed in Chapter 1 and mentioned above the addition o f carbon nanotubes to a 

polymer can have both positive and negative effects. If we achieve a good interfacial 

stress transfer o f our nanotubes to the corresponding polymer we should see increases 

in the mechanical properties. Any decreases we find may be due to one o f a number o f 

possibilities including, disruption o f the polymer structure and aggregation o f the 

nanotubes within the polymer during its formation. Aggregation was in fact evident 

from SEM analysis in some o f the higher concentrations o f nanotubes in the polymers 

in this work and evidence o f this can be seen in Figure 2.9. This aggregation results in 

composite films that are inhomogeneous at the nanoscale. The polymer is ultimately 

filled with aggregates o f  nanotubes rather than individual nanotubes. These aggregates 

act as stress concentration centres which act to weaken the film. Nanotubes have a very 

weak interaction between each other and they can slide under the stress. Therefore, 

polymer composites containing aggregated nanotubes frequently demonstrate a 

decrease in their mechanical properties. Ultimately we anticipate all o f  the factors 

should play a part and we expect to see a trend o f mechanical dependence on the 

concentration o f nanotubes in the polymer matrix. We will also expect to observe a 

concentration which shows an apparent optimum amount o f nanotubes.

Figure 2.9 Examples o f  SEM images displaying aggregation in PNT-PS (2 % NT) 

composite film (scale bar 5 jxm) (A) and 6 hr refluxed FNT-PS 

composite film (scale bar 1 |im) (B)
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2.7 Investigation of Mechanical Properties of Polymer Composites

All nanotube-polymer composites were cut into strips o f  2.4 mm in width and 25 mm in 

length. From the systematic preparation method the thickness was generally found to lie 

between 30-40 microns for all samples and was measured by a digital micrometer 

before testing. Mechanical testing was carried out using a Zwick ZlOO tensile tester on 

five separate samples for each polymer. The ultimate tensile strength. Young’s 

modulus, toughness and strain were examined for the pure polymer and each o f the 

polymer composites.

2.7.1 Nanotube - polystyrene composites

The first polymer used was polystyrene. It is a polymer containing aromatic groups, 

similar to Kevlar, and a more in depth discussion o f  its properties and applications can 

be found in Chapter 1. Its structure creates the possibility o f  tt-tt interactions o f  the 

Kevlar fianctionality with the phenyl component o f  polystyrene. In this work the 

mechanical properties o f pristine polymer samples were compared with both PNT-PS 

composites and the 2 hr, 4 hr and 6 hr refluxed FNT-PS composites in sections 2.7.1.1 

through 2.7.I.4.

2.7.1.1 Pristine nanotube - polystyrene composites

The low nanotube concentration PNT-PS composites (Table 2.1, Figure 2.10) 

demonstrated mechanical properties very close to those o f  the original polymer.

When we look at the tensile strength we find increases at the low concentrations. The 

best increase is in the 0.125 mass % o f nanotubes which demonstrates an increase from 

25 MPa for the pure PS to 28 MPa, representing an increase in strength o f 12 %. After 

we reach this maximum we find at the higher concentrations o f  nanotubes the strength 

begins to decrease again.

The Young’s moduli show a similar trend across the concentration range to the tensile 

strength. The maximum value found is for that o f  the 0.0625 % o f nanotubes. It 

increases from 1.8 GPa in the original polymer to 2.1 GPa in the composite which 

represents a 17 % increase.
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The toughness value shows an increase from 2.5 to 3.0 MJ/m in the best case (0.0625 

% PNTs). This represents an increase o f  20 % on the pure PS. The corresponding strain 

increase is relatively small (0.2 %).

Overall the best sample appears to be the composite containing 0.0625 % PNTs. It 

shows a similar tensile strength value and strain to the pure PS but demonstrates the 

best increase for the Y oung’s modulus (14%) and toughness (20%). In most o f  the other 

samples the mechanical properties are either similar or not as good as the pure polymer. 

The noticeable worsening o f  all mechanical characteristics can also be observed for the 

composites at higher mass percentages o f  PNTs. This can be explained the disruption o f  

polymer structure by increased amount o f  filler and also by the formation o f  aggregates 

within the polymer structure. The reductions are quite dramatic, the strength and 

modulus are both reduced by almost half (48% and 43% respectively) at the maximum 

concentration o f  2% nanotubes. The toughness decreases by 59% and strain also goes 

down by 27%. On the whole when we analyse the PNT-PS composites we find 

considerable increases at low loadings followed by a dramatic reduction in all the 

mechanical properties as we increase the loading beyond 0.125 % nanotubes. We hope 

to show that the functionalised nanotubes can both show better increases at the low 

concentrations and fijrther enhancement as we increase the loading o f  nanotubes across 

the concentration range indicating less aggregation and better affinity for the polymer.

Table 2.1 Combined mechanical data for PNT-PS composites

Mass NT 

{%)
Tensile

S trength

(M Pa)

Error

(+/-)

Y oung’s

M odulus

(G Pa)

Error

(+/-)

Toughness

(MJ/m^)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 25 1.6 1.8 0.09 2.5 0.60 1.8 0.23
0.0625 25 3.0 2.1 0.33 3.0 0.16 2.0 0.28
0.125 28 1.0 1.9 0.13 2.4 0.30 1.7 0.03
0.25 21 0.8 1.5 0.16 2.2 0.38 2.1 0.21
0.5 19 2.4 1.3 0.23 1.8 0.52 1.9 0.10
1 18 1.3 1.4 0.10 1.5 0.35 1.6 0.25
2 13 1.1 1.0 0.10 1.0 0.21 1.4 0.08
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2.7.1.2 Polystyrene composites containing FNTs refluxed for 2 hours

Mechanical testing o f  the polystyrene composites containing 2hr refluxed FNTs (Table 

2.2, Figure 2.11) gave very impressive results in comparison to the pristine nanotubes.

The strength measurements show increases across the whole concentration range and 

reach a maximum o f 30 MPa representing a 20 % increase in strength on the pure PS 

(25 MPa) at the 0.5% concentration. This is slightly better than the maximum value 

measured for the pristine nanotubes in PS o f 28 MPa (a 12 % increase on the pure 

polymer), although at a higher loading.

The Young’s moduli are also impressive, with a maximum o f 2.0 GPa at the 0.5 %, 1 % 

and 2 % concentration o f nanotubes representing an increase o f 11 % on the pure PS. It 

shows that the higher loading o f FNTs can also maintain the increases.

Interestingly we see that the toughness also increases without the strain being affected 

too much, indicating that the sample is capable o f withstanding a higher overall load 

without a corresponding increase in brittleness or ductility. The best value o f 3.1 

MJ/m^, at 0.5 % loading, demonstrates a more substantial increase (24 %) on the pure 

polymer (2.5 MJ/m^) than the PNT samples (3.0 MJ/m^). The value for strain in this 

sample is the same as the strain in the pure PS.

Another interesting effect is that at the higher concentrations the strength and modulus 

o f  the polymer composite reaches a maximum and levels o ff We would expect that at 

the higher concentrations the composites would begin to weaken due to aggregation like 

in the sample with the PNTs. In the PNT samples when the concentration o f nanotubes 

reaches 0.125 % loadings it achieves the best mechanical values. The mechanical 

properties then decrease substantially in the samples at 0.25% nanotubes and above. In 

the FNT samples however we can see that the composite retains its high strength and 

modulus across the concentration range and varies by less than 4 MPa from 0.125% all 

the way to 2% nanotubes concentration. In general the values that these samples 

achieve are similar to the PNT samples at low loading but when the mechanical 

properties o f the PNTs sample start to decrease as we move to higher loadings the FNTs 

can retain their mechanical increase and in some cases achieve fiirther enhancement. 

This indicates that the nanotubes are better able to grip one another rather than slide 

over one another as we would expect. Also the increase in the dispersibility o f  the NTs
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in NMP miglit decrease the amount o f  aggregation that occurs. Overall the FNTs 

dem onstrate a better ability for mechanical reinforcement and achieve stronger 

composites albeit at a higher loading o f  nanotubes in the polymer. We will next analyse 

FNTs which have been re fluxed for a longer periods o f  time to see if  they can 

dem onstrate any further enhancement.

Table 2.2 Combined mechanical data for 2hr refluxed FNT-PS composites

Mass NT 

(%)
Tensile

Strength

(MPa)

Error

(+/-)

Young’s

Modulus

(GPa)

Error

(+/-)

Toughness

(MJ/m^)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 25 1.6 1.8 0.09 2.5 0.60 1.8 0.23
0.0675 27 1.1 1.8 0.11 2.5 0.34 1.9 0.24
0.125 27 2.2 1.7 0.28 2.8 0.96 2.1 0.63
0.25 26 1.6 1.8 0.08 2.2 0.18 1.6 0.15
0.5 30 1.7 2.0 0.10 3.1 0.34 1.8 0.06
1 29 1.4 2.0 0.08 2.5 0.21 1.6 0.12
2 28 0.6 2.0 0.21 2.6 0.17 1.8 0.11
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Figure 2.11 Combined graph o f tensile strength, Young’s modulus, toughness and

strain o f 2hr refluxed FNT-PS composites against the mass percentage o f 

nanotubes within the polymer film.
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2.7.1.3 Polystyrene composites containing FNTs refluxed for 4 hours

When we analyse the 4hr refluxed FNT-PS composites (Table 2.3, Figure 2.12) we see 

that we get similarly impressive results as the 2 hr refluxed FNT-PS composites. The 

strength measurements show increases again across the whole concentration range and 

reach a maximum at 30 MPa (0.125 % and 0.5 % loading) again representing an 

increase o f 20% increase in strength on pure PS. This is the same as the maximum 

value measured for the 2 hour FNTs, although at a lower nanotube loading.

The Young’s modulus values show an increase from 1.8 GPa to 2.0 GPa representing 

an increase on the pure polymer o f 11 %, however this value is not as high as the 

maximum in the PNT-PS composite (2.1 GPa)

The toughness values are also reasonable (maximum o f 2.9 MJ/m^ at 0.0675 %) when 

compared to the pure PS (2.5 MJ/m^) and relatively stable over the whole concentration 

range with the exception o f  the highest mass % NT sample. The maximum is not as 

high as the maximum in either the PNT-PS composites (3.0 MJ/m^, 0.0625 % PNTs) or 

the 2 hr FNT-PS composites (3.1 M J/m \ 0.5 % FNTs).

A particularly noteworthy sample is the 0.125% concentration. It shows substantial 

increases in strength (20 %), modulus (11 %) and toughness (8 %) with a decrease in 

strain (-6 %).

Table 2.3 Combined mechanical data 4hr refluxed FNT-PS composites

M ass NT 

(%)
Tensile

S trength

(M Pa)

Error

(+/-)

Y oung’s

M odulus

(G pa)

Error

(+/-)

Toughness

(MJ/m^)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 25 1.6 1.8 0.09 2.5 0.60 1.8 0.23
0.0675 29 1.7 1.7 0.20 2.9 0.07 2.1 0.08
0.125 30 1.7 2.0 0.23 2.7 0.29 1.7 0.20
0.25 27 1.1 1.7 0.22 2.6 0.37 2.0 0.30
0.5 30 1.0 1.9 0.13 2.8 0.14 1.8 0.17
1 29 1.2 1.7 0.22 2.9 0.34 2.0 0.43
2 27 2.1 1.8 0.05 2.3 0.40 1.7 0.17
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2.7.1.4 Polystyrene composites containing FNTs refluxed for 6 hours

When we analyse the FNTs nanotube composites containing Kevlar coated nanotubes 

refluxed for 6 hours (Table 2.4, Figure 2.13) we see that get quite similar results in 

comparison to the pristine nanotubes, and they are not as large or extensive as the 2 hr 

or 4 hr FNTs.

The strength measurements show increases again with a maximum at the 0.25 % FNTs 

concentration o f 29 MPa (approximately 12 %) but the values diminish considerably at 

the higher concentrations o f  nanotubes. The maximum value is lower than the previous 

samples. This is probably due to the nanotubes and Kevlar being oxidised in the harsh 

environment resulting in decomposition and weakening.

The Young’s moduli are also lower and diminish considerably at the highest 

concentration. The maximum value occurs at the 0.125% concentration and represents a 

negligible increase on the pure PS.

The toughness and strain values are very inconsistent, and the maximum value at a 

concentration o f 0.0625 % FNTs is the same as the maximum value for the PNT-PS 

composites and is also recorded at the same concentration o f NTs.

Table 2.4 Combined mechanical data for 6hr refluxed FNT-PS composites.

Mass NT 

(%)
Tensile

Strength

(MPa)

Error

(+/-)

Young’s

Modulus

(Gpa)

Error

(+/-)

Toughness

(MJ/m^)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 25 1.6 1.8 0.09 2.5 0.60 1.8 0.23
0.0625 28 0.8 1.8 0.15 3.0 0.39 2.1 0.33
0.125 28 1.0 1.9 0.14 2.4 0.30 1.7 0.03
0.25 29 1.0 1.9 0.20 2.8 0.37 2.0 0.37
0.5 28 2.2 1.8 0.12 2.7 0.31 2.0 0.13
1 25 1.9 1.9 0.02 2.1 0.29 1.6 0.08
2 21 2.2 1.5 0.17 1.7 0.32 1.8 0.17
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2.7.2 Nanotube-Poly vinyl Chloride Composites

We have shown above that the reflux time has an effect on the ability o f  the 

functionalised nanotubes to achieve better mechanical properties. Our new aim was to 

demonstrate that Kevlar coated nanotubes can be employed as additives to a variety o f  

different polymers. We also want to find if  we can achieve more considerable 

enhancement on a different polymer. The next polymer chosen for analysis was 

polyvinyl chloride (PVC). A comprehensive review of its properties can also be found 

in Chapter 1. In this work the mechanical properties o f  pure PVC samples were 

compared with PNT-PVC composites and the 2 hr, 4 hr and 6 hr refluxed FNT-PVA 

composites in sections 2.7.2.1 through 2.7.2.4.

2.7.2.1 Pristine nanotube -  polyvinyl chloride composites

We examined the mechanical properties o f  PNT-PVC composites and compared them 

to the properties o f pure PVC (Table 2.5, Figure 2.14).

The addition o f  PNTs gives an initial increase in strength followed by a reasonably 

steady decrease at higher nanotube concentrations. As the nanotube concentration is 

increased, they begin to aggregate causing weakness, similar to the polystyrene 

samples, and this results in a decrease in strength. The maximum strength achieved (50 

MPa at 0.125% conc.) was about a 16% increase in the strength measured for pure PVC 

(43 MPa).

The Young’s modulus section o f the graph also shows an initial increase followed by a 

dramatic decrease for the concentrations from 0.25% upwards. Once the highest mass 

percentage concentration o f  nanotubes is reached we find the modulus has decreased by 

33 %. The maximum Young’s modulus achieved (1.8 GPa at 0.0675 mass % PNTs) 

was about a 20 % increase on the Young’s modulus measured for pure PVC (1.5 GPa).

The toughness and strain begin to decrease immediately after the introduction o f 

nanotubes and throughout the mass percentage range accordingly. This decrease is 

associated with the increase in brittleness that is often observed when dealing with 

nanotube-polymer composites and is a well-reported effect in the literature.^”̂’̂  ̂ It is not 

unexpected in a composite sample o f this nature. Once we reach the highest
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concentration there has been a very dramatic decrease o f  all the mechanical properties 

o f the composite with respect to the pure polymer.

The PNT results show that initially we achieve some increases in strength and modulus 

however once we add 0.25 % by mass o f  nanotubes or more we find that the 

mechanical properties o f the composites are negatively affected. It was anticipated that 

we can show that the addition o f the FNTs will display more considerable increases 

over the PNTs, with these increases maintained throughout the concentration range, 

similar to the polystyrene samples.

Table 2.5 Combined mechanical data for PNT-PVC composites

Mass NT 

(%)
Tensile

S trength

(M Pa)

Error

(+/-)

Y oung’s

M odulus

(G Pa)

Error

(+/-)

Toughness

(MJ/m^)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 43 3.2 1.5 0.06 37.1 19.23 116 59.0
0.0625 48 3.0 1.8 0.18 34.7 11.03 88 21.2
0.125 50 2.1 1.7 0.17 28.8 12.68 76 32.2
0.25 36 2.7 1.1 0.16 6.6 6.87 23 22.8
0.5 40 4.1 1.2 0.14 2.5 1.11 9 3.8
1 33 3.7 1.1 0.14 1.1 0.39 5 0.8
2 28 1.9 1.0 0.13 0.7 0.24 4 0.9
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2.7.2.2 PVC composites containing FNTs refluxed for 2 hours

We examined the mechanical properties o f  PVC and 2hr FNT composites and 

compared them to the properties o f pure PVC (Table 2.6, Figure 2.15).

Here we can see an initial increase in strength with the addition o f the 2 hr FNTs. The 

strength continues to increase with increasing nanotube concentration up to the 0.25% 

nanotube concentration whereupon it begins to level out, but still remaining high. The 

maximum strength achieved (65 MPa at 1% conc.) was about a 50% increase in the 

strength measured for pure PVC (43 MPa). Also there was a significant improvement 

on the maximum strength than that achieved with PNTs (50.2 MPa, 20%). It is evident 

that the FNTs give a much greater strength increase to the polymer with respect to the 

PNTs.

The graph shows a considerable increase in Young’s modulus also, with most samples 

measured showing an increase o f over 50% on the pure polymer. The maximum 

Young’s modulus achieved (2.5 GPa at 1% conc.) was about a 70% increase in the 

Young’s modulus measured for pure PVC (1.5 GPa) and was also a very significant 

improvement on the maximum Young’s modulus achieved with PNTs (1.8 GPa, 20%).

When we look at the values for toughness and strain we see that they tend to decrease 

as we increase the nanotube concentration. As noted before, this is expected for a 

composite sample. Overall the optimum concentration o f nanotubes appears to be 1 

mass % which gives an increase o f over 50 % for both the tensile strength and Young’s 

modulus and the corresponding decrease in toughness is not so considerable when 

compared to the other samples. Also the toughness is even more impressive when we 

consider the associated low strain value.

These increases are very substantial and show that the functionalised nanotubes are 

clearly considerably more effective at transferring stress from the polymer matrix. 

When we look at the higher mass percentages o f nanotubes we find that the increases in 

mechanical properties occur across the concentration range indicating less aggregation 

o f the nanotubes and a better ability for reinforcement. This is similar to the effect 

observed on the polystyrene composites; however it is in stark contrast to the PNT-PVC 

composites. Initially composites fabricated using both types o f  nanotubes show similar 

increases at the low concentration ranges. Ultimately the FNT composites showed
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further increases after the 0.25 % mass o f FNTs and maintained those increases across 

the concentration range. Conversely the PNT composites showed dramatic decreases at 

the same mass percentage o f PNTs and these decreases were exacerbated as the 

concentration was increased further.

Table 2.6 Combined mechanical data for 2 hr refluxed FNT-PVC composites

Mass NT 
(%)

Tensile
Strength

(MPa)

Error

(+/-)

Young’s
Modulus

(GPa)

Error

(+/-)

Toughness

(MJ/m^)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 43 3.2 1.5 0.06 37.1 19.23 117 59.0
0.0625 50 8.7 1.5 0.23 1.6 0.50 5 1.0
0.125 59 2.0 2.2 0.25 19.8 3.42 42 4.5
0.25 62 2.3 2.2 0.20 11.2 5.90 24 11.9
0.5 60 1.9 2.1 0.03 2.1 0.41 5 0.8
1 65 4.1 2.5 0.33 17.4 11.87 33 21.1
2 60 4.5 2.1 0.13 3.3 2.88 7 5.5
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Figure 2.15 Combined graph o f tensile strength, Young’s modulus, toughness and 

strain against mass % o f 2 hr refluxed FNT-PVC composites against the 

mass percentage o f nanotubes within the polymer film
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2.1.23  PVC composites containing FNTs refluxed for 4 hours

The FNT-PVC composites containing nanotubes treated for 4 hr were next examined 

and the mechanical properties were compared them to the properties of pure PVC 

(Table 2,7 and Figure 2.16).

We can see again that we get a large increase in the tensile strength. This reaches a 

maximum value of 60 MPa representing a 40 % increases on the pure PVC (43 MPa) 

for the samples with 0.125 and 0.25 % nanotubes, although this maximum is slightly 

less than the corresponding value for the FNTs refluxed for 2 hr (65 MPa, 1 % FNTs).

The Young’s modulus showed increases across the range of concentrations with the 

maximum value of 2.1 GPa displayed over a large range of concentrations o f FNT 

(0.125 through to 1 % FNTs). The toughness and strain again follow the expected 

trends o f dramatic decreases. The FNT composites also maintain the increases across 

the concentration range, similar to the 2 hr refluxed samples. As a general observation 

the 4hr refluxed FNT samples display similar but slightly reduced mechanical 

properties to the 2 hr refluxed FNT composites.

Table 2.7 Combined mechanical data for 4 hr refluxed FNT-PVC composites

Mass

NT

(%)

Tensile

S trength

(M Pa)

Error

(+/-)

Y oung’s

M odulus

(G Pa)

Error

(+/-)

Toughness

(MJ/m’)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 43 3.2 1.5 0.06 37.1 192.3 11.7 59.0
0.0675 59 1.0 1.9 0.14 18.4 121.9 4.7 37.5
0.125 60 2.4 2.1 0.15 5.6 59.0 1.3 13.3
0.25 60 2.4 2.1 0.10 2.9 26.2 0.7 5.6
0.5 55 5.7 2.1 0.07 1.8 8.4 0.5 2.4
1 56 1.6 2.1 0.14 5.8 63.0 1.3 12.7
2 55 6.8 1.9 0.17 3.7 19.2 0.8 2.9
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Figure 2.16 Combined graph of tensile strength, Young’s modulus, toughness and 

strain against mass % of 4 hr refluxed FNT-PVC composites against the 

mass percentage of nanotubes within the polymer film
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1.1.lA  PVC composites containing FNTs refluxed for 6 hours

The mechanical properties o f the 6hr refluxed FNT-PVC composites were examined 

and compared to the properties o f pure PVC (Table 2.8, Figures 2.17)

Initially, in this graph there is a large increase in strength for the 0.0675% nanotube 

concentration which is in fact the maximum strength achieved (63 MPa). This 

represents about a 50%> increase in the strength measured from the pure PVC (43 MPa) 

and is still considerably better than the PNT composites. Following this increase 

however the tensile strength of the composite starts to decrease as we increase the mass 

percentage of nanotubes.

The addition of FNTs to PVC also gave a reasonable increase in Young’s modulus. The 

maximum is achieved at a concentration of 0.25 mass % of FNTs and is about a 40% 

increase on the Young’s modulus of pure PVC. The sample containing 0.0675 % of 

FNTs again shows considerable increase in Young’s modulus.

The toughness and strain show dramatic decreases with the exception o f the 0.0675 

mass % of FNT sample. Overall this sample shows by far the best mechanical 

properties but it seems the 6 hr refluxed FNT samples show slightly less enhancement 

in PVC composites than the 2 hr refluxed FNT samples.

Table 2.8 Combined mechanical data for 6 hr refluxed FNT-PVC composites

Mass NT 

(%)
Tensile

S trength

(M Pa)

Error

(+/-)

Y oung’s

M odulus

(G Pa)

Error

(+/-)

Toughness

(MJ/m^)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 43 3.2 1.5 0.02 37.0 19.23 117 59.0
0.0675 63 3.7 2.0 0.35 34.3 22.18 68 45.1
0.125 61 2.3 2.0 0.18 4.8 2.20 11 5.1
0.25 57 1.1 2.1 0.19 8.0 7.43 18 16.2
0.5 47 4.7 1.9 0.20 2.0 1.98 6 4.4
1 48 1.9 1.8 0.42 2.4 1.47 7 3.7
2 43 6.0 1.5 0.41 1.2 0.21 4 0.6

72



C luiptCT l ‘u n c ti( 'n ;ilis o l luinntub- coinpcsites

TO
CL

-i E(rt x: c0) O) 
^  0

70

60

50

CO 40-
cc

Q_
~v) CDD)
C w 2
=3 13

"D
O

^  1

c/) 60-
Q) CO
^  40-
D) ^  
p  2 0 \

Oj
180

120

60 H 

0

c  
■(0 
-4—»

C/3

L I

. I .

