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Abstract

Three biopolymers; poly(methyl methacrylate) (PMMA); poly(L-lactic acid) (PLLA); 

poly(vinyl alcohol) (PVA) and an engineered spider silk (Biosteel ®) have been independently 

doped with carbon nanotubes. PMMA was functionalised with OH-functionalised m ulti

walled carbon nanotubes (OH-MW NTs) by in situ polymerisation. Infrared absorbance studies 

revealed covalent bonding between the polymer strands and the nanotubes. The treated 

nanotubes were blended in solution with both in-house synthesised PM MA and commercial 

PM M A before drop-casting to form composite films. For composites blended with in-house 

synthesised PMMA, increases in the Young’s modulus (Y), breaking strength (ob), ultimate 

tensile strength (ac), and toughness (T) o f  x l.9 , ><4 .7, x4 .6, and x l3 .7  respectively were 

observed upon the addition o f less than 0.5 wt% nanotubes. For commercial PMMA, the 

increases in the above mentioned mechanical parameters were x l .2, x i .5  ̂ x i .5, and x3 

respectively. In both cases, effective reinforcement was only observed for nanotube contents 

o f  up to ~0.1 vol %. Above this volume fraction, all mechanical parameters tended to reduce, 

probably as a result o f nanotube aggregation. In addition, scanning electron microscopy 

(SEM) studies o f the composite fracture surfaces after film breakage showed that a polymer 

layer coated the nanotubes. The fact that the polymer rather than the interface fails suggests 

that functionalisation results in an extremely high polymer/nanotube interfacial shear strength.

Composites films were formed by solution mixing and drop cast processing using low 

and high molecular weight PLLA and both OH-MWNTs and single walled nanotubes 

functionalised with octadecylamine (P5-SW NTs). The best mechanical reinforcement was 

achieved with low molecular weight PLLA and OH-MWNTs. The investigated mechanical 

parameters (Y, ac, ob, and T) showed increases o f x l.4 , x i .4 , x i .4, x3 and x3.8 respectively. 

Thermal analysis has shown that nanotubes do not have an effect on the thermal degradation 

o f  the degradation o f  the samples. Moreover, the glass transition and the percentage 

crystallinity do not undergo dramatic changes by the addition o f  CNTs.

Nanotube-silk composites were prepared by mixing functionalised nanotubes and Biosteel in 

l,l,l,3 ,3 ,3-H exafiuoro-2-propanol. Composite films were then produced by drop-casting 

techniques. The mechanical properties o f the pure Biosteel films were lower than expected due



to the effect of the strong denaturing solvent. Increases in stiffness, strength, ductility and 

toughness were observed at very low nanotube loading levels. Analysis of the rate of increase 

o f stiffness as a function of volume fraction showed extremely good polymer-nanotube stress 

transfer. However, all mechanical results saturated at a volume fraction o f -0.1%  as a result of 

nanotube aggregation.

PVA nanofibre composite films were produced using electrospinning techniques by 

adding m-poly (aminobenzene sulfonic acid) functionalised SWNTs (P8-SWNTs). Raman 

spectroscopy was carried out, demonstrating that good nanotube dispersions were achieved in 

all electrospun PVA films for a range of P8-SWNT volume fractions. Mechanical 

measurements were performed on these composites, revealing a linear increase in all o f the 

mechanical parameters investigated, (Y, Oc, ob, and T), up to a maximum of 0.43 vol% of 

nanotubes. Above this concentration, all mechanical properties decreased, suggesting 

nanotube aggregation. The average density and porosity of these membranes was calculated to
-j

be 205 kg/m and 84% respectively. At the optimum nanotube loading level, electrospun 

composite membranes displayed a toughness of 15.56 J/g. DSC analysis showed a linear 

increase in the crystallinity up to 0.2 vol% of nanotubes. DSC also established an increase in 

the crystallinity in this polymeric system, due to the electrospinning technique. A study was 

also carried out using a rotating drum collector to produce electrospun PVA membranes with 