“1------------------«------------------1------------------'------------------r

0 1

Mass NT 
( %)

Figure 2.17 Combined graph o f tensile strength, Young’s modulus, toughness and 

strain against mass % o f 6 hr refluxed FNT-PVC composites against the 

mass percentage o f nanotubes within the polymer film.
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2.7.3 Nanotube-PVA composites

The FNTs which were refluxed for 4 hr and 6 hr on the whole, whilst displaying 

increases on the pure polymer and on the PNTs, do not show further enhancement of 

either polystyrene or PVC. They are in fact generally slightly less effective at 

reinforcement when compared to the 2 hr FNTs. For this reason it was decided to stop 

using the 4hr and 6hr refluxed nanotubes as additives for other polymer materials. Our 

next aim was to find out if the FNTs were adaptable to another polymer namely, 

Polyvinyl Alcohol (PVA).

In Chapter 1 we discuss the importance o f  PVA commercially. It has an interesting 

structure and is highly dependent on hydrogen bonding (H-bonding) for its mechanical 

strength. It was anticipated that the FNTs may have a better affinity to the PVA than the 

PNTs although structural disruption is also a greater possibility due to its reliance on H- 

bonds. In this work the mechanical properties o f pristine polymer samples were 

compared with both PNT-PVA composites and the 2 hr refluxed FNT-PVA composites 

in sections 2.7.3.1 and 2.7.3.2.

2.7.3.1 Pristine nanotube-PVA composites

Initially we examined the mechanical properties o f  PVA-PNT composites and 

compared them to the properties o f pure PVA (Table 2.9, Figure 2.18).

There is a clear trend in an initial increase in the strength o f the polymer at very low 

concentrations o f  nanotubes, followed by a sharp drop in strength at higher nanotube 

loadings. The maximum increase in strength (43 MPa) was achieved at 0.125% 

nanotube concentration and was about 40 % higher than the strength measured for pure 

PVA (31 MPa). However the higher nanotube concentration films (0.25 % to 2 %) were 

very weak and were only 70 -  80 % o f the strength measured for pure PVA.

We can then see that the addition o f nanotubes causes a decrease in the Young’s 

modulus o f  the polymer. The decrease is fairly dramatic and ultimately results in a 62% 

drop at its lowest value (1.1 MPa, 0.25 % PNTs). This could be because o f 

imperfections in the polymer matrix caused by the addition o f the nanotubes.

The toughness and strain o f  the composites demonstrate interesting behaviour. We see 

an increase in both for the first two concentrations, followed by the expected decrease
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from 0.25 to 2 %. The toughness reaches a maximum o f  158 MJ/m^ at 0.125 % PNTs 

representing a significant increase o f  138 % on the pure polymer. The corresponding 

strain has also increased accordingly.

At the higher loadings (above 0.125 %) we again see considerable decreases in all the 

mechanical properties, similar to the decrease we see with the PNTs in PS and PVC.

Table 2.9 Combined mechanical data for PNT-PVA composites

Mass NT 

(%)
Tensile

S treng th

(M Pa)

Error

(+/-)

Y oung’s

M odulus

(GPa)

Error

(+/-)

Toughness

(MJ/m’)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 31 1.4 2.7 0.54 66 19.2 260 73.7
0.0625 41 4.1 1.7 0.81 142 24.4 426 60.9
0.125 43 4.3 1.2 0.59 158 12.1 465 8.5
0.25 26 4.7 1.1 0.26 57 23.2 264 48.7
0.5 26 3.6 1.5 0.14 48 15.1 223 60.7
1 22 2.2 1.5 0.21 26 2.9 152 4.3
2 22 1.0 1.9 0.6 29 8.2 169 45.4
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Figure 2.18 Combined graph o f tensile strength, Young’s modulus, toughness and 

strain against mass % PNT-PVA composites against the mass percentage 

o f nanotubes within the polymer film
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2.7.3.2 PVA composites containing FNTs refluxed for 2 hours

Next the mechanical properties o f FNT-PVA composites were examined and compared 

to the properties o f pure PVA (Table 2.10, Figure 2.19).

In the graph we can see that the addition o f  Kevlar coated nanotubes fails to make any 

considerable increase in the strength o f the polymer. Initially the strength o f the samples 

measured is roughly the same as the strength measured for pure PVA, but the strength 

significantly decreases after the 0.25% nanotube concentration remaining low 

throughout the mass percentage range.

The Young’s modulus data shows much larger increases than was observed in the PNT 

composites. The data does not seem to follow this trend too closely for every sample; 

however in the maximum concentration (2 %) we get a Young’s modulus value o f 6.1 

GPa representing a very substantial 122 % increase on the pure PVA (2.7 GPa). 

Considering that the PNT-PVA samples decreased at all concentrations it makes the 

increase even more impressive.

The toughness and strain seem to be fairly unaffected by the addition o f the FNTs. This 

is disappointing as the PNT composites demonstrated increases in toughness.

Overall although the addition o f FNTs showed increases in the Young’s modulus we 

find the other mechanical properties are worse than in the PNT composites. The more 

derogatory effect o f  the FNTs on the composites can be explained by its larger size and 

therefore greater disruptive capability to the hydrogen bonded structure o f the polymer 

matrix.

Table 2.10 Combined mechanical data for 2 hr refluxed FNT-PVA composites

Mass NT 

(%)
Tensile

Strength

(MPa)

Error

(+/-)

Young’s

Modulus

(GPa)

Error

(+/-)

Toughness
(MJ/m )̂

Error

(+/-)

Strain

(%)

Error

(+/-)

0 31 1.4 2.7 0.54 66 19.2 260 73.7
0.0625 32 4.3 3.9 0.57 66 25.2 251 69.7
0.125 30 1.1 2.2 0.24 67 9.6 290 65.2
0.25 30 1.7 4.1 0.41 66 17.2 267 56.7
0.5 24 4.1 1.4 0.14 40 8.3 214 32.4
1 26 2.5 4.3 0.74 40 16.4 185 78.2
2 28 1.9 6.1 0.27 69 17.2 302 64.6
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Figure 2.19 Combined graph o f tensile strength, Young’s modulus, toughness and 

strain against mass % o f  2 hr refluxed FNT-PVA composites against the 

mass percentage o f nanotubes within the polymer film
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2.7.4 Nanotube - PVAc composites

As we discussed with the PVA composites we initially expected there would be 

hydrogen bonding between the Kevlar and PVA molecules in the polymer matrix, 

thereby increasing the stress transfer between the nanotube and the polymer. It was 

expected that because o f its structure PVA may have facilitated the FNTs better than 

PNTs and it was hoped that the OH groups in PVA and amido groups in Kevlar might 

interact via hydrogen bonding. The effect we achieved however was a reduction in the 

strength, indicating that the polymer matrix may have become disrupted. With this in 

mind the next polymer selected was polyvinyl acetate (PVAc). Similarly to PVA, PVAc 

has some polar side groups, but has a larger inter-chain separation and does not undergo 

hydrogen bonding between the chains in the polymer matrix. We expected that it may 

therefore be better able to incorporate nanotubes and would thus result in increased 

mechanical properties. In this work the mechanical properties o f pristine polymer 

samples were compared with both PNT-PVA composites and the 2 hr refluxed FNT- 

PVA composites in sections 2.7.4.1 and 2.7.4.2.

2.8.4.1 Pristine Nanotube -  PVAc composites

Initially we examined the mechanical properties o f PNT-PVAc composites and 

compared them to the properties o f pure PVAc (Table 2.11, Figure 2.20).

Here we can see that the addition o f nanotubes results in quite significant increase in the 

strength o f the polymer composite in comparison with the pure polymer. This increase 

can be associated with the increase in concentration o f the nanotubes within the 

polymer matrix. The strength reaches a maximum at a concentration o f  0.125% 

nanotubes and then we observe a decrease in strength. This decrease is most likely due 

again to the nanotubes forming larger aggregates causing areas o f weakness in the 

sample. However the decrease is not too dramatic and the highest concentration still 

retains a relatively high strength in comparison to the pure polymer indicating that the 

bulky nanotubes do not have such a detrimental effect on the polymer structure. This 

signifies that possibly the PVAc structure is more accommodating than the PVA. The 

maximum strength achieved (40 MPa at 0.125% conc.) was about a 50% increase in the 

strength measured for pure PVAc (25 MPa).
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We then analysed the Y oung’s modulus to see if  the increases are replicated. The 

addition o f  PNTs to PVAc gave a large increase in Y oung’s modulus. The maximum 

modulus measured (2.8 GPa) was achieved at a very low mass percentage o f  nanotubes 

(0.0625 %). It was a 182% increase on that o f  pure PVAc. This increase is not 

maintained across the mass percentage range however; once the highest concentration is 

reached we find the modulus is similar to the pure polymer (1.1 GPa).

When we analyse the strain and toughness o f  the samples we find that they decrease 

initially and then raise as the nanotube content increases. This is the opposite to what 

we expect for a polymer with good interfacial stress transfer and may indicate that as 

the nanotube contents increases we get less stress-strain transfer between the nanotubes 

and the polymer.

The overall effect o f  the addition o f  PNTs to PVAc was a large increase in mechanical 

properties. At the 1% concentration we achieve a large increase in strength and Young’s 

modulus without a major change in toughness or strain. It indicates that PVAc is the 

most accepting polymer structure.

Table 2,11 Combined mechanical data for PNT-PVAc composites

Mass NT 

(%)
Tensile

S trength

(M Pa)

Error

(+/-)

Y oung’s

M odulus

(GPa)

Error

(+/-)

Toughness

(MJ/m^)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 25 3.6 1.0 0.4 12.1 8.59 67 45.7
0.0625 37 5.5 2.8 0.4 1.6 0.45 5 1.3
0.125 40 5.5 2.0 1.1 2.9 1.96 9 6.6
0.25 37 2.6 1.7 0.6 8.6 5.29 31 15.2
0.5 35 2.3 1.8 0.5 12.3 6.49 45 21.8
1 35 4.3 1.1 0.2 21.8 6.57 81 13.0
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Figure 2.20 Combined graph o f tensile strength, Young’s modulus, toughness and 

strain against mass % PNT-PVA composites against the mass percentage 

o f nanotubes within the polymer film

81



2.7.4.2 PVAc composites containing FNTs refluxed for 2 hours

Next the mechanical properties o f  the 2 hr refluxed FNT-PVAc composites were 

examined and compared to the properties o f  pristine PVAc (Table 2.12, Figure 2.21).

According to our measurements there is a very linear increase in strength until the 0.25 

% mass concentrations o f  nanotubes. This is what we would expect according to the 

rule o f  mixtures indicating that there are less aggregates forming in the film. The 

strength increases with nanotube concentration to a maximum at 0.25% nanotube 

concentration and then starts to decrease. All concentrations measured showed an 

increase in strength again demonstrating the more accommodating nature o f the PVAc 

structure. The maximum average strength achieved (45.3 MPa at 0.25% conc.) was 

about an 80% increase on the strength measured for pure PVAc and was greater than 

the maximum strength achieved with non-functionalised pristine nanotubes above (40.4 

MPa). Thus the Kevlar functionalised nanotubes give a greater strength increase to the 

polymer with respect to the non-functionalised nanotubes. This indicates better 

interfacial stress transfer between the functionalised nanotubes and the polymer.

The addition o f 2 hr refluxed FNTs to PVAc also resulted in a significant increase in 

Young’s modulus. The maximum increase o f  173 %, compared with the pure polymer, 

was observed for the 0.5 % concentration. However, we don’t see too much o f  a 

difference between the Young’s moduli in PVAc composites containing functionalised 

and pristine nanotubes. They both give a substantial increase but within error they both 

achieve similar maxima. In fact the pristine tubes gave slightly better results as they 

achieve their maximum value at a much lower concentration (0.0625% PNTs as 

opposed to 0.5 % FNTs).

The toughness and strain values decrease for the composites with the exception o f the 

0.125 % concentration. At the 0.125 % FNT concentration we see an increase in the 

tensile strength. Youngs modulus and toughness with no corresponding significant 

increase in strain.

When we look at the mechanical properties overall we find that there is not too much 

difference between the functionalised nanotube composites and the pristine nanotube 

composites with only the tensile strength showing a significant increase. Also we find 

that it is hard to uncover a definable trend for each o f  the concentrations o f  nanotubes’
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effect on the mechanical properties o f the composite as a whole. Where we can see 

obvious trends in the strength and modulus for the samples it is hard to recognise a 

trend in the toughness and strain. This is particularly evident in the pristine nanotube 

composites.

Table 2.12 Combined mechanical data for 2 hr refluxed FNT-PVAc composites

Mass NT 

(%)
Tensile

Strength

(MPa)

Error

(+/-)

Young’s

Modulus

(GPa)

Error

(+/-)

Toughness

(MJ/m^)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 25 3.6 1.0 0.37 12.1 8.59 67 45.7
0.0625 32 2.9 1.2 0.19 8.7 4.06 44 25.6
0.125 35 3.0 1.9 0.38 17.1 9.21 69 35.7
0.25 45 7.4 1.9 0.43 5.1 4.40 17 17.5
0.5 36 5.9 2.7 0.81 1.6 0.52 5 1.7

1 32 3.0 2.2 0.47 6.7 1.61 3 0.3
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Figure 2.21 Combined graph o f tensile strength, Young’s modulus, toughness and 

strain against mass % o f 2 hr refluxed FNT-PVAc composites against 

the mass percentage o f nanotubes within the polymer film

8 4



2.8 Conclusions

We have developed a new one-step method for purifying carbon nanotubes and 

functionalising them with a high strength polymer, namely Kevlar. We have found that 

the length o f heating time under reflux can strongly influence the amount o f coating we 

can achieve on the nanotube surface and also the nanotube integrity. Ultimately 

refluxing for too long results in a complete degradation o f  both the polymer and the 

nanotube structure. We have found that the mechanical properties o f Kevlar 

functionalised nanotube - polymer composites strongly depend on the nature o f  polymer 

and on the mass percentage o f nanotubes. Observing increases in mechanical properties, 

as a general rule, the mass percentage concentrations o f nanotubes which show the most 

significant increases in all mechanical properties o f the PNT were those o f the lower 

mass percentages. Higher mass percentages o f PNTs tended to have a derogatory effect 

on the structure o f polymer. This is almost certainly due to the fact that nanotubes tend 

to aggregate at higher concentrations creating larger bundles. The resulting 

inhomogeneous composite films at higher mass percentages o f PNTs display decreased 

mechanical properties. In general, the FNT composites showed similar increases to the 

PNT composites at low mass percentages, with some cases displaying much more 

substantial increases. As the mass percentage o f FNTs in the composites was increased 

however the FNT composites displayed fiirther enhancement even up to 1 or 2 mass 

percent o f FNTs. This indicates less aggregation and a more homogenous dispersion 

within the polymer matrix.

Overall as a general rule both PNT composites and FNT composites exhibited 

improvements in the mechanical properties, with the exception o f PVA composites. 

However, the FNT composites display greater overall enhancement. This greater 

increase in strength by the ftinctionalised nanotubes can be attributed to reduced 

aggregation of Kevlar functionalised nanotubes and better interfacial stress transfer 

between the nanotubes and polymer. We also believe that the presence o f  very strong 

Kevlar coating contributes to the improvement o f mechanical characteristics.
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Chapter 3

Carbon Nanotube-Kevlar 

Composites
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3.1 Introduction

Kevlar is an exceptionally strong material and is manufactured by DuPont in three 

grades. Even the weakest grade o f Kevlar is comparable in strength to steel and only 

half as dense. Kevlar 129 has the highest tensile modulus o f  all. It is used for making 

bulletproof jackets. Our research focuses on the reinforcement o f Kevlar 129 using 

carbon nanotubes. As we discussed in Chapter 1, Kevlar displays a very interesting 

chemical and molecular structure which contributes a great deal to its mechanical 

strength. We wish to develop a process which will complement these properties without 

disrupting them to a great extent. By incorporating nanotubes into the structure we wish 

to achieve good interfacial stress transfer between the pleated layers o f  the polymer 

without disrupting the hydrogen bonding matrix or the covalently bonded chemical 

structure o f the Kevlar fibres.

Previous approaches to the preparation o f nanotube-polymer composites have been 

focused mostly on in situ polymer synthesis at the presence o f nanotubes or by 

mechanical mixing o f the nanotubes with a polymer and processing o f composites by 

solution or melt casting as discussed in Chapter 1. Solution casting technique was the 

basis o f  our work described in Chapter 2. Some o f the composites produced by these 

methods demonstrate increases in mechanical properties. For example a 20% increase 

o f modulus in tension and 24% in compression were observed for 5wt % multiwalled 

carbon nanotubes (MWNT)/epoxy composites.' Using surfactants as the processing aid, 

Gong et al obtained a 30% increase o f elastic modulus with the addition o f lwt% 

nanotubes into the epoxy matrix. For MWNT/PMMA composites, tensile strength 

increased 7-30%, toughness ~\0%  and hardness -43%  with the addition o f 1-7 wt% 

acid-treated MWNTs. Our polymer composites demonstrated increases o f  up to 50 % 

with pristine nanotube composites.

Recently, it has been reported that nanotubes can be efficiently dispersed in N-methyl- 

2-pyrrolidone (NMP).'^’̂ It is also known that NMP can be used as a solvent for the 

synthesis, polymerisation and processing o f Kevlar.^ It has also been shown that NMP 

is capable o f swelling Kevlar among other polyaramid fibres.  ̂ This led us to 

hypothesise that nanotubes could be incorporated into swelled Kevlar by soaking 

Kevlar fibers in a dispersion o f  nanotubes in NMP.
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3.2 Aims of This Work

The main aim o f our work for this chapter was to prepare new ultra-strong polymer 

composite materials using carbon nanotube as additives to Kevlar fibres. We hope to 

explore the technique o f polymer swelling and use this to create a novel method o f 

incorporation o f nanotubes into a polymer. We will explore the effect o f ultrasound on 

nanotube dispersions and polymer swelling. We expect that the thin nanotubes will 

penetrate effectively into the polymer matrix and not disrupt the internal structure o f  a 

Kevlar fibre. Once we have prepared the polymer composites we aim to analyse them 

by a variety o f  techniques. It is hoped we will produce polymer composites with 

enhanced mechanical properties. To substantiate this we will perform mechanical 

testing to uncover their mechanical properties. We anticipate that novel reinforced 

Kevlar composites materials can find a number o f potential applications.

3.3 Dispersion of Nanotubes and Sedimentation Studies

The nanotubes selected were curly very thin MWNTs, which were purchased from 

Nanocyl. They were both relatively inexpensive and posed the least disruptive threat to 

the polymer matrix. They are similar to the nanotubes used in Chapter 2 but are 

generally smaller in diameter. These nanotubes were o f a purity o f about 95 %. When 

we look at the TEM images showing the MWNTs (Figure 3.1) we can that there is very 

little graphitic material contained in the sample.

Figure 3.1 TEM images o f very thin Nanocyl nanotubes used in this project.
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As we discussed in the introduction a very important solvent for the processing and 

swelling o f Kevlar is NMP. This solvent is also remarkably effective at dispersing 

nanotubes and keeping those dispersions stable. It is important however to consider 

how effective these solvents are when selecting which to use. Dispersions o f  nanotubes 

in both solvents, along with nanotubes in THF for comparison, were made up with a 

concentration o f 0.6 g/1 nanotubes. We subjected these dispersions to sedimentation 

analysis (Figure 3.2).

The investigation has shown that both solvents are remarkably stable when compared 

with the sample in THF (blue curve). The nanotubes in both DMF (red curve) and NMP 

(black curve) stay dispersed without any precipitation for at least 2 hours. Following 

these initial results the tests were run for 3 days and it was discovered only about 12% 

o f the nanotubes in the NMP precipitated during this time. The nanotubes in DMF 

showed a similar sedimentation within 24 hours. However, NMP demonstrates the 

superior ability both to disperse nanotubes and swell Kevlar. For this reason NMP was 

chosen as the solvent to prepare stable dispersions o f  carbon nanotubes.
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Figure 3.2 Sedimentation curves for nanotubes in NMP (black curve), DMF (rec 

curve) and THF (blue curve)
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3.4 Preparation of Kevlar-Nanotube Composite Materials

The process o f  the preparation o f Kevlar-nanotube composites was carried out in three 

stages. First Kevlar fibres were cut into Im long strips and weighed. The second step 

was to create a stable dispesion o f nanotubes in NMP, by sonicating under the sonic tip

placed in this stable dispersion of nanotubes and further sonication was carried out over 

different time periods from 5 minutes to 4 hours. The concentrations o f nanotubes in 

NMP were also varied from 0.15 g/1 up to 1.8 g/1. Data for both o f these preparation 

conditions are presented here.

When we add the Kevlar fibres to the solution they can be swelled in the NMP. This 

lets the nanotubes be dispersed within the fibre o f the Kevlar by a combination o f 

swelling and diffusion o f the nanotubes fibres in NMP. Diffijsion can, in general, be 

characterized by an average displacement from the starting point, x, that varies in time, t, 

as X is proportional to where D is the diffusion coefficient. Similar to Fickian

mass transport the transport o f nanotubes into the porous swelled polymer by diffusion 

displays similar temporal behavior with a square root o f  time dependence. In this case, 

the intercalated mass uptake as a flinction o f time is given by following equation:

where, (wNx/wjp)sat is the saturated value o f the mass uptake, D is the diffusion 

coefficient and h is the thickness o f the fibre.

When the fibres are removed from the NMP they contract again leaving the nanotubes 

encapsulated within the Kevlar fibre. There are a large amount o f nanotubes left on the 

surface o f the Kevlar fibres as can be seen in the Scanning electron microscopy (SEM) 

images in Figure 3.3 B after treatment. We see no nanomaterial on the surface o f the 

pure fibre Figure 3.3 A. These nanotubes, which have not been removed by vigorous 

washing, are expected to be partially incorporated in the Kevlar fibre. When we look at 

the enlarged images we find the nanotubes protruding out from the exterior surface o f 

the fibre.

for 10 minutes followed by the sonic bath for two hours. Thirdly the Kevlar fibres were

t
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Figure 3.3 SEM images o f  Kevlar fibres before (A) and after (B-D) the treatment 

with nanotube suspension (scale bar is 20 |am for A and B, 0.5 |am for C 

and 100 nm for D)

To verify that the nanotubes are actually within the Kevlar fibres we performed SEM 

imaging o f  the cross section o f  the Kevlar fibres. The following SEM images (Figure 

3.4 A-F) show the cross section o f  Kevlar fibres before and after the treatment. In the 

pure Kevlar sample (A and B) we see a relatively clean surface with no obvious 

nanomaterial present. In the images C and D we see a blade cut Kevlar composite fibre 

which displays evidence o f  penetration to the interior o f  the fibre. We also analysed the 

fibre which had been fractured in the tensile tester Figure E and F we can see an 

abundance o f  nanotubes protruding from the fracture surface. The previous images o f  

the surface o f  individual treated Kevlar fibers show a web-like deposit o f  nanotubes, 

even after washing. While the breaks don’t tend to be particularly clean, the presence o f  

nanotubes in the interior o f  the fibres can be seen as illustrated in the blow-up on the 

right hand side image F. Taking into account what we observed in the images in
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Figures 3.3 we can see that the swelHng method achieves nanotube insertion into the 

interior o f the Kevlar fibre as well as surface coating.

Figure 3.4 SEM images o f cross sections for blade cut Kevlar fibres before 

treatment (A and B) blade cut composite fibres after treatment (C and D) 

and machine fractured composite fibres after treatment (E and F)
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3. 5 Evaluation of Nanotube Mass Uptake

Analysis o f the samples showed that swelling o f Kevlar yam in MWNT dispersions 

under ultrasound in a sonic bath resulted in a measurable mass uptake, which was 

varied with the sonication time and concentration o f nanotubes in solution.

The samples were initially weighed before treatment and then after the following 

sonication treatment, washing and drying, weighed again. Through control experiments 

it was found that there was a slight change (1-2%) in the mass o f  the fibres when they 

were brought into contact with NMP. We can associate this to the surface finish applied 

during manufacture by the company who provides the fibre. This coating appears to be 

at least partially soluble in the NMP and the decrease in mass was associated with the 

length o f time the sample was in contact with the NMP. This had to be taken into 

account when finding the mass uptake o f the Kevlar fibres.

The nanotube mass uptake was found to scale with the square root o f soak time (Table 

3.1, Figure 3.5), suggesting that the intercalation o f  nanotubes into Kevlar fibres is 

diffusion limited. The graph shows the percentage increase in mass due to nanotubes 

(taking into account the decrease associated with NMP) against the length o f time it was 

sonicated in the NMP. The scale is presented in log form to demonstrate the linear 

association o f the increase with the time. If the increase is according to difdision 

process then the slope o f the graph on a log scale should be equal to 0.5. The observed 

slope is 0.47 which indicates a very close match and we can thus determine that the 

increase is difftision limited. The mass increase o f five different fibres was measured 

and errors have been evaluated.

Table 3.1 The percentage mass uptake o f nanotubes by the composite fibres with 

the sonication time

Time (s) NT Increase 

(%)

Error

(+/-)
NMP 

Decrease (%)

Error

(+/-)
Total 

Increase (%)

Error

(+/-)

28800 4.12 0.25 1.98 0.18 6.10 0.43

14400 2.91 0.49 1.57 0.26 4.48 0.75

3600 1.43 0.13 1.25 0.10 2.68 0.22

1800 0.23 0.10 0.87 0.09 1.10 0.19
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Figure 3.5 The percentage mass increase o f nanotubes within the composite fibres 

according to the time o f sonication on a log scale, the linear fit o f the 

data is shown by the line (slope 0.47)

16 8Analysis o f the data gives an estimated diffusion coefficient o f 5x10' mi/s. This is
12 2significantly lower than the value o f 1.3x10" m /s which one can estimate using the 

Broersma’s equations*^ for a MWNT dispersed in the liquid phase. This result is 

unsurprising as diffusion in the restricted environment o f the swelled polymer would be 

expected to be considerably slower then diffusion in the solvent.

3.6 Investigation of Mechanical Properties of Kevlar Bulk Yarn 

Composites

Initial mechanical properties o f Kevlar bulk yarn samples were measured. Mechanical 

property testing for the yarn was carried out in the School o f Engineering in Trinity 

College Dublin on an Instron 8501 fatigue machine. In all cases the stress-strain curves 

were linear, demonstrating brittle failure. Representative stress strain curves can be seen 

in Figure 3.2.
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Figure 3.6 Representative stress-strain curves for Kevlar yam at different sonication 

times, blank Kevlar (blackcurve), 20 minute sonication (red curve) and 

30 minute (blue curve)

From these stress-strain curves we could obtain the four mechanical parameters: 

Young’s modulus, tensile strength, strain at break, and toughness (Table 3.2, Figure 

3.7)

There is an increase in the tensile strength from the pure Kevlar to a maximum at thirty 

minutes sonication. It can be seen from this graph the best strength result was found for 

the sample that was sonicated for thirty minutes and represents an increase in ultimate 

tensile strength o f about 18 %.

The graph for Young’s modulus is shown also and we can see that although there are 

large errors there is a significant change in Young’s modulus as we increase the length 

o f swelling time. The Young’s modulus reaches a maximum increase o f  approximately 

17% for the sample swelled for thirty minutes.

The toughness values remain quite similar with increasing swelling time, however after 

20 minutes it shows a considerable increase and ultimately we achieve a maximum o f 

25 % after 30 minutes. The strain o f the samples remained relatively constant within 

experimental error for the samples.
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When we analyse the data we find that maximum Y oung’s modulus and tensile strength 

values are achieved at around thirty minutes. Following this with all samples there is a 

general decrease once the 45 minute time frame is reached indicating we may be 

overloading the amount o f  nanotubes within the Kevlar fibre. This can result in 

aggregation o f  the nanotubes reducing dispersion o f  nanotubes in polymer matrix 

similarly to the effect seen in the samples in Chapter 2. Alternatively longer sonication 

treatment can do some physical damage to Kevlar fibres. All these factors will 

ultimately decrease the mechanical properties o f  the fibres.

Table 3.2 Changes in mechanical properties associated with time o f  swelling 

treatment

Time of 

Treatment 

(m)

Tensile

Strength

(MPa)

Error

(+/-)

Young’s

Modulus

(GPa)

Error

(+/-)

Toughness

(MJ/m')

Error

(+/-)

Strain

(%)

Error

(+/-)

0 2.2 0.13 20.5 1.09 20.8 0.07 28.4 0.64

5 2.3 0.05 21.3 0.54 21.9 1.63 30.5 0.95

10 2.3 0.11 20.7 0.83 22.0 0.71 30.3 2.41

15 2.3 0.03 21.7 0.20 21.7 0.17 30.6 0.62

20 2.5 0.03 22.9 2.74 23.8 0.29 29.5 8.00

25 2.4 0.03 21.8 0.45 24.2 2.20 31.5 0.64

30 2.6 0.13 24.0 2.80 26.1 1.13 29.8 6.32

45 2.4 0.01 21.6 1.60 22.6 1.83 30.0 2.97

99



C'h' iplcr  ' ari';!!! i.in'iiuiK i ■■ ; - i ' : i n c s i t -

_  2.75
03 
CL

J  ^  2.50
L -  -4—»
CD O )K c 2.25

if)

CD 
Q_ 

w CDO)

II-oo

2.00
25

20 ̂

U)
t/) ^  Q) ^

i io  ^

c
TO
L _  

-I—>

C/)

15
28
26
24 
22 
20 
35

30

25 

20

.... f ,

1

- 1 '  1 ■ ■

I  »  “ T  «

1

■

1 
. 

1 
. 

•

'

i
>

f

1 '

>

{ :

...
...

...
...

...
...

...
...

...
...

...
...

...
...

...
...

...
...

...
...

.

► 1--
---

-►
---

---
'

•-►
h 1--
---

---
-►

---
---

---
1

1—
►—

t

1 --
---

--
►-

---
---

1

. 
J 

. 
J 

. 
1 

. 
1

► <

1

■ t  :

0 20

T i m e  (min)

40

Figure 3.7 Mechanical property graphs for tensile strength, Young’s modulus, 

toughness and strain for Kevlar fibres against the time o f swelling 

treatment
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3.7 Investigation of individual Kevlar Micro-fibres

There were considerable measurement difficulties with the bulk yarn samples. This 

included restricted access to the appropriate machinery and loading difficulties 

associated with a yarn. These problems had a significant impact on the measured 

mechanical properties with considerably less Young’s modulus values and considerably 

higher strain values recorded for the sample than would be expected. In general in the 

literature much o f the work on yarn samples is carried out on individual fibres where 

possible, especially with K e v l a r . T h e r e f o r e  we decided to carry out mechanical 

testing on individual single micro-fibres o f  the Kevlar samples prepared at varying 

concentrations. From the time dependence measurements we found that for a 0.6 g/L 

concentration o f nanotubes in NMP, 30 minutes is sufficient time to give a considerable 

enhancement to Kevlar fibre. It was decided that further tests would be carried out with 

varying concentration and constant ultrasonication time at 30 minutes. The 

concentrations were varied from 0.15 g/1 up to 1.8 g/1 and then the samples were 

sonicated for 30 minutes each as this was the optimum time found for the bulk fibre 

composites.

3.7.1 Mass uptake of Kevlar fibres associated with nanotube concentration

The mass uptake for the samples associated with concentration was measured taking 

account o f  the 0.87% decrease for 30 min soaking in NMP in the control sample (Table 

3.3, Figure 3.8). We see that there is an increase in percentage o f nanotubes contained 

in the sample according to the concentration o f nanotubes dispersed in the NMP. The 

mass uptake was found to vary from 0.3% to almost 7% and when we get the slope o f 

the scales almost quadratically with nanotube concentration.

We can see that after swelling for 30 minutes in the 1.5 g/L and 1.8 g/L concentration 

appear to reach a maximum concentration o f nanotubes in the fibre indicating that we 

have achieved the maximum uptake o f nanotubes that the polymer can contain.
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Table 3.3 Average mass percentage increase o f Kevlar fibres associated with 

increasing concentration time

Concentration (g/L) Mass nanotubes (%) Error (+/-)

1.8 6.8 0.97

1.5 6.7 0.62

1.2 3.7 0.65

0.9 2.1 0.28

0.6 1.1 0.10

0.3 0.4 0.13

0.15 0.4 0.14

10

1

0.1 1

Concentration (g/L)

Figure 3.8 Average mass percentage increase o f  Kevlar fibres associated with 

increasing concentration shown on a log scale to demonstrate linear 

quadratic increase (slope o f linear fit 1.9)

3.7.2 Thermogravimetric analysis of the composite fibres

We followed the tensile tests with thermo-gravimetric analysis (TGA) (Figure 3.9) to 

see if any change occurs in the compositions o f  the samples. Firstly we examined a pure 

Kevlar sample and then compared this to the composite samples with incorporated
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nanotubes. Initially when we analyse the curves o f temperature against the percentage 

mass o f the samples we find it does not illustrate clearly what occurs throughout the 

temperature range. However we do see that the samples all seem to decompose at 

approximately the same temperature with some minor variations that do not correspond 

necessarily to the composition o f the nanotubes and can be associated with the error in 

the analysis machine.

Blai(
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Figure 3.9 TGA curves for Kevlar and Composite Fibres

To gain a better understanding o f the effect o f the nanotubes on the fibre we can look at 

the derivatives o f  the TGA curves (Figure 3.10). We can see that pure Kevlar has a 

decomposition point at approximately 550 ”C as is to be expected. When compare this 

to the TGA curves for the composites, initially we don’t see too much o f an effect on 

the curve as we increase the amount o f nanotubes. At the higher mass percentage of 

nanotubes in the composites, however, we can clearly see a broadening o f  the peak and 

a second peak at approximately 580°C which corresponds quite well to the temperature 

at which the nanotubes decompose (610 °C). We also see a significant shifting o f  the 

peak (30 °C) in the higher mass percentage samples indicating that the nanotubes are 

being decomposed more easily. This can be explained as within the polymer matrix, 

nanotubes are separated from each other and more susceptible to heat penetration. The 

Kevlar peak also shifts slightly, however in general this is by less than 10 “C across the 

mass percentage range.
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Figure 3.10 Derivative o f the TGA curves for Kevlar and composite fibres at 

different percentage mass uptake o f nanotubes
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3.7.3 Optical imaging of individual fibres

Initially a number o f the fibres were analysed using an optical microscope to determine 

if  there was any change in their size and morphology due to the experiment. We 

analysed twenty individual fibres and discovered that there was no noticeable change in 

thickness across this range. The pure Kevlar fibres are extremely uniform along their 

length and vary little between individual fibre samples. It was found that the fibres 

remained approximately 10 microns thick (+/- 0.1 |im) as can be seen in the 

representative samples in Figure 3.11. This was the size specified by the manufacturer 

for the pure Kevlar fibres.

Figure 3.11 Images o f  representative fibres from optical microscope, pure Kevlar (A)

and 1.8 % mass o f  nanotubes composite fibre (B)

3.7.4 Mechanical testing of individual fibres at low loading rate

The single fibres were expected to give the most accurate results although due to their 

small size, manipulation o f the samples proved to be extremely difficult. The fibres 

were mounted in the tensile tester and required adhesion to the surface with glue to 

attain the most accurate results. The length o f the sample was measured using a 

micrometer and an accurate diameter was measured using microscopy analysis. 

Mechanical measurements were made on 10 individual fibres isolated from each o f the 

treated yams. The mechanical measurements were made over two separate strain rates 

as it has been shown in numerous studies that Kevlar has sensitivity to the rate at which 

it is placed under tensile s t r e s s . I t  is important to show that any mechanical 

enhancement o f Kevlar can be maintained over both a high and low loading rate. This is
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because Kevlar is very adaptable in its everyday uses. It may need to be strong under a 

fast rate o f strain, like in a bullet proof vest. It may also need to be strong under very 

low rates o f strain like on the sail o f a boat. The first strain rate selected for analysis 

was one o f 50 )im/min.

We can see the stress strain curves for the mass percentage which showed the strongest 

average individual fibre values. This was found to be 1.04 % nanotubes by mass (1.09 % 

by volume). These are plotted with the pure polymer for comparison at the low strain 

rate in Figure 3.12. When we look at the graph o f pure Kevlar against the best recorded 

composite fibres we find that although there is some overlap the composite samples 

display clear increases on the pure Kevlar fibre samples, with higher slopes and higher 

stress achieved form the pure polymer. This demonstrates the capability o f  this method 

to develop carbon nanotube-polymer composites with enhanced mechanical properties.

CDQ_
CD
w
0)u .

CO

Blank
1.04 % NTComposite

0 1 2 3 4 5 6 7

Strain %

Figure 3.12 Stress-strain curves for individual Kevlar fibres (black) and composite 

fibres (red)

Experimentally the amount o f  nanotubes chosen is selected by mass percent (or mass 

fraction), which were calculated from the mass uptake measurements. However in order 

to calculate the effective modulus o f  functionalised nanotubes and the interfacial stress
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transfer between the nanotubes and composite volume fraction o f nanotubes within the 

fibre must be calculated. We selected yarns for micro-fibre analysis for which the mass 

demonstrated close to the theoretical difftision limited increases. To convert mass 

fraction to volume fraction, Vf, the amount o f nanotubes present in the composite 

material must be examined.

Where N is the number o f nanotubes in the fibre, R is the average nanotube radius, I n t  

is the average nanotube length and V is the fibre volume. The average nanotube radius 

has been calculated from TEM images as R = 12.5 +/- 2.5 nm. The average length o f a 

nanotube is taken as 2 +/- 0.4 )am, again from microscopy analysis. Both nanotubes and 

Kevlar have a similar density, approximately 1.8 g/mm^ and 1.44 g/mm^ respectively so 

the associated volume fractions are similar but will ultimately give the most accurate 

approximation of the effective Youngs modulus and tensile strength when compared to 

theoretical values. In Table 3.4 we can see the calculated volume fraction against the 

original mass fraction for the samples measured mechanically.

Table 3.4 Measured mass fraction and corresponding calculated volume fraction 

values for the composite fibres studied in this work

Mass Fraction Volume Fraction

0 0

0.0026 0.0021

0.0052 0.0042

0.0104 0.0083

0.0181 0.0166

0.0398 0.0333

When we analyse the tensile strength o f the individual composite fibres at low loading 

rates we find a considerable increase when compared to the pure Kevlar fibres (Table 

3.5, Figure 3.13). We see an immediate increase at the 0.0021 Vf o f almost 13 %. This 

increase is sustained ftirther at the 0.0083 Vf up to 15 % although at the higher volume
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fraction o f nanotubes we find the value decrease again indicating that we may have 

inundated the sample with too many nanotubes thereby disrupting the structure and 

possibly creating aggregates within the fibre. This would have a dramatic negative 

effect on the mechanical properties o f the fibres.

When we analyse the Young’s moduli we find increases again and we can see this 

increase maintained across the range o f volume fractions. It reaches a maximum at 

0.109 nanotube volume fraction and this represents an increase o f approximately 29 % 

on the original Kevlar fibres. Upon analysis o f the toughness values we find that they 

exhibit an increase to compare with the original fibre, although even at the maximum 

value it is not too substantial (0.0083 Vf, 5 % increase). We find that the toughness 

values are maintained even when there is a decrease the strain. This shows that the 

nanotubes are reinforcing the Kevlar fibres.

Table 3.5 Data for the Mechanical properties o f  individual Kevlar fibres measured 

at low loading for tensile strength. Young’s modulus, toughness and 

strain and the corresponding volume fraction o f nanotubes within the 

composite fibre

Volume

Fraction

Tensile

S trength

(G Pa)

Error

(+/-)

Y oung’s

M odulus

(GPa)

Error

(+/-)

Toughness
(MJ/m )̂

Error

(+/-)

Strain

(%)

Error

(+/-)

0 3.9 1.09 84 19.6 96 57.8 4.7 1.77

0.0021 4.4 0.70 99 15.0 97 25.4 4.4 0.59

0.0042 3.4 1.28 86 18.7 80 55.3 4.1 1.64

0.0083 4.5 0.69 108 24.8 101 26.9 4.6 0.80

0.0166 3.9 0.73 98 12.7 80 26.1 4.0 0.76

0.0333 3.7 1.09 91 18.7 88 49.4 4.3 1.51
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C h a p te r  3 Carb on  n a n o t u h c  Kc v la r  a i m p o s i l c s

Slope = 29

125-

100 -

75- Slope = 1859

160-

120 -

80-

40-

0.01 0.02 0.03 0.040.00
Volume Fraction

Figure 3.13 Mechanical property graphs o f individual composite fibres measured at 

low strain rate for tensile strength. Young’s modulus, toughness and 

strain against the volume fraction o f nanotubes within the composite 

fibre
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3.7.5 Mechanical testing of individual fibres at high loading rate

The next loading rate chosen for analysis was 25 mm/min. The data are shown again as 

a flinction o f nanotube volume fraction in Table 3.6 and Figure 3.14. For these samples 

and each mechanical property, we again plot the mean values with standard deviations 

(closed shapes) but we also plot the maximum observed values (open shapes) to show 

the theoretical maximum enhancement that could be achieve from this method.

With the high strain rate we again observe increases in the average ultimate tensile 

strength values from 3.9 GPa for the Kevlar fibre to 4.8 GPa for both the 0.0083 and 

0.0166 Vf composite fibres. This represents a substantial increase on the original fibre 

and displays that the strength increases are generally unaffected by the loading rate. 

Similarly, the Young’s moduli show increases from the original fibre with the 0.0083 

and 0.0166 Vf again showing the highest increase. This replicates the increases seen in 

the composite samples measured at low loading rate, and the same volume fraction 

samples display those increases over both loading rates. When we analyse the 

toughness we again see increases on the original fibre. The original fibre displays a 

lower value for toughness for the high strain rate as has been reported in the 

l i t e r a t u r e , b u t  the composite samples remain tougher indicating that they can 

reinforce the fibres to a better extent at higher loading rates.

Table 3.6 Data for the Mechanical properties o f  individual Kevlar fibres measured 

at low loading and the corresponding volume fraction o f  nanotubes in 

the composite fibre

Volume

Fraction

Tensile

Strength

(GPa)

Error

(+/-)

Young’s

Modulus

(GPa)

Error

(+/-)

Toughness

(MJ/m^)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 3.9 0.59 119 15.3 67 19.2 3.1 0.54

0.0021 4.5 0.45 114 9.9 91 21.2 4.1 0.64

0.0042 4.1 0.19 119 27.8 75 15.5 3.6 0.54

0.0083 4.8 0.49 130 31.2 92 20.1 3.6 0.66

0.0166 4.8 0.51 124 19.4 99 30.1 3.8 0.87

0.0333 4.5 0.43 117 20.0 95 16.7 3.7 0.64
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Figure 3.14 Mechanical property graphs o f  individual Kevlar fibres measured at high 

strain rate for tensile strength, Young’s modulus, toughness and strain 

against the volume fraction o f nanotubes in the composite fibre.
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3.7.6 Effective tensile strength and Young’s modulus

We can quantitatively represent the reinforcement o f  both modulus and strength by 

measuring the rate o f  increase o f  strength (da/dVf) and modulus (dY/dVf) at low 

nanotube volume fractions Table 3.7.'^ The values were obtained from the slope o f  the 

linear fit in Figure 3.13 and 3.14. For a homogenous matrix, the theoretical ultimate 

tensile strength o f  a composite, cjt, can be derived under the assumption that the 

composite has two fracture components. One such component in the bulk polymer and 

the other is at the polymer/nanotube interface. The tensile strength for such a composite, 

(Jc, can be expressed as

where is the nanotube length, r„t is the nanotube radius, Vf is the nanotube volume 

fraction and is the ultimate tensile strength o f  the neat polymer fibre. The interfacial 

stress transfer, r, can therefore be calculated from a plot o f  oy against Vf.

This gives us an approximation o f  the theoretical value, and therefore the maximum 

possible value o f  da/dVf, which should be equal to the overall tensile strength o f  the 

nanotubes. When we average the value we acquire from the slope o f  the lines at both 

loading rates we get a tensile strength o f  da /dV f=  56 GPa for the composite fibres. 

Different nanotubes will have different strengths as we reported in Chapter 1 however 

generally the strengths vary from about 20 GPa for thick MWNT with a large amount 

o f  defects to above 100 GPa for very thin MWNTs and SWNT. Our value sits well 

within this range. The fact that 56 GPa da/dVf is very close to the theoretical maximum 

value indicates that we are achieving a very good stress transfer from the nanotubes to 

the polymer matrix. That we have values o f  da/dV f o f  order o f  the expected nanotube 

strength highlights the value o f  using this method to create polymer composites.

Similar trends are also observed when we analyse the values for the Y oung’s modulus. 

When dealing with the modulus we have to take into account the efficiency factor 

relating to the orientation o f  the nanotube within the polymer matrix, r]o.
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dYwhere, calculated from the linear fit o f  the graph o f  modulus versus Vf for given

alkyl chain length. Yp has been measured as the polym er’s modulus, rjo is generally 

equal to approximately 0.4 for random planar orientation'^ and should be 1 if  the 

nanotubes are aligned in the polymer matrix. Reports o f  nanotubes having modulus 

values in the range o f  1 TPa were discussed in the introduction whilst Kevlar has a 

value o f  approximately 100 GPa. In our case we get an average value o f  1.5 TPa, again 

very close to the theoretical value. This indicates that in our composite fibres we are 

achieving aligned nanotubes in the polymer matrix. Although this is unexpected it may 

be explained by the nanotubes being forced to align by the strict linear orientation o f  the 

molecular structure o f  the Kevlar fibres as we discussed in the introduction. Overall it 

indicates that we are achieving aligned nanotubes in the Kevlar matrix and also 

achieving a good interfacial stress transfer between the nanotube and the polymer.

Table 3.7 Values for the experimental and theoretical effective strength and

modulus

do/dVf dY/dVf

Low loading 29 1859

High loading 83 1060

Average 56 1460

Theoretical 100 approx 1100 approx

3.8 Conclusions

Thus we have developed a new technique for the fabrication o f  nanotube- polymer 

composites. This method is based on the ultrasonic assisted swelling o f  the Kevlar fibre 

in a nanotube suspension with the use o f  an appropriate organic solvent. This represents 

a novel method for producing polymer composites whereby the composite can be 

fabricated post-formation to offer a cheap and relatively easy method o f  composite 

production. Mass uptake measurements, TGA and SEM analysis o f  the resulting
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composite materials have clearly demonstrated the presence o f nanotubes inside a 

Kevlar matrix. Mechanical measurements o f the Kevlar-nanotube composite samples 

revealed considerable increases in the strength, modulus and toughness o f the samples. 

At the higher loadings we found that the nanotubes within the polymer matrix have a 

detrimental impact on the mechanical properties indicating that there was some possible 

aggregation o f nanotubes and disruption o f the polymer structure. We can also show 

through theory that we have achieved a very good interfacial stress transfer between the 

nanotube and the polymer and that the nanotubes are well aligned in the matrix.

We believe that our new approach o f incorporating nanomaterials into polymer 

macromaterials by swelling could be expanded and utilised for other nanosystems and 

polymer materials. We expect that there will be many possible important applications 

for this new technique in the future.
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Chapter 4

Investigation of the Electrical Properties 

and Optical Transmittance of Polymer- 

Nanotube Composites



4.1 Introduction

As we have explored in previous chapters, carbon nanotubes can be used to greatly 

enhance the mechanical properties o f  polymers. We have shown that if we can achieve 

a good interfacial stress transfer between the nanotube and the polymer matrix the 

resulting composite material will have improved strength and modulus with respect to 

the pure polymer. Carbon nanotubes also have very interesting electrical properties and 

can be utilised for fabrication o f new conductive polymer composites. Over the last few 

years a lot o f  research has been focused on the production composites that are both 

conductive and transparent. Optically transparent materials which can also conduct 

electricity are required for a wide range o f applications from electromagnetic 

interference shielding to transparent electrodes. In the past these materials have been 

made, simply by coating glass with metal oxide films, most commonly indium tin oxide 

(ITO).' This has more recently moved towards developing ITO films on the surfaces o f 

polymers with the main area o f  focus on polyethylene terephthalate due to its excellent 

optical clarity.^ However, the standard production techniques are expensive and 

complicated.^ In addition the relative scarcity o f indium, combined with highly 

fluctuating prices economically, has recently pushed up the price o f ITO. Furthermore, 

with the rise o f  organic electronics in recent years it has become apparent that the 

development o f technologies such as e-paper will require flexible, transparent 

conductors to act as electrodes. Due to its brittle nature,"* ITO is unsuitable for this area 

as its conductivity degrades significantly when strained.^ Thus the development o f new 

transparent conductors with conductivity which is stable against flexing and bending is 

critical. The added flexibility o f  polymers gives them a great potential for the 

development o f  flexible, transparent, conductive electrodes.

In recent years, one o f the main candidates for flexible transparent electrode has been 

thin films o f carbon nanotubes. Due to their high conductivity, single walled nanotubes 

can be prepared in thin film form with high transparency (-90% ) and sheet resistances 

o f a few hundred These films are potentially suitable for every application

associated with transparent conductors; from antistatic coatings to electrodes.

In the Chapter 3 we discussed the ability o f  Kevlar to swell when brought into contact 

with NMP and DMF. Using nanotube dispersions we developed a new technique to 

incorporate the nanotubes within the polymer matrix. We have shown that this method
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has led to the development o f new polymer composites with enhanced mechanical 

properties. In this chapter we will to try to expand this method to more polymers by 

varying the type o f solvent used. The swelling process has led us to hypothesise that 

nanomaterials may be incorporated into other polymer without damaging the polymer 

matrix and resulting in the modification o f the composite material. If  we can show this 

to be true it may open a whole new area o f  possibility to create composites with 

enhanced electrical and/or mechanical properties. As we discussed in Chapter 1 a 

polymers ability to be swelled is greatly enhanced by the cohesion parameter o f the 

solvent it is immersed in. If  both solvent and polymer have similar Hildebrand cohesion 

parameters it indicates good swelling capability for the polymer.

4.2 Aims of This Work

The main aim o f  this part o f the work is to develop our swelling-under-ultrasound 

approach for the preparation o f new conductive carbon nanotube-polymer composite 

materials from commercially available polymer films. Our specific goal is to fabricate 

new polymer composites with optimised electrical conductivity and optical 

transmittance for their potential applications as flexible transparent electrodes. We plan 

to use a selection o f solvents, with particular focus on their solubility parameters, to 

achieve the best polymer swelling and nanotube infiltration under ultrasound. Another 

important objective o f  this project is to investigate new conductive and reinforced 

polymer composite materials using various instrumental techniques. We expect that our 

work will result in polymer composites with enhanced electrical and mechanical 

properties. We believe that our new materials will offer great advantages due the 

combination o f integrated properties such as conductivity, transparency, flexibility and 

improved mechanical characteristics.

4.3 Preparation and Analysis of Nanotube-Polymer Composite 

Films

4.3.1 Preparation of composite films by swelling technique

The polymer films selected for study are commonly used commercially available 

polymers, namely polyethylene (PE), polypropylene (PP) and polyethylene 

terephthalate (PET). These polymers are discussed in more detail in Chapter 1 and are
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quite resistant to chemical treatment and also very insoluble, but can undergo polymer 

swelling when the correct conditions o f their environment are met..

All polymer-nanotube composite films have been prepared using the following 

procedure. Nanocyl very thin multi-walled nanotubes were dispersed in 10 ml o f either 

N-methylpyrrolidone (NMP), tetrahydrofiaran (THF) or Toluene at the following 

concentrations, 4mg/ml, 2mg/ml, 1 mg/ml, 0.5mg/ml, 0.25mg/ml, 0.2,mg/ml,

O.lSmg.ml, 0.125mg/ml, 0.0625mg/ml and 0.03125mg/ml where specified. From 

analysis o f  their Hildebrand cohesion parameters we find that these solvents represent 

good swelling capabilities for each o f the polymers in question.

As we saw in Chapter 2 sedimentation studies showed nanotubes to be very stable in 

NMP with less than 12 % o f  the nanotubes sedimenting after a week. However they 

were not stable in Toluene or THF, with sedimentation occurring within the first few 

hours, therefore NMP is expected to display the best dispersive capabilities o f  the 

solvents whereas, swelling ability is more important for THF and Toluene. The polymer 

films were cut into strips and placed in various nanotube dispersions in each o f the 

solvents. This mixture was then sonicated using a GEX 750 ultrasonic processor 

equipped with a conical tip for 5 minutes with a 1 second pulse and power regulated at 

20%. Following this it was sonicated for 30 minutes in a Grant XB6 ultrasonic bath. 

The film was then removed and washed in ethanol under sonication for 30 seconds in 

the bath. The films were analysed using Scanning Electron Microscopy (SEM) and then 

electrically tested.

4.3.2 Conductivity measurements of composite films

Conductivity o f  all films has been measured using a Keithley 2400 sourcemeter. IV 

curves were measured using a two-probe setup. The potential difference across the 

sample was varied from 0 V to 100 V with intervals o f  one volt.

The length, width and thickness o f  polymer films were measured systematically for 

each sample. The corresponding current was measured accordingly. From this the bulk 

conductivity, ffb, could be calculated according to following equation:



where — is the slope o f the IV curve, I is the length o f the sample, w is the width o f the

sample and / is the thickness o f the sample. Representative curves for a blank 

polyethylene and 2mg/ml polyethylene sample are shown in Figure 4.1
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Figure 4.1 Representative IV curves for pure PE (A) and nanotube-PE composite (2 

mg/ml) (B)

4.4 Investigation of Nanotube-Polypropylene Composite Films

Polypropylene films were prepared as specified in section 4.3.1 in various 

concentrations o f nanotubes suspensions in THF, Toluene and NMP. Representative 

scanning electron microscopy (SEM) images (Figure 4.2 A-D) are shown for the 

highest concentrations o f each sample (4 mg/ml). Images are taken at the cross sectional 

surface edge as this is expected to best demonstrate any penetration. The films all show 

a similar morphology of the polypropylene cross sectional surface and showed no 

obvious penetration o f nanotubes to the interior o f the polymer with any o f the solvents.
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Figure 4.2 (A-D) SEM images o f PP showing blank sample (A) and the polymer 

swelled with a dispersion o f 4mg/ml NTs in THF (B), Toluene (C) 

and NMP (D) (scale bar is lOjim)

The conductivity was analysed as specified in section 4.3.2 does show some increases 

however (Table 4.1, Figure 4.3), over an order o f magnitude for the film swelled in a 

0.125 mg/ml concentration o f nanotubes in THF. The increases in Toluene and NMP 

are not so great but this does indicate that we are seeing some intercalation o f the 

nanotubes into the polymer. We do not expect to find evidence o f this penetration 

through SEM as nanotubes are highly conductive and very little penetration would be 

required to show an increase in conductivity. Therefore we must assume that we are 

seeing some minor penetration o f nanotubes into the film but overall the technique does 

not seem to work very efficiently for polypropylene. This is probably because we are 

not achieving the required amount o f  swelling o f  the polymer film in any o f the 

solvents. Referring to section 1.4 we find that, regarding the three solvents used, 

polypropylene has the least compatible Hildebrand parameter o f any o f the polymers 

and this offers an explanation o f  its lack o f swelling ability.
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Table 4.1 Electrical conductivity o f  PP films swelled in THF (red), Toluene (blue) 

and NMP (green) with very thin MWNT

Cone.

(g/L)

Conductivitj' 

in THF 

ffi, (S/ni)

Error

(+/-)

Conductivity 

in Toluene 

ffb (S/m)

Error

(+/-)

Conductivity 

in NMP 

ffi, (S/m)

Error

(+/-)

4 4.00 X 10 ® 5.94 X 10'̂ 5.10 X 10 ^ 9.96 X 10 ® 4.67 X 10 ^ 7.03 X 10 ®
2 2.56 X 10 ® 3.33 X 10'̂ 1.85 X 10 ® 2.04 X 10'̂ 7.34 X 10 ^ 1.61 X 10'̂
1 2.71 X 10 ® 9.87 X 10'̂ 3.05 X 10 ^ 7.81 X 10® 6.63 X 10 ^ 5.65 X 10 ®

0.5 2.52 X 10 ® 1.42 X 10'̂ 2.94 X 10 ^ 8.39 X 10 ® 2.02 X 10 ® 1.27 X 10'̂
0.25 2.97 X 10 ® 3.92 X 10 ® 3.25 X 10 ^ 2.11 X 10’̂ 1.88 X 10® 4.36 X 10 ®

0.125 7.05 X 10® 8.28 X 10 ^ 7.13 X 10 ^ 1.50 X 10 ^ 1.03 X 10® 2.15x10^
0.0625 1.02 X 10® 2.11x10'^ 1.49 X 10 ® 1.37 X 10'̂ 1.24 X 10® 1.26 X 10'̂

0.03125 4.67 X 10 ® 6.85 X 10 ^ 4.66 X 10 ’ 1.17x10^ 1.92 X 10 ® 3.28 X 10 ^
0 2.18 X 10 ^ 1.48 X 10 ® 2.18 X 10 ’ 1.48 X 10 ® 2.18 X 10 ^ 1.48 X 10 ®
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Figure 4.3 Electrical conductivity results for PP films swelled in THF (red). 

Toluene (blue) and NMP (green) against the concentration o f  MWNTs in 

the solvent.
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4.5 Investigation of Nanotube-Polyethylene Terephthalate 

Composite Films

Polyethylene terephthalate represents one o f the most promising polymers in the 

transparent electrodes industry due to its high transmittance. Further discussion o f this 

polymer can be found in Chapter 1. Polyethylene terephthalate films were prepared in 

various concentrations o f  nanotubes dispersions in THF, Toluene and NMP as specified 

in section 4.3.1. Initial SEM analysis o f the cross sections o f  the samples showed no 

obvious penetration o f nanotubes to the interior o f the polymer with NMP (Figure 4,4, 

D). However the polymer films swelled in Toluene (Figure 4.4, C) and THF (Figure 

4.4, B) demonstrated penetration o f  nanotubes o f  300 nm and 6 pm respectively. 

However the penetration o f the sample swelled in THF does not seem to be 

homogenous throughout the polymer with other areas o f the same cross sectional 

surface showing little or no penetration. Representative images are shown for the 

highest concentrations o f  each sample (4 mg/ml).

Figure 4.4 (A-D) SEM images o f  PET showing blank sample (A) and the polymer

swelled with a dispersion o f 4mg/ml NTs in THF (B), Toluene 

(C) and NMP (D) (scale bar is 10pm)
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The conductivity was analysed as specified in section 4.3.2. When we look at Table 4.2 

we see that the conductivity increases for composites prepared in NMP again are not 

substantial, but we do however observe very significant rise in conductivity for the 

composite sample obtained from both THF and Toluene. This is unsurprising given the 

considerable penetration observed in the SEM images however the magnitude o f  the 

enhancement is very considerable. We can see the conductivity trend when we look at 

the graphs (Figure 4.5). The samples swelled in both THF and toluene; demonstrate 

enhancement as the concentration o f nanotubes is increased. As we raise the 

concentration o f the nanotubes we make a greater amount o f nanotubes available for 

penetration. The maximum individual sample obtained was for THF at a concentration 

o f 2 mg/ml and was measured at 0.0179 Siemens per metre and represents an increase 

o f over 5 orders o f magnitude on the pure polymer.

Table 4.2 Electrical conductivity o f  PET films swelled in THF (red), Toluene 

(blue) and NMP (green) with very thin MWNT

Cone.

(g/L)

Conductivitj' 

in TUF 

ffi, (S/ni)

Error

(+/-)

Conductivity 

in Toliiene 

ffb (S/m)

Error

(+/-)

Conductivity 

in NMP 

ffh (S/ni)

Error

(+/-)

4 1.79 X 10-' 1 . 9 7  X lO"* 9.88 X 10-̂ 2 . 1 9  X lO"* 1.45 X 10 ’ 5 . 7 5  X 1 0  **

2 5.23 X 10'^ 8 . 7 0  X 1 0 ' ' 7.11 X 10* 4 . 3 6  X 10-^ 1.00 X 10 ’ 2 . 2 5  X 1 0  **
1 2.09 X 10'^ 4 . 9 3  X 1 0  '’ 1.19 X lO"* 2 . 5 9  X 1 0 ' ' 1.79 X 10 ’ 2 . 4 9  X lO'"

0.5 5.83 X 10 “ 9 . 1 4  X 1 0 - ' 6.90 X 10 *’ 2 .0 1  X 10"^ 1.13 X 10 ’ 1 . 5 8  X 10'"

0 6.33 X 10 * 1 . 8 6  X 10'" 6.33 X 10 * 1 . 8 6  X 10'** 6.33 X 10 * 1 . 8 6  X 1 0  "

1 2 5
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Figure 4.5 Electrical conductivity results for PE films swelled in THF (red), 

Toluene (blue) and NMP (green) against the concentration o f  MWNTs in 

the solvent

4.6 Investigation of Nanotube-Polyethylene Composite Films

Polyethylene represents a very interesting polymer with respect to its potential use in 

transparent flexible electrodes. As was discussed in Chapter 1, it is generally more 

flexible and has good transparency and optical properties, similar to polyethylene 

terephthalate.

4.6.1 Investigation of polyethylene film swelling in NMP, toluene and THF

Polyethylene films were prepared as specified in section 4.3.1 in various concentrations 

o f  nanotube suspensions in THF, Toluene and NMP. Initial SEM analysis o f  the cross 

sections o f the samples showed little or no penetration o f nanotubes to the interior o f 

the polymer NMP, however cross sectional and surface analysis o f  films in THF and 

Toluene showed good nanotube penetration into the cross sectional edge. 

Representative images (Figure 4.6) are shown for the highest concentrations o f  each 

sample (4 mg/ml).
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Figure 4.6 (A-D) SEM images o f PE showing blank sample (A) and the polymer 

swelled with a dispersion o f 4mg/ml NTs in THF (B), Toluene (C) 

and NMP (D) (scale bar is 1 micron)

The conductivity was analysed as specified in section 4.3.2. We can see in Table 4.3, 

and Figure 4.7 how the increases for composites prepared in NMP are again not 

substantial. We do however observe very large conductivity increases for the composite 

sample prepared in THF and Toluene. The maximum individual sample obtained was 

for THF at a concentration o f  2 mg/ml and was 0.4 Siemens per metre and the average 

sample at a concentration o f 4 g/L demonstrates a conductivity o f 0.36 S/m representing 

an increase o f over six orders o f  magnitude on the original polymer. This demonstrates 

a very substantial increase and displays the potential o f  this method for producing 

transparent conductive plastic composites.
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Table 4.3 Electrical conductivity o f  PE films swelled in THF (red). Toluene (blue) 

and NMP (green) with very thin MWNT

Cone.

(g/L)

Conductivity 

in THF

Ob (S/m)

Error

(+/-)

Conductivity 

in Toluene 

a„ (S/ni)

Error

(+/-)

Conductivity 

in NMP 

(7b (S/ni)

Error

(+/-)

4 0.36 0 .0 5 5.4 X 10'^ 5 .7 4  X 1 0 -’ 1.05 X 10 ® 6 .9 2  X 10"^

2 0.29 0 .1 1 5.4 X 10 " 4 .8 9  X 10 " ' 7.70 X 10'^ 4 .5 7  X 10-^

1 0.32 0 .0 6 0.17 1 .1 5  X 1 0 ’ 2.57 X 10 ‘ 4 .7 8  X 1 0 '"

0.5 0.05 2 .3  X 1 0 " ' 5.98 X 10'" 5 .7 2  X 1 0 ^ 8.49 X lO  ** 8 .0 9  X 1 0 “"
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Figure 4.7 Electrical conductivity results for PE films swelled in THF (red), 

Toluene (blue) and NMP (green) against the concentration o f MWNTs in 

the solvent

As the PE film swelled in nanotube dispersions in THF showed the best conductivities 

and most homogeneous penetration it was decided to analyse these composites in detail 

to explore their overall composition. O f particular interest was the SEM image which 

showed the depth o f nanotube penetration into the polymer. We analysed the surface
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morphology o f the prepared polymer composites o f which there are selected images in 

Figure 4.8 (A-C) and more comprehensive images in the Appendix. Also we analysed 

the cross-section edge o f the films to determine the depth penetration o f  the nanotubes. 

A more comprehensive SEM analysis was undertaken to measure the approximate 

thickness o f the surface nanotube layer but we can see representative images o f the 

composite films in Figure 4.8 (D-F) again with more comprehensive images in the 

Appendix.

From these images it is clear that the nanotubes do not just form a surface coating but 

occupy a thin top layer o f the polyethylene film. From the surface images (Figure 4.8 

A-C) we can see how the nanotube concentration on the surface increases by the raising 

o f the nanotube concentration in solution. When we look at the cross sectional images 

we can also see that the penetration o f  the nanotubes appears to be restricted to only a 

few hundred nanometres into the composite film. Although there may be deeper 

penetration that is undetectable on the SEM, it would have a negligible influence on the 

electrical conductivity when compared to the nanotube composite layer on the surface 

due to the sheer amount o f nanotubes in this surface layer. We can again see that the 

concentration o f the nanotubes in the surface layer increases as the concentration o f 

nanotubes in the solvent is raised.
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0.125 mg/ml  ̂  ̂ A I D

Figure 4.8 (A-F) Selected SEM images o f  surface (A-C) and cross-section/surface 

edge (D-F) o f  films prepared for a range o f  dispersion 

concentrations: 0.125mg/ml, 0.5 mg/ml and 4.0 mg/ml. In all 

cases the scale bar is 1 micron.

For each composite film, the nanotube penetration depth, t, was estimated for 4 images 

with 10 different positions on each. This data is presented in the Table 4.4 and Figure 

4.9 as a function o f  nanotube dispersion concentration. We can see that generally each 

individual nanotube layer is approximately 250 nm thick for most composites. This 

indicates that the depth o f  penetration o f  the nanotubes does not depend on the 

concentration o f  the nanotube dispersions. We would expect the swelling to be

130



' -n  ..! . J  ' 1!. |- ■

independent o f  nanotube concentration and dependent only on the solvent swelling 

capabilities and swelling time.

Table 4.4 Average composite layer thickness compared to the nanotube 

concentration in THF

Nanotube Cone, in 
THF (g/L)

Average Layer 
Thickness (^m)

Error
(+/-)

0.03125 0.25 0.040
0.0625 0.24 0.059
0.125 0.17 0.043
0.15 0.25 0.084
0.2 0.22 0.050

0.25 0.30 0.078
0.5 0.26 0.056
1 0.26 0.070
2 0.29 0.057
4 0.73 0.167

0.9-

0 . 8 -

E
0.7- 

</)
w 0 . 6 -

I  0.5^
0.4-I-t 0-3-I

03
0 . 2 -

0.1 1Nanotube
Concentration (g/L)

Figure 4.9 Composite layer thicknesses in PE as measured by SEM versus nanotube 

concentration in THF
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4.6.2 Transmittance measurements of nanotube-polymer composite films

Transmittance was measured using a home-built sample holder by a Cary Varian 50 

scan UV-visible Spectrophotometer. Transmittance is the fraction o f  incident light o f 

known wavelength that passes through a given sample. It is given as a percentage 

calculated by T = I / lo where lo is the intensity o f  the incident light and 1 is the intensity 

o f the light coming out o f  the sample. The transmittance o f all composite films swelled 

in the different nanotube concentrations dispersed in THF was measured.

As expected there was a decrease in transmittance o f polymer composite films as the 

concentration o f nanotubes added increased. This replicates what we observed in the 

SEM images in Figure 4.8. Selected curves for the transmission through all samples are 

shown in Figure 4.10. We can see a general decrease in the transmission o f light as we 

increase the nanotube concentration.
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Figure 4.10 Selected curves for absolute transmittance o f  PE nanotube composite 

films prepared by swelling in THF at different concentrations o f 

nanotubes (0.03125 through 4 mg/ml nanotubes).

To get a comprehensive analysis the transmission was measured at a wavelength o f 550 

nm for five separate areas for each sample and compared to the original polyethylene 

(Figure 4.11). As expected, the transmittance again decreases as we increase the 

dispersion concentration. We can see that overall most o f the samples have relative
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transmittance o f approximately 80% or above. This is a considerably high 

transmittance, which is also accompanied by high increase in the film conductivity.

Table 4.5 Average transmittance relative to the original polymer o f  the PE samples 

swelled in various concentrations o f nanotubes in THF

Concentration Relative Transmittance 

(% a t). = 550 nm)

Error

0.03125 98.7 0.60
0.0625 92.7 1.51
0.125 89.6 1.52
0.15 90.9 3.25
0.2 90.2 0.79

0.25 89.1 0.99
0.5 81.1 1.69
1 79.6 0.25
2 77.2 1.81
4 60.7 1.27

100 -

95 -Ecoinin
90 -

85 -
CD
<U
Oc
CO

80 -

75-1
E(/)c
0 3

I -

70 -

65 -

60 -

0  ̂Concentration ^ 4

(mg/ml)

Figure 4.11 Relative transmission values o f polyethylene composite films immersed

in varying concentrations o f nanotube dispersions in THF at >,=550nm

Ultimately we can see that as we increase the concentration o f the nanotubes within the 

film we are decreasing the amount o f  light that can pass through it i.e the dark 

nanotubes will absorb more and more light when there are more o f them in the film.
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Knowing this we can use the data obtained from the transmission measurements, 

coupled with the measured film thickness, to calculate the optical absorption co

efficient associated with these nanotube films, a . The transmittance, T, is described by 

the Lambert-Beer law:

y , ^ 1 0 - « ( 2 o

The factor o f 2 comes from the fact that there is a nanotube layer on each side o f  the 

film as confirmed by the SEM analysis. We later use this expression to calculate a  as 

shown in Figure 4.13. We can also use this data to estimate the volume fraction o f 

nanotubes in the surface layer, Vf, by modelling the surface layer as a solid solution o f 

nanotubes in the polymer matrix. Under these circumstances, the absorption coefficent 

o f the surface layer can be approximated as,

®  “  ^ ^ iM y e r

Where, e is the extinction coefficient o f the nanotubes and Ciayer is the average 

concentration (in g/L) o f the nanotubes within the nanotube layer. We can relate CLayer 

to Vf using,

^iMyer P N T ^ r  ■>

where pNx is the nanotube density (~1800 kgW ).* This means that the volume fraction 

o f nanotubes in the surface layer is given by,

Vi cc I

Given that we have measured a , and know pnt from the literature, we need only z to 

calculate Vf. We find s by assuming it to be invariant for solid solutions and liquid 

phase dispersions o f  MWNTs in solvents (albeit at a much lower concentration).

Therefore the transmittance o f dispersions o f  thin MWNTs in THF was measured as a 

fianction o f concentration (Table 4.5, Figure 4.12). From the corresponding absorbance 

we could calculate s at approximately 1220 ml mg 'm  ', a value o f the same order as 

that o f SWNTs in solvents (3000-3500 ml mg"'m'').^''°
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Table 4.6 Transmission and corresponding absorbance measurements through 

nanotube dispersions at selected concentrations in dispersion in THF

Concentration Transmittance 

(% at X = 550 nm)

Absorbance

0 100 1
0 .03125 53.41 1.87
0 .0625 21 .72 4 .6 0
0 .125 2.38 4 1 .9 5

0.125 mg/ml 
0.0625 mg/ml 
0.03125 mg/ml60-

50-
0
g  40- 
i5
I  30- 
w
ro 2 0 -
L_

I -

1 0 -

400 500 600 700 800

Wavelength (nm)

Figure 4.12 Selected transmission curves for nanotube dispersions in THF with 

respect to the pure solvent

Consequently we can use this to calculate the volume fraction o f  nanotubes in the 

surface layer from the absorption coefficient as mentioned above. The absorption 

coefficient o f the polymer composite layer and the corresponding volume fractions are 

shown in Table 4.7, Figure 4.13. This shows that while the thickness o f  the surfaces 

remains constant, the volume fraction o f nanotubes increases with increasing dispersion 

concentration, saturating at approximately 8 % by volume. As we used a value for 

thickness for the nanotube layer this figure represents the nanotube concentration in the 

composite layer only. It is clear from this figure that a  increases with increasing 

dispersion concentration (Coisp) before saturating at a » l .5x10^ m ' for Coisp> Img/ml.
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This increase can only be associated with increasing nanotube concentration in the 

composite layer. This is to be expected for as we increase the concentration o f  

nanotubes in the dispersion we are providing more nanotubes to enter the film. The 

saturation point at approximately 8% o f nanotubes by volume is quite considerable, but 

when we extend this to the total volume o f the polymer film, Vj, which is 46 ^m thick 

we find the volume traction o f nanotubes for the whole film is only approximately 

0.106%.

As we analyse each o f the samples we see that generally the total volume firaction is 

fairly low and increases as we get to the higher dispersion concentrations. This is to be 

expected as we found that penetration o f the nanotubes was generally restricted to the 

areas close to the surface. This explains the relatively high values we found for the 

transmission.

Table 4.7 Absorption coefficients at corresponding volume fractions

Dispersion

Cone.

(g/L)

Absorption

Coefficient,

or

Error

(+/-)

Layer

Volume

Fraction,

Vf(%)

Error

(+/-)

Polymer

Volume

Fraction

Vt, (%)

Error

(+/-)

0.03125 0.56 X 10® 0.89 x 10" 2.51 0.40 0.028 0.004
0.0625 0.89 X 10® 2.25 x 10" 4.04 1.02 0.041 0.011
0.125 1 .2 0  X 10® 3.00 x 10" 5.46 1.36 0.040 0.010
0.15 0.95 X 10® 3.19 X 10" 4.31 1.45 0.045 0.016
0 .2 0.95 X 10® 2.13 X 10" 4.31 0.96 0.042 0.009
0.25 0.74 X 10® 1.89 X 10" 3.33 0.86 0.044 0.011
0.5 1 .6 6  X 10® 3.60 X 10" 7.52 1.63 0.086 0.018

1 1.83 X 10® 5.04 X 10" 8.29 2.28 0.095 0.026
2 1.85 X 10® 3.68 X 10" 8.40 1.66 0.106 0.021
4 1.46 X 10® 3.36 X 10" 6.59 1.52 0 .2 1 0 0.024
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Figure 4.13 Film absorption coefficient (o;) o f  PE film swelled in nanotube 

dispersion in THF, versus dispersion concentration, enabling us to work 

out the Volume fraction o f  nanotubes in the composite layer (right axis)

4.6.3 M easurement of sheet resistance and conductivity of composite layer

The sheet resistance, Rs, is a commonly used measurement o f  resistance for films that 

have a uniform thickness. It is a measurement o f  the resistivity and is therefore 

independent o f  the thickness. It can be easily found from the 1-V curves o f  the 

individual polymer films measured by the two probe method.

dV ,

------
w

The sheet resistance as a fianction o f  dispersion concentration is shown in Figure 4.14 

(Top). We see that it initially falls sharply with increasing dispersion concentration, 

saturating at less than 10^ Q /n  for a dispersion concentration o f  1 mg/ml. The sheet 

resistance can be translated into an accurate conductivity, a, using:

1

Where, t, is the thickness o f  the nanotube layer measured by SEM for each film 

individually as was shown in Figure 4.19 above. The resultant conductivity is shown in

137



Chnp tc r  4 I lcctncal  and optical  propcrl ics

Figure 4.14: Bottom, illustrating the very rapid increase in conductivity as the 

dispersion concentration is increased toward 0.5 mg/ml. At higher dispersion 

concentrations, the conductivity reaches values as high as 66 S/m (Table 4.8). The 

measured value for the pure polyethylene sample is 5.2 x 10'^ S/m. This represents an 

increase o f over 8 orders o f  magnitude on the conductivity o f  the pure polymer.

Table 4.8 Calculated sheet resistance and layer conductivities o f the nanotube 

composite layer o f PE films swelled in nanotube dispersions in THF

Concentration (g/L) Sheet Resistance (Q/n) Conductivity (S/m)
0 8 .3  X 10^° 5 .2  X 1 0  ^

0.03125 5 .4  X 1 0 “ 7 .5  X 1 0  ^

0.0625 8 .7  X 10^° 4 .9  X 10'^

0.125 3 .1  X 10^° 1 .8  X 1 0 ^

0.15 3 .6  X 10^ 0 .1 1

0.2 4 .1  X 10® 1 .0 9

0.25 2 .1  X 10^ 1 5 .9

0.5 4 .1  X 10^ 9 .6

1 8 .9  X 10^ 4 4 .1

2 5 .2  X 10^ 6 6 .4

4 7 .1  X 10"* 1 9 .3
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Figure 4.14 Graph o f the dispersion concentration o f  nanotubes against the Sheet 

Resistance (red squares) and the layer Conductivity (blue circles) o f the 

composite films swelled in nanotube dispersions in THF

From the data above we can plot the conductivity against the transmittance which 

shows us the relative transmittance values o f  the highest conductivity films (Figure 

4.15). We find that we can still achieve high transmittance at relatively high 

conductivity (16 S/m, 90% and 66 S/m, 77 %).
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Figure 4.15 Graph o f  conductivity against transmittance o f  the polyethylene 

composite films swelled in nanotube dispersions in THF

4.6.4 Determination of percolation threshold

The conductivity o f  our composite films as a whole is largely dependent the ability o f  

our highly conductive nanotubes to form a conductive network throughout the layer. As 

the polyethylene is highly insulating, the only way to get a current to pass from one end 

o f  the composite to the other is for it to pass through the conducting nanotubes provided 

they come into contact with one another. The volume fraction at which the nanotubes 

form an interconnecting network will instigate a dramatic change in the overall 

conductivity o f  the composite. It should occur over a relatively small volume fraction 

range, which is evident in our prepared composites. For a composite composed o f  

conducting particles in an insulating matrix, the conductivity is predicted to scale with 

volume fraction as,

(T =  a,(Vf -

Where, Vfo is the percolation threshold; the critical volume fraction for the onset o f  

current flow, cto is a constant which depends on the conductivity o f  the filler particles 

and s  is the percolation exponent, which is expected to depend on the dimensionality o f  

the composite with calculated values o f  5«1.33 and 5»2.0 in two and three dimensions 

respectively ."’'^
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For randomly arrayed rod-like fillers, the percolation threshold scales with the aspect 

r a t i o a s ,

_ 0.6d^7-
VO -

‘■NT

where, d sr  and are the mean nanotube diameter and length respectively. The value is 

generally quite low for fillers like carbon nanotubes"

For most nanotube-based composites, ao has been low due to the presence o f  a barrier 

to electron tunnelling between adjacent n a n o t u b e s . i n  the insulating polymer. 

However, in the absence o f  such barriers, oo can approach'^ conductivity values found 

for nanotube only films, ie 10''-10^ S/m.

The conductivity data as function o f  volume fraction was fitted using the percolation 

equation as shown in Figure 4.16. A very good fit is obtained, confirming that the 

infiltrated tubes form a percolative network. From the fit we can extract values for the 

percolation threshold o f  4 vol% which is higher than expected for carbon nanotubes" 

and suggests a low aspect ratio o f  15 which would be much lower than expected for the 

nanotubes used. This may be due to the partial in-plane alignment o f  the tubes in the 

surface layer which increases the percolation thresholds for rod-like fillers.'^ '* The 

measured value o f  percolation exponent o f  s=1.8 is between the universal 3- 

dimensional value o f  S3d=2.0 and the 2-dimensional value S2d=1 .33.'^

Most importantly, however, we measure ao=1.2xlO'* S/m, which is a relatively very 

high value, higher than found for most composites. In the absence o f  polymer 

tunnelling barriers, Oo is expected to be o f  the same order as the conductivity o f  a 

nanotube only film. This has been measured to be -5 0 0  S/m for a film o f  MWNTs
90similar to those used here. This shows that by our swelling method we can achieve 

good connectivity between adjacent nanotubes in the polymer composite.
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Figure 4.16 Nanotube volume fraction against conductivity for evaluation o f  

percolation threshold

4.7 Acid treatment of PE Composite Films

It has been shown that acid treatment can increase the conductivity o f  nanotubes and 
21 22composite films. ' This is associated with a number o f  effects, removal o f  catalyst, 

purification o f  nanotubes and destruction o f  defective sites on the nanotube surface. It is 

generally time dependent and too much time will have a negative effect on the 

conductivity. The highest conductivity film was immersed in different types and 

concentrations o f  acid. Polyethylene films swelled in 2 mg/ml concentration o f  

nanotubes in THF were subjected to three separate acidic treatments a 4:1 Sulfuric : 

Nitric acid mix, 35 % HCl treatment and 37% HCl treatment. Polymer composite films 

were immersed in the separate acidic environments for periods ranging from 1 minute 

to 1 hour. When the 1 hour acid treatment o f  the film is analysed under SEM (Figure
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4.17) we find partial degradation o f the nanotubes on the surface o f the film. This is 

most likely due to the oxidising effect o f the acids on the nanotubes.

Figure 4.17 SEM images showing surface morphology o f PE film swelled in 2 

mg/ml concentration o f nanotubes in THE before (A) and after (B) 

treatment in Nitric : Sulphuric acid mix (scale bar is 2 |im)

Initially there was no noticeable effect on conductivity observed from the immersion in 

a 4:1 Sulfuric : Nitric acid mixture, however conductivity decreased dramatically by 

over an order o f magnitude after an hour immersion, which can be attributed to the 

oxidising effect o f the acid treatment (Table 4.9, Figure 4.19). The films immersed in 

hydrochloric acid both showed a considerable increase in conductivity and the SEM 

analysis indicated little or no degradation Irom the acidic environment. It is not 

surprising that there is no oxidising effect associated with the hydrochloric acid as it is 

not an oxidising agent, however the associated decrease with respect to time o f the 

conductivity may be explained by the dissolution o f the iron catalyst from the nanotube.
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Table 4.9 Time dependence o f conductivity o f  PE composite film first swelled in a

2 mg/ml dispersion o f very thin MWNTs in THF and then immersed in 

various concentrations o f acid

Conductivity(S/m)

Time (min) Nitric/Sulphuric HCI (35%) HCI (37%)

0 66.42 63.51 61.20

1 57.26 130.18 71.17

2 70.14 125.43 72.27

5 64.99 102.90 173.74

10 43.59 99.15 157.28

20 12.68 109.67 150.73

30 6.63 86.72 28.55

60 1.68 81.74 2.22

Nitric/Sulphuric 
HCI 35%
HCI 37%

180

160

140

120

100

T 3  C/5

0 10 20 30 40 50 60
Time (m)

Figure 4.18 Time dependence o f conductivity o f  PE composite film first swelled in a 

2 mg/ml dispersion o f very thin MWNTs in THF and then immersed in 

various concentrations o f acid
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4.8 Metal Treatment of Composite Films

A second approach to increase the maximum conductivity was attempted by treatment 

with the highly conducting metals gold and silver. To functionalise with gold the 

sample was immersed in a 0.03M gold solution o f  HAuCl4-3H20 which is a source o f  

Aû " .̂ For silver deposition a second sample was immersed in 0.03M AgNOs which 

produces Ag^. Due to the high reduction potential o f  the nanotubes it was expected that 

metal reduction would occur on the surface o f  the nanotube. It was anticipated that this 

addition o f  a highly conducting metal to the nanotube would result in an overall 

increase o f  conductivity to the composite layer o f  the polymer film. Although silver 

may show relatively small increases, gold shows a considerable increase within the first 

ten minutes (Table 4.10, Figure 4.19). This would be expected if  the gold was 

deposited between individual nanotubes to create a less resistant network, however 

there is also the potential to form electron traps when gold is deposited on the surface o f  

the tube. This may decrease the overall conductivity and is most likely responsible for 

the decrease observed from 10 minutes onwards.

Table 4.10 Time dependence o f  conductivity o f  PE composite film first swelled in a 

2 mg/ml dispersion o f  very thin MWNTs in THF and then immersed in 

gold or silver solution

Conductivity
(S/m)

Time (min) Gold Silver
0 62.92 65.90
1 83.95 70.94
2 81.07 70.91
5 103.83 69.80
10 84.49 66.10
20 47.38 64.42
30 49.64 42.77
60 35.03 34.00
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Figure 4.19 Time dependence o f conductivity o f PE composite film first swelled in a 

2 mg/ml dispersion o f  very thin MWNTs in THF and then immersed in 

gold or silver solution

After we had found the best sample for conductivity was represented by the nanocyl 

multi-walled nanotubes in polyethylene swelled in THF it was decided to try and 

expand the research to different nanotubes which may represent a better possibility for 

conducting composites. It was decided to use Single-walled nanotubes (SWNTs), 

although they are generally more expensive and less available.

4.9 SWNT-Polyethylene Composites

4.9.1 Investigation of conductivity of SWNT-PE composite films

Selected types o f  SWNTs are more conductive than MWNTs it was hoped that if  we 

could create a similar composite using these nanotubes it would result in a composite 

with even greater conductivity. The SWNTs chosen were Hipco nanotubes as they 

demonstrate one o f the highest conductivities. The composite was prepared using by the 

same method as the highest conductivity MWNT composite film. The pure 

polyethylene film was immersed in a dispersion o f Hipco SWNTs at various 

concentrations in THF. Due to the high cost and low availability o f  these nanotubes, 

samples were prepared up to a maximum concentration o f 1 mg/ml. We observed an
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increase up to a maximum o f 0.14 Siemens per metre (Table 4.11, Figure 4.20). The 

highest conductivity sample (1 mg/ml) was also immersed in a similar gold solution in 

section 4.6 for 5 minutes to try and deposit gold on the surface o f the nanotubes and 

thereby increase its conductivity. This is represented by the hollow circle in Figure 

4.21 and represents an increase up to 0.35 Siemens per metre which is a 150 % 

increased on the measured sample. We find that the SWNT do show very large 

increases in the conductivity in the bulk polymer and they are o f  the same order as the 

MWNT samples. If  we could increase the concentration further we might find even 

larger enhancement.

Table 4.11 Electrical conductivity results for PE films swelled in THF with various 

concentrations o f dispersion o f Hipco SWNTs

Concentration
(g/L)

Conductivity
(S/m)

Error
(+/-)

0 2.97 X 10 ’ 4.41 X 10'**
0.03125 1.02 X 10-* 1.87 X 10''
0.0625 0.010 4.04 X 10"*
0.125 0.0054 1.11 X 10-̂
0.25 0.015 0.00109
0.5 0.027 8.94 X 10^
1 0.142 0.00416

0.01
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0) IE-3
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Figure 4.20 Electrical conductivity results for PE films swelled in THF with various 

concentrations o f dispersion o f Hipco SWNTs
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4.9,2 Transmittance measurements of SWNT-PE composite films

Again we measured the transmittance o f the samples. Visually the SWNTs were not as 

homogenously distributed as the MWNTs and the transmittance across the sample 

varied considerably at high concentrations. Both the conductivity and transmittance 

were relatively very high, with the value at 1 g/L dispersion concentration measuring a 

conductivity o f  0.142 Siemens per metre and a transparency o f  around 90 % (Table 

4.12, Figure 4.21). The MWNT films demonstrated transmittance at similar 

conductivities o f  approximately 80 %. This indicates that we require a lower amount o f 

SWNTs to achieve similar conductivities. This demonstrates the better potential for 

creating even greater transparency conductive films with the SWNTs. These films 

warrant further conductivity analysis according to their layer thickness, however this 

could not be undertaken as the single walled nanotubes were too thin (< 5 nm) to be 

resolved under SEM and therefore the nanotube layer thickness could not be measured 

accurately.

Table 4.12 Transmittance values o f PE-Hipco SWNT composite films

Concentration (mg/ml) Transmittance at 
(% at X, = 550 nm)

Error
(+/-)

0 100 0
0.03125 99.6 0.75
0.0625 96.3 1.10
0.125 92.8 0.69
0.25 94.9 3.80
0.5 92.0 2.95
1 90.4 4.83
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Figure 4.21 Graph o f transmittance values for PE - Hipco SWNT composite films

4.10 Conclusions

We have found that our method for preparing polymer composites by our swelling 

technique can produce polymers with greatly enhanced electrical conductivity. The 

polypropylene does not show much o f an increase in conductivity and this is evident 

when we look at the SEM images and see very little penetration o f nanotubes within the 

polymer. With polyethylene, however, we achieved an eight orders o f magnitude 

increase in its electrical conductivity when we prepared a composite by swelling in 

THF. We found that we achieve a very consistent and relatively uniform depth 

penetration o f  the nanotubes. We also achieved good conductivity results in nanotube- 

PET composite. It was evident from the SEM analysis and transmittance measurements 

that we have very good penetration o f the nanotubes into this polymer. In fact the 

penetration was deepest in PET but resulted in a much less homogenous distribution o f 

the nanotubes. We found that the conductivity is not necessarily dependent on the depth 

o f penetration but more on the amount o f  nanotubes in the top layer and their proximity 

to each other creating a good percolation threshold. Polyethylene demonstrated a 

measureable layer o f nanotube composite enabling us to calculate the electrical surface 

conductivity o f  the composite layer. We have also found that transmittance o f  the 

polymer composites still remains high when nanotubes are incorporated, which would
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be important for any potential applications. We have achieved high conductivities while 

retaining a good transparency in the composites.

Further experiments illustrate the effectiveness o f  the treatment and show it can be 

expanded to other nanotubes, namely Hipco single-walled nanotubes. Eventually when 

the electrical potential o f nanotubes are fully realized we have shown a method for 

preparing good electrically conducting composites in which the polymer and the type o f 

nanotube may be adjusted depending on the composite required. Finally we have also 

shown that post-production treatment o f the polymer composite can yield even higher 

conductivities when we treat the films with acid or coat them with gold or silver 

metals.
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Chapter 5

Investigation of 

Mechanical Properties of 

Nanotube-Polymer Composites
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5.1 Introduction

As we discussed in the previous chapter our method for preparing polymer composites 

by our swelling technique can produce polymers with greatly enhanced electrical 

conductivity. This was most evident with polyethylene (PE) when we prepared a 

composite by swelling in THF. We also achieved good conductivity results for 

polyethylene terephthalate (PET). It was evident from the SEM analysis and 

transmittance measurements that this was because we achieved good penetration o f the 

nanotubes into the polymer. Generally this was restricted to some extent to the areas 

close to the surface layers. As we saw with the Kevlar in Chapter 3 we could also 

increase the mechanical properties o f a polymer if we get penetration o f nanotubes into 

the polymer matrix. This may be important for the polymers that we analysed in the 

previous chapter. We decided to study the mechanical properties o f  our prepared PE 

and PET composites to see if we could achieve mechanical enhancement compared 

with the pure polymer. This would mean that overall we can influence considerably, the 

electrical and mechanical properties o f  pre-formed polymers by the swelling technique. 

The polypropylene studied in the previous chapter displayed very little penetration o f 

nanotubes and very low conductivity increases; therefore it was not used in our further 

studies.

Mechanically PE and PET are considerably different. Their mechanical characteristics 

are discussed in Chapter 1 and we can see that PET is a much stronger material than 

PE; however PE has a significantly better toughness. Overall, like most polymers, both 

require reasonably good mechanical properties in their everyday usage.

Polymer swelling can also be greatly influenced by treatment with supercritical fluid as
1 2it was previously reported. ’ This could represent a potentially exciting new area o f 

research which we can explore and if  we can expand our swelling technique flirther by 

using supercritical fluid instead o f organic solvent and ulstrasound, it may present a 

new path to developing polymer composites by a swelling technique. Some research 

has also shown the intercalation o f large molecules into polymer using a similar 

swelling technique.^ The density o f supercritical CO2, and therefore its solvent strength, 

can be adjusted quite easily by changing the temperature or pressure. This enables the 

degree o f swelling o f a polymer to be controlled and ultimately we can achieve
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penetration o f small particles, namely nanotubes, between the fluid phase and the 

swollen polymer.

5.2 Aims of This Work

The main aim o f this part o f our work is to demonstrate an enhancement o f the 

mechanical properties o f our prepared polymer-nanotube composite films. We intend to 

show that our method o f producing polymer composites with enhanced mechanical 

properties can be extended beyond just Kevlar fibres and into a wider range o f different 

polymeric materials and that these materials can be enhanced both electrically and 

mechanically using this technique. We also aim to further explore our swelling 

technique and test if we can use super-critical CO2 (SC-CO2) for the preparation o f 

polymer-carbon nanotube composites.

5.3 Mechanical Studies of PET Composites

As was discussed in the introduction, PET has a relatively high tensile strength when 

compared to most o f  the other polymers researched in this work and many o f its wide 

range o f applications many are dependent on its mechanical strength, including its 

importance in pressurised containers. A simple effective way o f increasing its 

mechanical properties by post-processing would be important due to the large amount 

o f products currently in existence. It could help increase the shelf-life o f  already formed 

materials or lead to the development o f stronger products during processing. In 

Chapter 4 we discussed the preparation o f PET-carbon nanotube composites, which 

demonstrated good penetration o f nanotubes into the polymer matrix. In fact the deepest 

penetration we have found so far was in PET swelled in THF and measured at least 6 

^m into the polymer. Overall, however, the distribution o f  nanotubes was not 

homogeneous and there were areas o f the polymer which showed little or no penetration 

at all. In the following pages we explore the changes in mechanical properties 

associated with the composites we prepared by our swelling technique using three 

different solvents, NMP, Toluene and THF. These solvents have different Hildebrand 

parameters and are o f  different polarities and therefore offer some variation in swelling 

ability, which important in our studies.
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5.3.1 Nanotube-PET composites prepared in NMP

MWNT-PET composites have been prepared as described in section 4.3.1 by swelling 

PET films in carbon nanotube suspension in NMP. The polymer film was cut into five 

strips o f  approximate dimensions 2.4mm x 25mm x 120|im and its mechanical 

properties were measured using the Zwick 100 tensile tester. These properties were 

compared to pristine polymer which underwent the same treatment and are presented in 

Table 5.1 and Figure 5.1

The mechanical properties o f MWNT-PET composites showed no significant changes 

depending on the concentration o f nanotubes in the solvent. The tensile strength, 

Young’s modulus, toughness and strain for all concentrations remained relatively 

consistent within the error. This was expected as the SEM analysis (Figure 4.4 D) 

showed very little penetration o f the nanotubes into the sample.

Table 5,1 Combined mechanical data for PET films Swelled in NMP with Nanocyl 

very thin MWNT

Cone. NT 

(g/L)

Tensile

S trength

(M Pa)

Error

(+/-)

Y oung’s

M odulus

(GPa)

Error
(+/-)

Toughness
(MJ/m’)

Error
(+/-)

Strain

(%)

Error
(+/-)

0 226 8.3 2.31 0.40 41.7 5.9 28.5 2.8

0.3125 198 22.4 2.14 0.34 28.5 9.4 23.3 5.0

0.0625 190 34.5 2.18 0.38 27.4 12.9 22.6 6.9

0.125 214 16.5 2.25 0.39 35.4

O
O

0
0 26.9 4.1

0.25 231 14.0 1.76 0.66 43.1 5.7 30.0 2.6

0.5 210 27.1 1.83 0.33 36.1 14.1 26.9 6.7

1 227 15.5 2.21 0.42 41.6 10.9 28.9 5.3

2 215 22.4 1.98 0.12 36.9 12.9 27.0 5.7

4 217 21.6 1.98 0.44 39.9 10.5 28.7 4.8
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Figure 5.1 Combined graph o f tensile strength, Young’s modulus, toughness and 

strain against concentration o f  very thin MWNT dispersions in NMP for 

swelled PET films
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5.3.2 Nanotube-PET composites prepared in toluene

PET samples prepared by swelling in MWNT suspension in Toluene were analysed for 

mechanical properties in the same way as the samples swelled in NMP described in 

section 5.3.1 above. These properties were compared to the pure polymer which 

underwent the same treatment and are presented in Table 5.2 and Figure 5.2

We did see some penetration o f nanotubes into this polymer under SEM (Figure 4.4 C) 

which is not too surprising given the solubility parameters o f  both the solvent and 

polymer. They demonstrate a good affinity to each other explaining the infiltration o f 

the nanotubes.

When we look at the tensile strength we see some improvements. We observe an 

increase at higher concentrations o f  1 g/L and 2 g/L to 240 and 239 MPa respectively 

which represents approximately about 6% o f an increase over the pure polymer (226 

MPa).

The Young’s modulus also shows increases at the lower concentrations with the 

0.03125 and 0.0625 g/L concentrations showing large increases to 2.57 GPa and 2.77 

GPa respectively. These represent increases o f  approximately 11 and 20 % on the pure 

polymer (2.31 GPa). This is a considerable enhancement but as the concentration o f 

nanotubes is increased fiirther we see the Young’s modulus decrease again and in fact is 

reduced below that for the pure polymer at the highest concentrations. This is most 

likely due to overloading o f the polymer with nanotubes and could be explained again 

by some aggregation o f  nanotubes and disruption o f the polymer matrix.

When we analyse the toughness we see that there are initial decreases associated with 

the concentration, however, at the higher concentrations we see some increases on the 

pure polymer (41.7 MJ/m^). At a dispersion concentration o f 1 g/L we see a value for 

toughness o f  49.9 MJ/m representing a 20% increase. This is also the concentration 

which showed the highest value for the tensile strength. The corresponding strain values 

show increases at the higher concentrations also but overall there is not a dramatic 

change in the strain.

Overall, considering the mechanical properties we find that PET swelled in the 

nanotube dispersion in toluene can demonstrate enhancement o f  its mechanical 

properties due to penetration o f the nanotubes within the polymer matrix. This
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replicates the increases we saw in the electrical conductivity o f  the samples in Chapter 

4. The sample swelled in the 1 g/L concentration o f  nanotubes demonstrated the highest 

increases in both tensile strength and toughness. We have therefore found that we can 

enhance both the electrical conductivity and mechanical properties o f  PET by swelling 

in nanotube dispersions in toluene.

Table 5.2 Combined mechanical data for PET films swelled very thin MWNT 

dispersion in toluene.

Cone. NT 

(g/L)

Tensile

S trength

(M Pa)

Error

(+/-)

Y oung’s

M odulus

(GPa)

Error

(+/-)

Toughness

(MJ/m^)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 226 8.3 2.31 0.40 41.7 6.0 28.5 2.8

0.03125 213 15.3 2.57 0.38 31.6 7.3 24.1 3.5

0.0625 199 22.2 2.77 0.15 28.6 9.4 22.9 4.5

0.125 227 17.2 2.26 0.44 40.8 11.0 29.0 5.9

0.25 228 18.7 2.36 0.41 41.9 11.8 29.0 5.9

0.5 222 16.9 2.36 0.30 40.3 10.4 28.8 4.4

1 240 8.4 2.12 0.38 49.9 11.0 32.8 5.3

2 239 9.5 1.99 0.50 47.0 6.0 31.7 2.8

4 227 22.2 2.07 0.20 40.9 12.9 28.6 5.8
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Figure 5.2 Combined graph o f  tensile strength, Y oung’s modulus, toughness and 

strain against concentration o f  very thin MWNT dispersions in toluene 

for swelled PET films.
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5.3.3 Nanotube-PET composites prepared in THF

The PET samples fabricated by swelling in nanotube suspension in THF were also 

analysed for mechanical properties by the same method as the samples in 5.3.1 above. 

These properties were compared to pure polymer which underwent the same solvent 

treatment and are presented in Table 5.3 and Figure 5.3.

From the SEM analysis in Chapter 4 we found that the samples swelled in THF gave 

the deepest penetration o f nanotubes, o f any o f the samples; up to 6 |am. This may be 

due to the closest matching Hansen parameters o f  THF and PET. In taking into account 

all the solvents and polymers, PET and THF show the best affinity for the polar, 6p (6.2 

and 5.7 respectively), and total, 6t (20.0 and 19.4), cohesive energy parameters, with 

good affinities for the dispersion, 6a (18.0 and 16.8), and hydrogen bonding, 6h (6.2 and 

8.0), parameters also, thus offering the best swelling capability. We would expect that 

this should result in a comparatively good enhancement in the mechanical properties o f 

the polymer.

When we analyse the tensile strength we see an increase at the 0.0625 g/L concentration 

to 243 MPa from the pure polymer (226 MPa) representing an increase o f  

approximately 8 %. There is a general increase at almost all concentrations which is not 

too surprising as we saw some nanotube penetration at even very low concentrations 

when we analysed the samples using SEM.

The Young’s moduli o f the composites demonstrate increases on the pure polymer 

(2.31 GPa) at most o f the concentrations. The best increases were observed for the 

samples immersed in the higher concentrations o f nanotubes with the 1, 2 and 4 g/L 

showing increases o f around 9 % (2.50, 2.49, 2.51 GPa respectively) indicating some 

nanotube penetration. The PET film swelled in 4 g/L nanotube suspension demonstrated 

the maximum increase observed.

When we analyse the toughness we see that it achieves a considerable increase again at 

the 0.0625 g/L concentration. The maximum value for the sample o f  58.6 MJ/m^ 

represents an increase o f over 40% on the pure polymer (41.7 MJ/m ). We do however 

observe the toughness decrease at the higher concentrations o f  nanotubes. This decrease 

is replicated in the tensile strength measurements where we saw a decrease from the 

maximum value at the higher concentrations.
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Overall with the PET films swelled in the THF we find that we can achieve 

considerable enhancement o f  the polymer utilizing the swelling method at low 

concentrations. The best individual film appears to be the sample swelled in a nanotube 

concentration o f  0.0625 g/L o f nanotubes. It demonstrates increases in all the 

mechanical properties with the highest values strength and toughness for any o f the 

composites. The higher concentration dispersions do not show considerable increase on 

the pure polymer, with the exception o f the Young’s modulus. We saw the best 

increases in the electrical properties o f the samples swelled in THF and it is 

unsurprising that we find the best enhancement o f the mechanical properties for these 

samples as well.

Table 5.3 Combined mechanical data for PET films swelled in THF with Nanocyl 

very thin MWNT

Cone. NT 

(g/L)

Tensile

S trength

(M Pa)

Error
(+/-)

Y oung’s

M odulus

(GPa)

Error

(+/-)

Toughness
(MJ/m )̂

Error
(+/-)

Strain

(%)

Error

(+/-)

0 226 8.3 2.31 0.40 41.7 6.0 28.5 2.8

0.3125 223 27.0 2.41 0.37 45.8 24.0 31.1 10.7

0.0625 243 13.4 2.40 0.67 58.6 11.0 36.9 4.4

0.125 236 23.9 2.17 0.46 48.4 21.5 31.4 9.0

0.25 230 19.2 2.05 0.37 49.1 17.5 33.0 8.6

0.5 223 18.7 2.34 0.36 49.7 17.1 34.0 7.5

1 224 19.6 2.50 0.50 43.8 10.7 30.4 4.5

2 235 10.5 2.49 0.16 44.2 6.9 30.0 2.7

4 223 16.5 2.51 0.32 41.3 9.9 29.2 4.4
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swelled PET films
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5.4 Mechanical studies of nanotube-polyethylene composites

As we discussed in the introduction, polyethylene has a considerably high toughness 

but a relatively low tensile strength. It is a very important and widely used polymer and 

therefore enhanced mechanical properties, tensile strength in particular, would be 

important for many o f  its applications.

5.4.1 Nanotube-PE composites prepared in NMP

PE samples prepared by swelling PE films in MWNT suspension in NMP were 

analysed for mechanical properties in the same way as the PET described in section

5.3.1 above. The polymer film was prepared properties were compared to pure polymer 

which underwent the same treatment and are presented in Table 5.4 and Figure 5.4.

When we analyse the tensile strength we see no improvements over the pure polymer, 

this is not surprising as the films displayed no considerable penetration into the polymer 

matrix in NMP when analysed by SEM (Figure 4.6 D). Overall the mechanical 

characteristics o f  the samples do not display any substantial increases and stay the same 

within experimental error. This can be explained by the fact that PE undergoes only a 

very limited swelling in NMP. As a result too few nanotubes penetrate inside polymer 

to have any impact on its mechanical properties.

Table 5.4 Mechanical data table for NMP swelled PE films with various 

concentrations o f very thin MWNT

Cone. NT 

(g/L)

Tensile

S treng th

(M Pa)

Error

(+/-)

Y oung’s

M odulus

(GPa)

Error

(+/-)

Toughness
(MJ/m )̂

Error

(+/-)

Strain

(%)

Error

(+/-)

0 25 1.7 1.9 0.26 105 13.6 572 58

0.03125 26 2.9 2.4 0.23 106 22.3 666 76

0.0625 25 1.6 2.2 0.19 108 12.5 635 51

0.125 22 2.7 2.3 0.46 80 22.9 422 114

0.25 24 3.0 2.4 0.12 100 23.3 529 95

0.5 21 3.5 1.9 0.21 104 44.9 605 215

1 24 5.2 2.5 0.77 100 44.2 485 156

2 26 2.8 2.3 0.69 105 40.2 476 175

4 20 6.8 1.9 0.58 85 73.3 463 325

1 6 4



T
ou

gh
ne

ss
 

Y
ou

ng
's 

M
od

ul
us

 
Te

ns
ile

 
St

re
ng

th
 

St
ra

in
 

(%
) 

(M
J/

m
^)

 
(G

Pa
) 

(G
P

a)

C h ap te r  5 Mcchanical  proper t ies

30

20

3

2

1
160

120

80

40

0
800

600

400

200

0

Figure 5.4 Combined graph o f tensile strength, Young’s modulus, toughness and 

strain against concentration o f very thin MWNT dispersions in NMP for 

swelled PE films

0 2 4

Dispersion Concentration (mg/ml)

165



('hapt<T 5

5.4.2 Nanotube-PE composites prepared in toluene

The PE samples swelled in Toluene were analysed for mechanical properties in the 

same way as the PET samples swelled in NMP described in section 5.3.1. These 

properties were compared to pure polymer which underwent the same treatment and are 

presented in Table 5.5 and Figure 5.5

The SEM analysis o f  the PE films swelled in toluene showed considerable penetration 

o f  nanotubes into the polymer matrix. When we analysed the electrical conductivity it 

demonstrated very high conductivities also. This is not too surprising considering the 

very similar Hildebrand and Hansen parameters for both the solvent and the polymer. In 

taking into account all the solvents and polymers, PE and toluene show the best very 

good affinity for total, (18.2 and 18.1), cohesive energy parameters, with exactly the 

same affinities for the dispersion, 5d (18.0 and 18.0), and hydrogen bonding, 6h (2.0 and 

2.0), parameters, offering excellent swelling capability. We would expect some o f the 

best enhancement in mechanical properties for any solvent polymer interaction.

It is unsurprising then when we look at the tensile strength we find increases o f  up to 20 

% on the original polymer (25 MPa). This is represented by the 0.5 g/L dispersion 

concentration which achieves a tensile strength o f 30 MPa. In fact we find increases at 

all concentrations o f  nanotubes showing that we are achieving good homogenous 

composites.

The Youngs moduli show increases fi'om 1.9 GPa for the pure polymer to up to 2.5 GPa 

at the 1 g/L dispersion concentration. This represents an increase o f  32 %. Most o f  the 

dispersion concentrations demonstrate an increase on the pure polymer for the Young’s 

modulus values.

The values for toughness display increases also. The sample swelled in the 4 g/L 

sample demonstrates the best enhancement on the pure polymer (105 MJ/m^). It 

achieves a toughness o f 139 MJ/m^ representing an increase o f 32 %. We see that we 

also get a corresponding increase in strain.

Overall with the samples swelled in toluene we find that we achieve reasonable 

increases in the mechanical properties across the dispersion concentration range. These 

samples showed relatively homogenous penetration o f nanotubes and good electrical
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enhancement as discussed in Chapter 4. This is consistent with the improvement we 

find when we analyse the mechanical properties.

Table 5.5 Mechanical data table for toluene swelled PE films with various 

concentrations o f  very thin MWNT

Cone. NT 

(g/L)

Tensile

S trength

(M Pa)

Error

(+/-)

Y oung’s

M odulus

(G pa)

Error

(+/-)

Toughness

(MJ/m^)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 25 1.7 1.9 0.26 105 13.6 572 58

0.03125 27 3.0 2.4 0.48 132 20.2 663 73

0.0625 26 3.2 2.2 0.25 116 22.8 571 74

0.125 28 2.5 2.3 0.36 125 13.6 597 45

0.25 29 2.8 2.4 0.21 138 19.2 660 51

0.5 30 3.2 1.9 0.26 135 24.6 608 85

1 29 2.2 2.5 0.21 135 14.0 616 35

2 27 2.2 2.3 0.24 130 12.4 672 38

4 29 2.1 1.9 0.25 139 16.3 650 56
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Figure 5.5 Combined graph o f  tensile strength. Young’s modulus, toughness and 

strain against concentration o f  very thin MWNT dispersions in toluene 

for swelled PE films
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5.4.3 Nanotube-PE composites prepared in THF

The PE samples were immersed and swelled in various nanotube concentrations in 

THF. They were then analysed for mechanical properties in the same way as the 

samples swelled in NMP described in section 5.4.3. These properties were compared to 

pure polymer which underwent the same treatment and are presented in Table 5.6 and 

Figure 5.6.

This composite demonstrated the best electrical conductivity and most homogenous 

penetration o f  nanotubes among all the composites tested. The SEM analysis (Figure 

4.8) showed relatively homogenous penetration o f  up to 1 |0,m into the polymer matrix.

When we look at the tensile strength we see increases o f  up to 32 % on the original 

polymer (25 MPa) for the sample swelled in 1 g/L dispersion o f  nanotubes in THF (33 

MPa).

Again with the Y oung’s modulus values we find increases in most o f  the composites. 

The Youngs modulus shows larger increases up to a maximum at the 1 g/L 

concentration (3.1 GPa), which is also where we found the concentration o f  nanotubes 

in the polymer layer reached a maximum in Chapter 4. This represents an increase o f  

over 60 % on the pure polymer (1.9 GPa).

When we look at the toughness we again see increases. These are most substantial at the 

highest concentrations o f  nanotubes with the sample at 0.5 g/L concentration in 

particular showing an increase o f  about 45 % on the pure polymer. The corresponding 

strain did not increase substantially for this sample but overall we did see it generally 

increase on the pure polymer.

As we discussed in the previous chapter the largest amount o f  nanotubes were evident 

in the higher concentrations and the transmittance measurements gave us a good 

approximation o f  the amount o f  nanotubes in the sample overall. At its highest we saw 

that in the polymer composite layer we were seeing a maximum o f  up to about 8 % 

volume o f  nanotubes (1 and 2 g/L samples). This represents a value o f  about 0.01 % by 

volume o f  nanotubes in the polymer overall when we take into account the thickness o f  

the polymer. Assuming that most o f  these nanotubes are in the surface layer we are 

therefore seeing a very considerable enhancement o f  the polymer. We can see an 

increase in many o f  the samples in the concentration range although once the highest
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concentration is reached the strength and modulus reverts back to similar values as the 

pure PE. This concentration by far showed the deepest penetration and amount o f  

nanotubes (up to 0.2 % by mass) within the polymer matrix and it is most likely having 

a negative effect due to aggregation and disruption o f  the polymer structure.

As we discussed in Chapter 1, the full potential o f  polymer enhancement by the 

creation o f  nanotube-polymer composites is yet to be realised. The results presented in 

this chapter, and the results for polyethylene swelled in nanotube dispersions in THF in 

particular, indicate that if  the swelling method can be optimised, with particular 

attention paid to enhancing the mechanical properties, it may offer a new route to 

creating polymer composites with enhanced mechanical properties.

Table 5.6 Mechanical data table for THF swelled PE films with various 

concentrations o f  very thin MWNT

Cone. NT 

(g/L)

Tensile

Strength

(MPa)

Error

(+/-)

Young’s

Modulus

(GPa)

Error

(+/-)

Toughness

(MJ/m^)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 25 1.7 1.9 0.26 105 13.6 572 58

0.03125 27 2.1 2.7 0.08 115 16.5 566 57

0.0625 25 1.9 2.4 0.30 111 14.4 599 61

0.125 30 1.9 2.9 0.22 143 17.2 622 48

0.25 30 2.7 2.4 0.29 143 20.5 660 65

0.5 33 2.2 3.0 0.25 152 22.7 633 82

1 29 2.4 3.1 0.47 134 17.4 729 50

2 31 2.5 2.5 0.25 140 15.3 662 51

4 24 1.0 1.8 0.23 123 31.7 810 143
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Figure 5.6 Combined graph o f  tensile strength, Young’s modulus, toughness and 

strain against concentration o f  very thin MWNT dispersions in THF for 

swelled PE films
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5.5 Nanotube-Poly ethylene Composites Prepared in Supercritical C O 2 

5.5.1 Preparation of SC-CO 2 swelled nanotube-PE composite films

Supercritical fluids have a variety o f  interesting properties including having 

characteristics o f  both liquid and gas. This gives them an ability to penetrate solid 

materials like a gas, but also to act like a liquid by maintaining a so lu tio n /’̂  It is this 

property which can enable them to act as a carrier for molecules and particles enabling 

them to penetrate inside a polymer matrix. Carbon dioxide is a very desirable gas to use 

for supercritical analyses due to the relatively low temperature (31“C) and pressure (73 

atm) needed to achieve superfluidity. As was discussed in section 5.1 it has been shown 

in the past to swell polymers including polyethylene. Recent research has shown that 

just swelling polyethylene in SC-CO 2 can have an impact on the Youngs modulus, 

toughness and strain, decreasing the former and increasing the latter.^ This is explained 

by the plasticisation o f  a polymer due to its absorption o f  CO2 . Evidence for this is 

generally found in an increased melting temperature o f  the polymer.^ For this reason it 

was decided to prepare pure polymer samples treated with supercritical CO 2 at the same 

temperature and pressure for comparison to nanotube samples.

The experiments were carried out in National University o f  Ireland, Cork, with 

nanotubes dispersed in NMP at a concentration o f  1 g/L. A high concentration was 

chosen to give the best chance o f  penetration o f  nanotubes into the polymer. The 

temperature was kept constant by immersion o f  the apparatus in a regulated water bath 

at 50 °C. NMP was chosen as the solvent due to its considerable ability to create a 

stable dispersion o f  nanotubes as was discussed in Chapter 3.

5.5.2 SEM analysis of SC-CO 2 swelled nanotube-PE composite films

SEM analysis demonstrated considerable penetration o f  the nanotubes deep into the 

polymer matrix and we observed nanotubes in many areas. An example o f  the 

penetration can be seen in Figure 5.7. The nanotube penetration does not appear to be 

homogeneous throughout the polymer sample with sections o f  the polymer clearly 

showing no nanotubes protruding, whilst other areas o f  the same image show many 

nanotubes protruding from the cross sectional surface. We can see this clearly in Figure 

5.7 B.
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Figure 5.7 SEM image o f  polyethylene composite cross section after treatment with 

nanotubes in supercritical CO2 at a pressure o f  34.5 MPa (Scale bars A: 

10 |am B: 1 |am)

5.5.3 DSC studies o f SC-CO 2 swelled nanotube-PE composites

As we discussed in section 5.4.1 SC-CO2 treatment tends to increase the melting 

temperature, Tm, o f  a polymer. When w e measured the highest concentration samples 

from section 5.2 and 5.3 we found no considerable change in the Tm- This is most likely 

due to the fact that the swelling mostly affects the surfaces o f  the polymer. When we 

use supercritical CO 2 however we find that swelling is much more absolute and when 

we look at the DSC o f  the samples swelled at the highest pressure we find that it show a 

large shifting o f  the peak o f  the Tm in the polymer samples after treatment in CO2 . This 

indicates that the supercritical fluid has a considerable effect and increases the 

plasticisation o f  the polymer. It seems to affect both the pure and nanotube samples 

evenly indicating the difference between the nanotube sample and the swelled pure 

sample is minor and that the supercritical CO2 has a much larger influence on the 

polymer than the nanotubes do.
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Figure 5.8 DSC curves for Polyethylene films demonstrating the variation in the 

melting temperature for pure polyethylene (black line), polyethylene 

swelled in SC CO 2 (red line) and swelled in SC CO 2 in the presence o f  

nanotubes (blue line)

5.5.4 M echanical properties of SC-CO 2 swelled nanotube-PE composites

The representative stress strain curves for the treatment o f  PE at 34.5 MPa are shown in 

Figure 5.9. We see a considerable difference in strain for the sample swelled in the 

absence o f  nanotubes. When we look at the stress-strain curves we also find that after 

reaching the yield point the blank samples swelled in supercritical CO2 show a change 

in the overall stress-strain curve with a decrease in stress after the yield point. When we 

look at the nanotube sample it seems relatively unaffected by the treatment indicating 

that they must be better able to reinforce the polymer therefore not affecting the 

toughness in the same way.
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Figure 5.9 Representative stress-strain curves for pure polyethylene (black line), 

polyethylene swelled in SC CO2 (red line) and swelled in SC CO2 in the 

presence o f nanotubes (blue line)

When we analyse the results in Table 5.7 and Figure 5.8 we see the effect o f the 

supercritical CO2 on pure polyethylene and how the variation in pressure affects the 

mechanical properties o f the polymer. The tensile strength is generally unaffected but 

we do see slight decreases in the Youngs modulus and increases in the toughness and 

strain due to the treatment. The polymer is absorbing the CO2 thereby inducing 

plasticisation and we find that the ductility o f the sample is increased. This increased 

ductility gives a corresponding increase in the toughness. This is an expected effect o f 

the polymer as we discussed in section 5.4.2.

We can then compare the effects o f the nanotubes on the mechanical properties o f  the 

polymer. We find again that there is a negligible difference in tensile strength o f the 

sample when the large error bars are taken into account. The Young’s moduli however 

increase with the nanotube samples whereas the control samples showed minor 

decreases. The value at the highest pressure (48.2 MPa) represents an increase o f almost 

a third (32.5%) on the original polymer, and when compared to the control sample it is 

even greater. A decrease in Young’s modulus is normally expected in a sample treated
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with supercritical fluid, but the increase displayed here can be associated to the 

nanotube in the polymer matrix.

Although all samples show an increase in the toughness on the original polym er this 

may be due to the treatment with SC-C02.This is confirmed when we compare the 

toughness o f  the control sample against the nanotube samples and we find that 

generally there is a negligible difference between them.

When we look at the strain we can see increases with respect to the samples treated with 

supercritical CO2 . The samples swelled with the nanotubes show some decreases with 

respect to the strain when compared to the samples without nanotubes.

Table 5.7 Mechanical data table for PE films swelled in CO 2 with Nanocyl very 

thin MWNT

Cone.

NT

(g/L)

Pressure

(MPa)

Tensile

Strength

(MPa)

Error

(+/-)

Young’s

Modulus

(GPa)

Error

(+/-)

Toughness

(MJ/m^)

Error

(+/-)

Strain

(%)

Error

(+/-)

0 0 25 1.7 1.9 0.26 105 13.6 572 58

0 34.5 25 5.1 1.8 0.21 123 31.5 919 128

0 48.2 24 4.3 1.6 0.37 133 29.3 794 117

1 34.5 26 3.9 2.4 0.16 124 23.3 796 88

1 48.2 25 2.7 2.5 0.37 133 29.3 507 112
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Figure 5.10 Combined graph o f  tensile strength, Young’s modulus, toughness and 

strain o f  PE composites (prepared by swelling technique with a 1 g/L 

very thin MWNT in NMP and SC-CO2) against the pressure o f  

supercritical carbon dioxide
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5.6 Conclusions

In this work we have found that the samples in which we found greatly increased 

electrical properties due to nanotube penetration o f the polymer can also demonstrate 

some enhancement o f  their mechanical properties. The samples which showed the best 

penetration o f  nanotubes in Chapter 4 also show better mechanical properties than the 

pure polymer. We found that for the samples swelled in a dispersion o f nanotubes in 

NMP although the solvent shows a good dipersion o f  nanotubes we achieve too little 

swelling to have a considerable effect on the polymer. This is similar to what we saw in 

the electrical measurements. The dispersive capability o f  toluene is not as good as NMP 

but the swelling capability is greater and we find much better penetration and 

enhancement. Ultimately with THF we find that although its dispersive capability is 

worse again we find very good penetration. Overall this indicates that swelling 

capability o f the solvent is much more important. We have shown that by proper 

solvent selection the swelling method presents a novel way o f  incorporating nanotubes 

into a polymer. This ultimately demonstrates that it is possible to enhance the electrical 

and mechanical properties o f a variety o f  polymers by this technique thereby exhibiting 

its adaptability and capability for the development o f  polymer composites in the fiature.

We have also further expanded our swelling method by utilising the effect o f  super

critical carbon dioxide. This usually tends to negatively affect some o f the properties o f 

the polymer, namely Young’s modulus and strain. This is due to increased plasticisation 

in the polymer and we observed this effect when we analysed the samples under DSC 

analysis. However, we shown that these negative effects can be compensated for by the 

introduction o f dispersed carbon nanotubes into the environment. The nanotubes can be 

incorporated into the polymer to a greater extent than the solvent-swelling technique 

and the resulting composite is reinforced flirther. It shows better mechanical properties 

than the both the original polymer and the polymer which was treated under the same 

pressure and solvent conditions in SC-CO2. We believe that this technique has a good 

potential for the fabrication o f new reinforced polymer-nanotube composites.
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Chapter 6

Experimental Methods



6.1 General Procedures

All chemicals where were purchased from Sigma-Aldrich Company unless it is 

specifically mentioned. Very thin and thin Curly multiwall nanotubes were purchased 

from Nanocyl (www.nanocyl.be). Straight arc-discharge multi-walled nanotubes were 

provided by the Blau group, School o f  Physics, Trinity College Dublin. Kevlar yarn 

was kindly provided by du Pont. Low density polyethylene and isotactic polypropylene 

film were purchased from BPI Packaging Limited. Polyethylene terephthalate film was 

kindly provided by Dow Coming. The ultra-sonic tip used was Model CV33 with 

inch tip. The ultra sonic processors used were model GEX 750 or a Bandelin Sonoplus 

HD2200. The ultra-sonic bath used was a Grant XB6 at 50 Hz. The transmission 

electron microscopy (TEM) images were taken on both a Hitachi H-7000 electron 

microscope and a Joel lOOcx electron microscope where specified. The samples were 

prepared by deposition and drying o f a drop o f the sample dispersed in ethanol onto a 

formvar coated 400 mesh copper grid. The scanning electron microscopy (SEM) images 

o f the samples were obtained using a Hitachi S-4300 scanning electron microscope, 

which was operated from 5.0 kV to 20 kV depending on the sample used and coating 

required. Non-conductive samples were coated with either pure gold or gold-palladium 

alloy to a coating thickness o f  10-15nm. Room temperature Raman spectra were 

measured with a Reinshaw 1000 micro-Raman system. The excitation wavelength was 

633 nm from an AR^ ion laser (Laser Physics Reliant 150 Select Multi-Line) with a 

typical laser power o f approximately 20 mW in order to avoid excessive heating. The 

lOOx magnifying objective o f  the Leica microscope was capable o f  focusing the beam 

into a spot o f approximately 1 |j,m diameter. The thermal gravimetric analysis (TOA) 

was carried out on a Perkin Elmer Pyris 1 TGA machine. Samples were burned in a 

flowing air environment at 20 ml/min. They were burned over a temperature range from 

30°C to 900°C at a rate o f  10°C/min. Thermal properties and polymer morphology were 

studied by differential scanning calorimetry (DSC) using a Perkin Elmer Diamond DSC 

power compensation instrument. Scanning rate was 30 °C/min. Sedimentation studies 

were carried out with an assembled sedimentation apparatus consisting fundamentally 

o f four LED’s situated opposite to 4 light detectors. In the space between, a 1cm cuvette 

was placed containing the sample for analysis. The light detector registers the intensity 

o f the light transmitted through the sample over a selected time range at intervals o f 

every ten seconds. Samples were prepared firstly by ultrasonication using the Model
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GEX 750 as referred to above. Samples were then sonicated for 5 minutes at 20% 

intensity. Immediately following this they were placed in the sedimentation apparatus 

for analysis. Transmission values were measured using a Cary Varian 50. Electrical 

measurements were carried out using a Keithley 2400 sourcemeter. IV curves were 

measured using a two-probe setup. The potential difference across the sample was 

varied from 0 V to 100 V with intervals o f  one volt. Mechanical measurements were 

carried out using different machines depending on the sample being tested. The 

preparation procedure, machine and software used for each particular sample type will 

be referred to in the text where appropriate. Experiments in supercritical carbon dioxide 

were carried out at National University o f  Ireland, Cork under supervision o f  Dr John O 

‘Callaghan. Fluorescent microscope images were taken using a Nikon Eclipse T300 in 

the SNIAM by Alex Rakovich (School o f  Physics, TCD).

6.2 Experimental methods for Chapter 2:
Kevlar Functionalised Nanotubes For Polymer Reinforcement

6.2.1 Synthesis of Kevlar

The synthesis o f  Kevlar was carried out according to the published procedure.' 1,4- 

phenylenediamine (1.04g, 0.0096 mol) was dissolved in a mixture o f

hexamethylphosphoramide (16ml) and dimethylacetamide (8ml) under a nitrogen 

atmosphere. This mixture was then cooled to 0 ’̂C and terephthaloyl chloride (1.95g, 

0.0096 mol) was added under stirring. The mixture turned into a thick paste and was 

left over night at room temperature. Buchner filtration was carried out using a 

polychlorotrifluoroethylene filter with a pore size o f  0.45 microns over a sintered glass 

frit. The polymer was then washed with (2x10ml) water and then (2x10 ml) o f  acetone. 

The product was a yellow coloured powder and gave a yield o f 1.58g (70 % ).

IR, Raman and Decomposition point definitively match those reported in the 

literature'’̂ ’̂

FTIR (KBr, cm ‘): 3327(NH), 1646(s, C=0) 1299(s, C-N), 867(aromatic) 1516(s, 

C=C,ar)

Raman: 1182, 1277, 1323, 1507, 1571, 1613, 1650 cm '

1 8 3
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Elemental Anal. Calc. C6 H6 N 2 O2 : C, 70.6; H, 4.2; N, 11.8. Found: C, 62; H, 4.9; N, 

11.4

TGA: Decomposition point o f  Kevlar, one peak at 550°C 

6.2.2 Preparation of Kevlar coated nanotubes

Thin nanocyl nanotubes were functionalised with Kevlar according to the following 

manner. Nanocyl nanotubes (0.2g) were added with Kevlar (0.6g) in a mixture o f  nitric 

acid (70ml) and sulphuric acid (20ml) and sonicated in the sonic bath for 30 minutes to 

enable good separation and dispersion o f  the nanotubes. The vessel was then retluxed 

for 12 hours at 100°C. Samples were extracted ti'om the reaction vessel after 1, 2, 4, 6 

and ultimately 12 hours o f  reaction. Each extraction was allowed to cool to room 

temperature and any excess acid was decanted. The remaining solution was then slowly 

neutralised by the addition o f  NaHC 0 3  in water. After the neutralisation process, the 

solution was allowed to settle overnight before the excess water was decanted off. This 

was followed by three further additions o f  w ater and decantations. The Kevlar 

ftinctionalised nanotubes (FNTs) were filtered by Buchner filtration using a teflon filter 

with a pore size o f  0.45 |im  and then washed first with water (2x10ml) and then with 

acetone (2x10ml).

Pure Nanotubes:

FTIR: 1323, 1576, 1603 cm '

Raman: 1335, 1590 c m '

TGA: 1 peak 605 °C

2 hour FNTs:

FTIR: 740, 783, 910, 1124, 1245, 1290, 1354, 1418, 1534, 1696, 2534, 2556, 2665, 

2832, 3083 cm ''

Raman: 1265, 1335, 1372, 1502, 1532 1582, 1613 cm ''

TGA: 2 peaks 532, 556 °C

4 hour FNTs:

Raman: 1180, 1263, 1277, 1303, 1356, 1372, 1502, 1549, 1579, 1617, 1645 cm '

FTIR: 709, 722, 779, 813, 896, 1016, 1111, 1244, 1499, 1548, 1656,2164, 3218 cm ' 

TGA: 3 peaks 314, 458 (shoulder), 515 °C

1 8 4
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6 hour FNTs:

Raman; 1179, 1257, Mil, 1303, 1355, 1372, 1500, 1550, 1577, 1616, 1644 cm''

FTIR; 779, 812, 1242, 1499, 1659, 2980 cm''

TGA: 3 peaks 314, 468, SOOT

12 hour FNTs:

FTIR: 1985, 2052, 2345 cm"'

Raman: 1323, 1576, 1603 cm''

TGA: 2 Peaks: 314, 500 T

6.2.3 Sedimentation studies

Nanotubes (1 mg) were dispersed in 10 ml o f solvent, and sonicated under the sonic tip 

for 5 minutes. From this solution a 1 cm^ cuvette was filled immediately after 

sonication. The cuvette was sealed with a cap and the cap was further sealed with para- 

film ”^ taking care not to obscure where the light emitters would transmit through. This 

was then immediately placed in the sedimentation machine until the sedimentation 

occurred. The light emitted every 10 second for the first hour and then this was changed 

to once every 30 sec for the remaining time.

6.2.4 Preparation of polystyrene films

Pure polystyrene pellets (300 mg, Mw 230,000) were dissolved in NMP (10ml) under 

ultrasound using the ultrasonic tip for 10 minutes. 3.8ml was o f the solution was 

extracted and drop cast onto a glass rectangular slide with the dimension’s 2.5 cm x 7.5 

cm. The film was left for 48 hours in a vacuum oven at 60°C to evaporate off the 

solvent completely. Then the polymer film was removed from the surface o f the glass 

slide.

Different nanotube concentrations o f polystyrene composite films were prepared by 

first dispersing nanotubes o f  different concentrations in NMP to which the polymer was 

then added. Nanotubes (12 mg) were dispersed in NMP (20ml) using the ultrasonic tip 

for 10 minutes. lOmls o f this mixture was extracted to create the first solution and the 

remaining 10ml was diluted with a fiirther 10ml o f NMP, halving its concentration.
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This process was repeated four further times to create six solutions o f  different 

concentrations in total. 300 mg o f polystyrene was slowly added to each mixture and 

dissolved by sonicating for a further 10 mins. This created mixtures where the 

percentage o f nanotubes to polymer was 2%, 1%, 0.5%, 0.25%, 0.125%, 0.0625%. 

3.8ml o f these dispersion solutions was extracted and drop cast onto the glass slide

The procedure was repeated to create the functionalised polystyrene nanotube 

composite films where the functionalised nanotubes were heated under reflux for the 2, 

4 and 6 hour.

6.2.5 Preparation of polyvinyl chloride films

Pure PVC pellets (300 mg, Mw 233,000) were added to NMP (20 ml) and polymer- 

nanotube composite films were prepared analogously to the procedure used in 6.2.4,

All PVC films were stored under the same conditions.

6.2.6 Preparation of polyvinyl alcohol films

Pure PVA pellets (300 mg, Mw 72,000) were added to NMP (20ml) and composite 

films were prepared analogously to the procedure used in 6.2.4 with the exception that 

films were prepared with the 2 hr refluxed FNTs only.

All PVA films were stored under the same conditions at 4°C immediately following 

preparation to minimise moisture absorption affects.

6.2.7 Preparation of polyvinyl acetate films

Pure PVAc pellets (300 mg, Mw 140,000) were added to NMP (20ml) and polymer 

composite films were prepared analogously to the procedure used in 6.2.4 with the 

exception that films were prepared with the 2 hr refluxed FNTs only.

6.2.8 Mechanical testing of prepared polymer films

Tensile testing was carried out on all films described in preparations 6.2.4 to 6.2.7 using 

a Zwick ZlOO tensile tester in the Biomechanical Engineering Department o f  the 

National University o f  Ireland Galway University Testing. The machine was equipped 

with a load cell o f  100 N, jaw spacing o f 15 mm and operated with a strain rate o f  15
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mm/min. The polymer was cut into strips on a cutting tool, which cut five strips o f 

equal width o f 2.4 mm at a time. The thickness o f each strip was measured before the 

strip was placed into the Zwick machine for mechanical testing. The measurements for 

width and thickness were inputted into the machine. The machine then stretched the 

sample under tension until the sample broke. The process was repeated approximately 

five times for each film so average mechanical properties could be measured.

6.3 Experimental methods for Chapter 3 

Carbon Nanotube-Kevlar Composites

6.3.1 Sedimentation studies of nanotubes

Sedimentation studies o f  carbon nanotube dispersions in THF, DMF and NMP were 

carried out analogously to those studied in 6.2.3.

6.3.2 Preparation of Kevlar-nanotube composite fibres with varying time

Thin nanocyl MWNTs (60 mg) were added to NMP (100 ml). This mixture was treated 

using the ultrasonic tip for a period o f 10 minutes to create a dispersion o f  the 

nanotubes. The dispersion was then placed in the sonic bath for a further 2 hours. 

Kevlar 129 yam was cut into strips 1 m long and each end was tied. The fibre was then 

weighed and its length was measured accurately before being put into a round bottom 

flask containing the nanotube dispersion. The mixture was sonicated for periods ranging 

from 5 minutes to 4 hours. Kevlar fibres were removed from the solution and washed 

by sonication in ethanol (100 ml) for 30 seconds. This was repeated in a second bath o f 

ethanol. They were then washed again in ethanol without sonication to remove any 

residual NMP. They were then straightened and allowed to dry in a vacuum oven at 50 

°C for one week to remove any residual ethanol. Following this the Kevlar fibres were 

weighed again and a net weight change was calculated.

6.3.3 Preparation of Kevlar-nanotube composite fibres with varying 

concentration

Thin nanocyl MWNTs (360 mg) were added to NMP (100 ml). This mixture was 

placed under sonic tip for a period o f 10 minutes to create a dispersion o f the nanotubes. 

The dispersion was place in the sonic bath for a further 2 hours. The dispersion was
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diluted with a further 100 ml o f  NMP and 100 ml o f  the combined dispersion was 

extracted to create the first concentration o f nanotubes (1.8 mg/ml). The remaining 

100ml was diluted again and this procedure was repeated to create nanotube dispersions 

o f  1.5 mg/ml, 1.2 mg/ml, 0.9 mg/ml, 0.6 mg/ml, 0.3 mg/ml and 0.15 mg/ml. Kevlar 129 

was cut into strips 1 m long and each end was tied. The fibre was then weighed and its 

length was measured accurately before being placed into a round bottom flask 

containing one the nanotube dispersions. The mixture was sonicated in the sonic bath 

for a period o f 30 minutes. This was repeated for each separate concentration. To obtain 

an average mass uptake, the experiment was repeated for 5 seperate bulk fibres.

Kevlar fibres were removed from the solution and washed as described in 6.2.1. They 

were again straightened and allowed to dry in a vacuum oven at 50°C for one week to 

remove any residual ethanol. The Kevlar fibres w'erc weighed again and a net weight 

change was calculated.

6.3.4 Mechanical testing of bulk Kevlar yarn

Mechanical testing o f the bulk Kevlar yam was carried out in the School o f  Engineering 

in Trinity College Dublin on an Instron 8501, 50 KN/Servo-hydrolic fatigue testing 

machine. Software was Instron Series IX tensile testing. Grips used were Instron wire 

testing grips. Jaw spacing was set at 60 mm and the speed was 25mm/min. The fibre 

was cut into sections o f  1 metre in length. The sample was stretched under tension until 

broken. The process was repeated three times for each sample enabling to calculate 

average values o f mechanical parameters.

6.3.5 Mechanical testing of individual Kevlar fibres at low loading rate

Mechanical testing o f  single Kevlar fibre samples at low loading rate was carried out in 

Materials Ireland laboratory, Trinity College Dublin. Individual samples were loaded 

into a Diamond DMTA machine from Perkin Elmer with jaw spacing set at 5mm and 

strain rate o f  50/^m/min. Software used was Muse Measurement, Version 3.4 U (Build 

666) © SII Nanotechnology Inc. 1989-2003. Sample was stretched under tension until 

broken. The process was repeated 10 times for each sample enabling average 

mechanical properties to be measured.

188



Chap lcr  6 ! , \pi  riiiK'nlal nu'tliod:.

6.3.6 Mechanical testing of individual Kevlar fibres at high loading rate

Mechanical testing o f single Kevlar fibre samples at high loading rate was carried out in 

School o f Physics, Trinity College Dublin. Individual samples were loaded into a Zwick 

100 with Jaw spacing at 15 mm and strain rate o f 25 mm/min. Software used was 

Zwick testXpert (II). Sample was stretched under tension until broken. The process was 

repeated 10 times for each sample enabling average mechanical parameters to be 

calculated.

6.4 Experimental methods for Chapter 4:

Investigation of the Electrical Properties and Optical Transmittance of 

Polymer-Nanotube Composites

6.4.1 Preparation of nanocyl MWNT nanotube dispersions

Samples o f nanocyl very thin MWNTs were added to THF (10ml), Toluene (10ml) or 

NMP (10ml) where specified, according to the concentrations o f  the solutions o f 

4mg/ml, 2mg/ml, Img/ml, 0.5mg/ml, 0.25mg/ml, 0.125mg/ml, 0.0625mg/ml and 

0.03125mg/ml o f nanotubes. Sample was placed under ultrasound using the ultrasonic 

tip for 10 minutes. Sample was then sonicated using the ultrasonic bath for 2 hours.

6.4.2 Preparation of MWNT-polypropylene composite films

Nanotube-polypropylene composite films were prepared using our developed technique 

o f swelling polymer film under ultrasound in carbon nanotube suspension. 

Polypropylene strips o f  uniform size were cut and placed in nanotube suspensions in 

THF, Toluene and NMP as prepared in procedure 6.4.1. Contol experiments were run 

on films immersed in the pure solvents. This was sonicated for 5 minutes with a I 

second pulse (Is delay between pulses) and power regulated at 20% (of 750W) using 

the ultrasonic tip. Immediately following this, the sample tube was transferred into a 

sonic bath where it remained under ultrasound for 30 minutes. After treatment, each 

nanotube-polyethylene film was washed with ethanol in a sonic bath for 30 seconds. 

The nanotube-polyethylene composite films were then dried under vacuum at 40°C for 

48 hours to ensure all traces o f solvent had evaporated. Samples were then cut into 

strips o f  known width, length and thickness.
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6.4.3 Preparation of MWNT-polyethylene terephthalate films

Nanotube-polyethylene composite films were prepared analogously to the preparation 

method for polypropylene films described in procedure 6.4.2. Nanotube dispersion 

concentrations in solvents used were 4mg/ml, 2mg/ml, 1 mg/ml and 0.5mg/ml in THF, 

Toluene and NMP as prepared in procedure 6.4.1

6.4.4 Preparation of MWNT-polyethylene films

MWNT-polyethylene composite films were prepared analogously to the preparation 

method for polypropylene films described in procedure 6.4.2. Nanotube dispersion 

concentrations in solvents used were 4mg/ml, 2mg/ml, 1 mg/ml, 0.5mg/ml, 0.25mg/ml,

0 .125mg/ml, 0.0625mg/ml and 0.03l25mg/ml in THF, Toluene and NMP as prepared 

in procedure 6.4,1

6.4.5 Polyethylene composite film treatment using sulphuric/nitric acid

Polyethylene film prepared in the 2mg/ml concentration o f THF as described in 

procedure 6.4.4 were immersed in a 4:1 Nitric (67%, 80ml) : Sulphuric (95%, 20ml) 

acid mixture for time periods o f 1, 2, 5, 10, 20, 30 and 60 minutes.

After each immersion, sample was removed, washed in water and dried in the fan oven 

at 30 ”C for 1 hour. Conductivity measurements were made initially and following each 

successive treatment.

6.4.6 Polyethylene composite film treatment using hydrochloric acid

Polyethylene film prepared in the 2mg/ml concentration o f THF as described in 

procedure 6.4.4 was immersed in a Hydrochloric acid (35%, 100 ml) for time periods o f

1, 2, 5, 10, 20, 30 and 60 minutes. A separate film was also immersed in Hydrochloric 

acid (37%) for the same time periods.

After each immersion sample was treated by the same post formation treatment as 

described in 6.4.5. Conductivity measurements were made initially and following each 

successive treatment.
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6.4.7 Polyethylene composite film treatment using gold solution

An aqueous gold solution was made from HAuC14.3H20, (0.03 M) which provides a 

source o f  Aû "  ̂ ions. The highest conductivity polyethylene film prepared in the 2 

mg/ml concentration as described in procedure 6.4.4 was immersed in the solution for 

period o f  1, 2, 5, 10, 20, 30 and 60 minutes. After each immersion sample was treated 

by the same post formation treatment as described in 6.4.5. Conductivity measurements 

were made initially and following each successive treatment.

6.4.8 Polyethylene film treatment using silver solution

An aqueous silver nitrate solution was made from AgN03  (0.03 M) which provides a 

source o f  Ag^ ions. The highest conductivity polyethylene film prepared in the 2 mg/ml 

concentration as described in procedure 6.4.4 was immersed in the solution for period 

o f  1, 2, 5, 10, 20, 30 and 60 minutes. After each immersion sample was treated by the 

same post formation treatment as described in 6.4.5. Conductivity measurements were 

made initially and following each successive treatment.

6.4.9 Preparation of Hipco SWNT nanotube dispersions

Samples o f  Hipco SWNTs were added to THF (10ml) according to the concentrations 

o f  the solutions o f  1 mg/ml, 0.5mg/ml, 0.25mg/ml, 0 .125mg/ml, 0.0625mg/ml and 

0.03125mg/ml o f  nanotubes. Sample was placed under ultrasound using the ultrasonic 

tip for 10 minutes. Sample was then sonicated using the ultrasonic bath for 2 hours.

6.4.10 Preparation of Hipco SW NT-polyethylene composite films

Hipco SW NT-polyethylene composite films were prepared analogously to the 

preparation method for polypropylene films described in procedure 6.4.2 with the 

exception that the nanotube dispersions used are those which were described in 

procedure 6.4.9.
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6.5 Experimental methods for Chapter 5

Investigation of M echanical Properties of Nanotube-Polymer Composites 

6.5.1 Preparation of polyethylene films with supercritical CO2

Samples were placed into a 50-ml stainless steel cell heated to 50 °C and pressurized 

with CO2 to the desired pressure using a 260 ml Isco syringe pump (Lincoln, NE). The 

pressures used were varied from 34.5 to 48.2 MPa. The system was left to stand for 4 

hrs before sample immersion. Carbon nanotubes (2 mg) were dispersed in NMP (20 ml) 

in the ultrasonic bath for 1 hour. This dispersion was placed in the stainless steel cell. 

Polyethylene film was suspended at the opposite end o f  the cell. Cell was sealed and 

pressure was applied. Cell was immersed in a thermally regulated water bath at 50 °C 

under pressure for 4 hours. Following this cell was inverted to allow film interaction 

with solvent dispersion. Cell was immersed in the bath for a further 2 hours. Sample 

was removed and washed twice with ethanol in the ultrasonic bath for 20 seconds.

6.5.2 M echanical testing of PE and PET films

Tensile testing was carried out on all films described in preparations 6.4.3, 6.4.4 and 

6.5.1 using a Zwick ZlOO tensile tester in the School o f  Physics in Trinity College 

Dublin. The machine was equipped with a load cell o f  lOON, jaw spacing o f  15mm and 

operated with a strain rate o f  15 mm/min. The polymer was cut into strips on a cutting 

tool, which cut five strips o f  equal width o f  2.4mm at a time. The thickness o f  each strip 

was measured before the strip was placed into the Zwick machine for mechanical 

testing. The measurements for width and thickness were inputted into the machine. The 

machine then stretched the sample under tension until the sample broke.

The process was repeated approximately five times for each film so average values o f  

mechanical parameters could be calculated.
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6.6 Experimental methods for Chapter 7:

Conclusions and Future Outlook 

6.6.1 Investigation of the interaction between carbon nanotubes and NMP

Carbon nanotubes (10 mg) were dispersed in NMP (10ml). Sample was sonicated for 4 

hours in sonic bath. Solvent was removed by evaporation for 1 week in vacuum oven. 

TGA: Decomposition Peak 320, 655 °C

6.6.2 Preliminary investigation of interaction between Ceo and NMP

C60 (10 mg, 1 mg) was added to NMP (10ml). Sample was sonicated in the sonic bath 

for 10 minutes. During this time the solvent visually changed from clear with a black 

sediment to dark brown throughout with no sediment. Yield: 1.37 mg.

TGA: 2 peaks 340, 569 °C

C'^NMR: 178.1, 139.9, 59.6, 57.3, 29.1, 27.6, 23.4, 17.7

MS El (m/z): 200, 201, 213, 219, 301, 345, 361, 487, 556, 578, 721

Elemental Anal Calc C(,o: C, 100; Found C, 60.25; H, 4.51; N, 3.11.

6.6.3 Preparation of polyethylene quantum dot composite

Cadmium telluride quantum dots (1 x 10" mol, 10 mg) were dispersed in 

tetrahydrofuran (10 ml) using ultrasonication with the sonic tip. Polyethlene film was 

suspended in the dispersion and sonicated using the sonic bath for 30 minutes. The film 

was then removed and washed with ethanol in a sonic bath for 30 seconds. The 

nanotube-polyethylene composite films were then dried under vacuum at 40 °C for 48 

hours to ensure all traces of solvent had evaporated.

6.6.4 Preparation of polyethylene terephthalate quantum dot composite

Cadmium telluride quantum dots (1 x 10" mol, 10 mg) were dispersed in 

tetrahydrofuran using ultrasonication with the sonic tip. Polyethlene Terephthalate film 

was and underwent the same treatment as Polyethylene film in, washing and drying as 

in 6.6.3.
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6.6.5 Preparation of supercritical CO2 swelled Kevlar fibre

Samples were prepared analogously to the procedure described in 6.5.1 with the 

exception that Kevlar fibre was used in the place o f  polyethylene film. Two separate 

fibres were placed in the cell for 2 hours and 24 hours respectively.

6.6.6 M echanical testing o f supercritical CO 2 swelled Kevlar

Mechanical testing o f  individual SC-CO2 swelled Kevlar fibres was carried out 

analogously to the fibres tested in 6.3.5.
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7.1 Conclusions

The area o f  research into carbon nanotubes is a very dynamic field. New discoveries in 

nanotube physics and chemistry are by now very common and have helped 

nanotechnology become a common term not just in science but in the general world. 

Carbon nanotube research itself has shifted away from purely their investigation and 

manipulation to more applicable areas in the hope that their theoretically amazing 

potential can be utilized in the everyday world. In this work we have developed new 

approaches to the development o f  materials, which should contribute to the further 

growth o f the area o f  carbon nanotube composites.

For the first time we have developed new Kevlar coated nanotubes which were 

analysed by a variety o f methods including SEM and Raman spectroscopy, which 

showed dramatic changes in the physical and chemical properties o f  the nanotubes. 

Sedimentation analysis also showed that the nanotubes were better stabilised with 

increasing functionalisation. The length o f reflux time defined the appearance o f  the 

nanotubes with the two hour reflux achieving an average increase in thickness o f  

approximately 200%. This was replicated in the 4 hour sample but ultimately over the 

longest time period o f  12 hours the Kevlar and nanotubes were decomposed resulting in 

reduced size and considerable destruction o f their structure. We have demonstrated that 

we could achieve functionalisation with a well-known and extensively studied high 

strength polymer with intent to specifically target composite mechanical enhancement. 

This inevitably led to the creation o f polymer composites to compare and contrast their 

mechanical properties, not just with the pure polymer but also with pristine nanotube 

composites also. Initially we analysed different time refluxed polymers to see if the 

reflux time had any effect on the nanotubes performance. It was evident from the 

polystyrene and polyvinyl chloride measurements that the different reflux times had 

little or no effect on the functionalised nanotubes performance. We did however see 

quite a dramatic effect from the functionalised nanotubes over their pristine 

counterparts with enhancements o f 50% on strength against just 20% respectively in the 

PVC composites. Similar but not so dramatic improvements were found in the 

polystyrene composites where the functionalised nanotube composites again 

outperformed their pristine counterparts. We again found that the time o f reflux did not 

have show any increased improvement so it was decided to focus on the fianctionalised
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nanotubes which showed the best enhancement and try and expand it to other polymers 

to see if the enhancement would be universally adaptable or more polymer specific. 

Therefore we expanded our study to include polyvinyl alcohol and polyvinyl acetate 

and found that both the fianctionalised nanotubes and the pristine nanotubes had a 

negative impact on the mechanical properties o f the polyvinyl alcohol, indicating 

considerable disruption o f its matrix. PVA has a well renowned dependence on 

hydrogen bonding to maintain its molecular stability and strength and this was no doubt 

disrupted by the nanotubes. Our analysis o f  PVAc however, again showed increases for 

the composite prepared with pristine nanotubes and these were again enhanced fiirther 

with the fljnctionalised nanotubes exhibiting their adaptability.

A second approach for the development o f carbon nanotube-polymer composites 

involved the integration o f  dispersed carbon nanotubes into a solvent-swollen polymer. 

Kevlar has long been considered one o f the most significant advancements in the field 

o f high strength polymers. It was discovered more than 40 years ago but to this day is 

still considered the yardstick to which other high strength polymers are compared. 

Considerable obstacles had to be overcome to prepare Kevlar nanotube composites. 

These included the insolubility o f Kevlar, the inability to separate nanotubes and the 

limited investigation that had previously been associated with the topic in the literature. 

This restricted composite formation by more traditional methods. Although Kevlar is 

quite insoluble much research had been done into its swelling capabilities in certain 

solvents. Sedimentation investigations also showed that nanotubes were particularly 

dispersible in NMP, a solvent which was capable o f  swelling Kevlar. It was anticipated 

that if  we could combine the nanotubes and Kevlar in an NMP environment we could 

achieve nanotube penetration into the polymer via polymer swelling and nanotube 

dispersion. This was achieved through ultrasonication and dispersion o f  nanotubes in 

NMP followed by immersion o f the Kevlar with further sonication to achieve adequate 

swelling. Upon SEM analysis o f  the finished product we found that we had indeed 

accomplished this feat. Further analysis by TGA and mass uptake confirmed that the 

nanotube uptake o f the Kevlar was concentration dependent.

Mechanical measurements o f the composite samples revealed considerable increases in 

the strength and toughness o f the samples. From these measurements and theoretical 

calculations we could ascertain that we had achieved a good interfacial stress transfer 

between the nanotube and the polymer. At the higher loadings however, we found that
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the nanotubes had a detrimental impact on the mechanical properties o f  the fibres 

indicating that there was some possible aggregation o f nanotubes and disruption o f the 

polymer structure. We have also demonstrated that our new method o f fabricating 

nanotube-Kevlar composites could be expanded for the fabrication o f other polymer 

composites.

For this reason it was decided to try and expand the technique to other polymers with 

more significance to their electrical conductivity applications, including the 

development o f transparent conductive electrodes. The polymers used were 

polypropylene, polyethylene and polyethylene terephthalate.

Each o f  the polymers were treated with varying concentrations o f nanotubes in three 

different solvents; NMP, chosen for its ability to disperse nanotubes, toulene and THF 

chosen for their good theoretical swelling abilities. Analysis o f  polypropylene found 

little evidence o f penetration o f the nanotubes into the polymer matrix with any o f  the 

solvents, indicating a lack o f solvent swelling ability. Corresponding conductivity 

measurements were predictably low with increases in the region o f  only 1 order o f 

magnitude and the polymer remained highly insulating. The NMP swelled polyethylene 

terepthalate sample also remained highly insulating and following analysis o f  the THF 

and Toluene swelled samples this indicated that swelling capability was much more 

important than nanotube dispersive capability o f  the solvent. Polyethylene terephthalate 

penetration appeared much more extensive with the THF and Toluene samples with 

infiltration o f the nanotubes into the polymer to a depth o f over six microns. The 

infiltration wasn’t homogeneous however. The conductivity was substantially enhanced 

when compared to the pristine polymer and showed an increase o f  almost 5 orders o f 

magnitude. The polyethylene samples showed even more substantial increases in 

conductivity and the sample swelled in THF in particular demonstrated consistent and 

relatively uniform penetration into the polymer. We have also carried out systematic, 

quantitative analysis o f  the samples swelled in each o f the different concentrations o f 

nanotubes dispersed in THF.

Scanning electron microscopy showed that the penetration depth was independent o f 

concentration o f the nanotubes in the THF. Transmission measurements, however, 

showed that the concentration o f nanotubes in the composite layer was dependent on 

the concentration o f nanotubes in the solvent. Using the transmission o f nanotubes in
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the solvent as a control we were able to work out the approximate mass fraction o f 

nanotubes in the polymer as a whole. It was revealed from these measurements that we 

could achieve high conductivity (66 S/m) whilst retaining high transparency (79 %). 

Chemical modification o f the composite by both acid treatment and by metal treatment 

o f  the nanotubes in situ resulted in some enhancement o f the conductivity without a 

corresponding reduction in transparency. Hipco SWNT incorporation was also achieved 

with THF and polyethylene as the SWNTs were shown to have better conductivity. This 

resulted in similar conductivities to the MWNTs however comprehensive analysis could 

not be carried out due to the smaller size o f the SWNTs.

We showed that mechanical properties o f  these polymers can be enhanced as well, with 

the strength o f  polyethylene swelled in THF increasing by up to 45% and Young’s 

modulus o f  the samples increasing by over 60 %. This shows that our swelling method 

can be adapted to a variety o f different polymers resulting in a considerable increase in 

conductivity and mechanical enhancement o f the polymer in question. We have 

demonstrated that it can be tailored for different polymers and different types o f 

nanotubes.

We finally presented a variation in the swelling technique utilising the effect o f 

supercritical carbon dioxide to swell the polymer in the presence o f nanotubes. We 

achieved good penetration o f nanotubes and enhanced mechanical properties o f the 

composite. This demonstrates that our swelling technique can also utilise supercritical 

fluids to fabricate new nanotube-polymer composites.

We believe that the swelling-under-ultrasound technique developed in this project has 

several competitive advantages. So far all existing approaches to the fabrication o f 

nanotube-polymer composites involve complicated, expensive, time- demanding 

processing techniques such as solution casting, melting, moulding, extrusion, and in situ 

polymerisation. In addition all these technologies need large amounts o f expensive 

carbon nanotubes to be used. In all o f  these techniques nanotubes must either be 

incorporated into a polymer solution, molten polymer or mixed with the initial 

monomer before the formation o f the final product (e.g. yarn, ribbon, film, etc.). Our 

technology is different because it enables the incorporation o f nanotubes into already 

formed polymer products by swelling in carbon nanotube suspension. Therefore, only a 

very small percentage (-1% ) o f nanotubes is needed to produce reinforced polymer
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composites with potentially high electrical and thermal surface conductivity. Also the 

bulk o f the nanotubes are incorporated only in a very thin (several hundreds o f nm) 

polymer layer. As result our polymer composite materials are expected to be cheaper 

(require minimal amount o f carbon nanotubes), light, mechanically strong (having an 

increased tensile strength and Young modulus), robust, easy to process, have high 

electrical conductivity and easy to integrate. We think that this approach can also be 

extended for other nanomaterials (various nanoparticles, nanowires etc.) This should 

open new opportunities in the fabrication o f novel polymer composite materials with 

multitude applications.

7.2 Future Outlook

Many aspects o f this project have a clear potential for further development. Future 

studies on flinctionalised nanotube composites could involve a variation on many o f the 

parameters used in this work, changing the types o f nanotubes used or their polymer 

functionality. The technique could be expanded to include many more polymers, which 

in turn may have a greater interaction with the nanotubes creating much stronger 

materials.

For the polymer swelling technique the potential is immeasurable, again we can 

develop stronger materials by our method which can be employed on a preformed 

polymer. We can also control the amount o f  nanomaterial the final composite can 

contain. If  more research can be done into the subject we can explore the most adequate 

solvent for swelling o f a specific polymer. This work has also shown that we can 

increase the conductivity o f  a polymer by almost nine orders o f magnitude; further 

research into the subject may yet yield even higher conductivities. We are currently 

three orders o f magnitude away from the most conductive materials known, gold and 

silver. Further exploration o f the type o f nanotube used, or even other nanomaterials 

like gold or silver nanorods may help us bridge this gap.

We have also performed some preliminary studies, which showed some interesting 

results and potential for further research. Some o f these aspects are discussed below.
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7.2.1 Interaction of nanotubes and NMP

When analysing the TGA o f a nanotube sample after having been in contact with NMP 

we discovered a slight shift in the decomposition temperature and the formation o f a 

second derivative peak. No change was observed in nanotubes immersed in any other 

solvent. This led us to speculate that the NMP might be chemically affecting the 

nanotubes in some way.

The nanotubes were immersed in NMP and sonicated for 4 hours. They were then 

filtered, using a Teflon filter, and dried. A TGA curve was obtained and compared to a 

curve o f pure nanotubes (Figure 7.1). It was expected that if no effect occurred it 

should give the same decomposition temperature for the nanotubes. When we look at 

the TGA curve o f the nanotubes that have been interacted with NMP we see it has 

changed quite dramatically. We see a decrease in mass at an earlier point but overall it 

takes longer to decrease to the minimum.
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Figure 7.1 TGA curves for pure nanotubes (black line) and nanotubes after 

sonication in NMP (red line)

We then analysed the derivative o f the curves and we find that we can see that the pure 

nanotubes decompose at approximately 605°C. When we looked at the nanotubes after
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dispersion in NMP we noticed that the peak has in fact shifted upwards to 655°C. There 

is also a small peak at 320°C, indicating that we have a secondary product in the 

sample. (Figure 7,2)
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Figure 7.2 Derivative o f the TGA curves for pure nanotubes (black line) and 

nanotubes after sonication in NMP (red line)

It was decided to run preliminary investigations on whether NMP may have an effect on 

nanotubes. Ultimately, due to their very low solubility and as there was no noticeable 

difference in any other testing on the nanotubes that have been in contact with NMP. In 

our ftiture work we would like to continue our studies on the interactions o f carbon 

nanotubes with NMP as well as with other similar type solvents.

7.2.2 Interaction of Cao and NMP

It was also decided to investigate whether NMP would have any interaction with Ceo. 

C(,o is a similar structure to nanotubes in that it has an sp hybridised structure and it 

was felt that having a similar surface morphology and chemistry to nanotubes, it would 

be a good representation o f any possible reactions which may occur between NMP and 

nanotubes.
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Two separate experiments were run. In the first a 0.1 g/L dispersion o f  C6o in NMP was 

made up and placed under sonication for 10 minutes in the sonic bath. In the second we 

used a concentration o f  1 g/L. Ceo is generally not very soluble but it does dissolve 

somewhat in solvents like toluene, benzene and other analogous aromatics. These 

solutions are generally clear and pink/purple in colour. When we mixed Ceo with NMP 

however we found that both solutions turned dark brown and opaque. Visually we see 

the Cfio change from a black powder to a dark brown film on the surface o f  the 

evaporating dish (Figure 7,3). We ran control experiments o f  C6o dispersed in ethanol, 

toluene and DMF which gave no change in appearance.

A B

%

Figure 7,3 Visual changes in colour and physical appearance o f  C(,o represented by 

pure C6 0  powder (A) and € 5 0  after treatment in NMP (B) on a glass 

evaporating dish

Following this it was found that the low concentration sample o f  Cao in NMP was 

soluble in a variety o f  solvents however the sample from the high concentration was 

insoluble in all solvents tried including polar solvents like w ater and non-polar solvents 

like hexane. This was very interesting but led to an inability to examine the high 

concentration by conventional methods. Therefore it was decided to focus on the low 

concentration water-soluble product.

When compare the product to pure Ceo using elemental analysis (Table 7,1) we find 

that the content o f  carbon in the product has decreased considerably with the content o f  

nitrogen and hydrogen increasing. This method is unable to obtain the mass o f  oxygen
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however it indicates there is probably a considerable amount contained in the sample as 

there are no other elements available for reaction. There is a 35% increase in mass o f 

the sample from the treatment.

Table 7.1 Elemental analysis data for pure C6o and C6o product after treatment with 

NMP

Mass o f 

Carbon 

(%)

Mass o f 

Hydrogen 

(%)

Mass o f 

Nitrogen 

(%)

Mass o f 

Other 

Elements(%)

Total

(%)

Pure C60 99.73 0.21 0 0.06 100

Product 60.25 4.51 3.11 32.13 100

When we analyse the samples using TGA (Figure 7.4) we find that there has been a 

significant shifting o f  the peaks and the formation o f a second peak in the product. This 

is similar to the TGA o f the nanotubes where a second peak also forms.
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Figure 7.4 TGA curves for pure C60 (black line) and C60 after treatment with NMP 

(red line)
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Raman spectroscopy shows the characteristic peaks from the C(,o molecule have 

disappeared and the spectrum remains flat for the product, indicating a loss o f  structure 

in the C&0 molecule (Figure 7.5).
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Figure 7.5 Raman Spectroscopy o f  pure C6o (black line) and the product (red line)

NMR and mass spectroscopy studies showed considerable differences in the product. 

Whereas C6o examined by '^CNMR shows just one peak as all carbons are in the same 

chemical environment, the product shows an array o f  peaks, only four o f  which show  

up in the pure NMP and one corresponding to € 50 . This dramatic change in the NMR  

indicates considerable destruction o f  the structure o f  the fiillerene molecule, and this is 

confirmed when w e look at the mass spectroscopy which also has a large amount o f  

peaks.

In the future we plan to investigate all these processes in details in order to understand 

and explain the nature o f  the structure and properties o f  new fullerene adducts.

7.2.3 Polyethylene film swelling with quantum dots

It was decided to explore the possibility o f  expanding the swelling technique to see i f  it 

could be used to incorporate other nano materials. Cystein capped Cadmium Telluride 

quantum dots (CdTe QDs) were chosen for their similar size offering good penetration 

potential and optical fluorescence capabilities enabling uncomplicated study. 

Polyethylene film was placed in a dispersion o f  CdTe QDs in THF and sonicated for 5 

minutes under the sonic tip and half an hour in the sonic bath. This is the same
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treatment that we utihzed in the preparation o f PE films with nanotube solutions. The 

QDs size was in the range 5-6 nm and it was expected that they could be incorporated 

into the polymer film in a similar manner to the nanotubes. When we look at the cross 

section (Figure 7.6, A) we can see penetration o f the QDs into the polymer matrix, 

however we see penetration only to a shallow depth into the polymer. This is similar to 

what we were seeing in the SEM from the nanotubes samples where penetration 

occurred only to a depth o f about 250 }im. When we look at the surfaces o f  the polymer 

(Figure 7.6, B and C) we find that they display quite similar surfaces with the quantum 

dots showing some aggregation and a lack o f homogeneity.

Figure 7.6 Fluorescence imaging o f the cross sectional (A), top (B) and bottom (C) 

surfaces o f  polyethylene film after swelling treatment with Quantum 

dots dispersed in THF

7.2.4 Polyethylene terephthalate film swelling with quantum dots

Polyethylene terephthalate film was then suspended in another dispersion o f  Cadmium 

Telluride quantum dots in THF and sonicated for 5 minutes under the sonic tip and half 

an hour in the sonic bath. When we look at the cross section (Figure 7.7 A) we see
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penetration to a considerable depth into the polymer. This is a much deeper penetration 

than we saw for the polyethylene but is more expected as we saw deeper penetration 

from the PET samples swelled in nanotube dispersions. Also we can see that one side of 

the polymer displays a much better ability to allow penetration than the other. This may 

however be due to any one o f a number o f factors. Firstly the polymer surfaces may not 

have the same nanostructure, secondly the sonic bath may not display the same 

homogeneity throughout. Overall though it helps explain the visual differences we 

found in the nanotube composite samples. When we look at the surfaces o f the polymer 

(Figure 7.7 B and C) we find that they display considerably surfaces with the quantum 

dots again showing some aggregation and a lack o f homogeneity.

Figure 7.7 Fluorescence imaging o f the cross sectional (A), top (B) and bottom (C) 

surfaces o f  polyethylene terephthalate film after swelling treatment with 

Quantum dots dispersed in THF.
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7.2,5 Kevlar fibre swelling with supercritical CO2

Following the composite preparation using polyethylene swelled in SC CO2 it was 

decided to explore the possibility o f  swelling Kevlar in the same environment Kevlar 

fibre was placed in the stainless steel cell with a 1 g/L nanotube dispersion in NMP. 

The cell was placed in a water bath at 50°C and the pressure was increased to 48.2 MPa 

for two hours. Following this the cell was inverted to let the solvent interact with the 

polymer. The sample was left in this environment for 1 hour. The procedure was 

repeated with a second sample treated for 24 hours.

SEM analysis was carried out for both samples. The resulting images contained 

unexpected features and can be seen in Figure 7.8. The sample treated for one hour 

(Figure 7.8 A and B) displayed interesting crystalline features throughout many o f  the 

fibre samples. When we zoom in we can see the quite remarkable crystallites protruding 

from within the fibre in all directions. After 24 hour treatment we see that the fibre now 

contains globules protruding from within the matrix (Figure 7.8 C and D). As we 

discussed for the polyethylene we found that the SC CO2 treatment could increase 

crystallisation within the polymer matrix. A similar effect could occur in Kevlar and we 

could be seeing the formation o f  Kevlar crystallites As we mentioned in Chapter 5 this 

may result in an increase in the Tm o f  Kevlar although it cannot be confirmed by DSC 

studies as the Tm is well above the range o f  study for the machine.
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Figure 7.8 SEM images o f  Kevlar fibre swelled in SC CO2 for a period o f  1 hour (A 

and B) displaying crystallites protruding from the interior o f  the fibre 

and 24 hours displaying globules on the surface o f  the fibre (C and D)

W e have also done some preliminary studies o f  the mechanical properties o f  the fibres 

and representative curves can be seen in Figure 7.9 showing a considerable difference 

in the fibre sample treated for 1 hour. Ultimately we are observing a time dependant 

effect on Kevlar due to the treatment and fiirther studies would enable us to further 

explore the effect o f  SC CO2 treatment.
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Figure 7.9 Representative mechanical stress-strain curves for the blank Kevlar fibre 

(black line), fibre treated for 1 hour (red line) and fibre treated for 24 

hours (blue line)

Thus our preliminary studies have demonstrated that there is the possibility o f  

interaction between carbon nanotubes and NMP. This will need to be ftilly explored in 

the fliture to discover if  other solvents have an effect on carbon nanotubes or C6o and 

ultimately whether the dispersibility and stability o f  carbon nanotubes depends not just 

on the physical properties o f  a solvent but its chemical properties as well.

We have shown that our solvent swelling technique can be used for the preparation o f  

new polymer-quantum dot composites with interesting photonic properties. In the 

fliture we would like to expand our approach for the preparation o f  conductive, 

magnetic and fluorescent polymer composites with a broad range o f  potential 

applications. This will be achieved by swelling o f  selected polymer fibres and thin films 

in metal (e.g Ag and Au), magnetic (Fe304) and fluorescent (various quantum dots, e.g 

CdS, CdSe, CdTe) nanoparticles suspensions and investigation o f  properties o f  these 

new composites. Since a wide range o f  inorganic particles and nanotubes can be 

incorporated into different types o f  polymers, these new composites could be suitable 

for a wide range o f  applications. For example, conductive polymer-carbon nanotubes 

and polymer-metal nanoparticles might be used in different electrical devices as flexible 

conductive electrodes, thermal sensors, low power circuit protectors and over current
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regulators. Magnetic particles-polymer composites can be used for electromagnetic 

interference (EMI) shielding o f medical equipment in hospitals and consumer 

electronics. Fluorescent nanoparticle- polymer composites might find an application in 

smart interactive textiles, sensors and as components for optical communications.

Finally we have shown an effect o f supercritical fluid in the presence o f nanotubes 

dispersed in a solvent can change the physical morphology o f Kevlar. In the future it 

will be important to establish the effect o f the selection o f a different solvent, the time 

dependence o f  treatment and also further exploring the full physical and mechanical 

characteristics o f fibres treated in this way.
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Appendix

SEM images of composite film surface for increasing concentration o f nanotube dispersions in 
THF



SEM images of composite cross sectional surface for increasing concentration of nanotube 

dispersions in THF
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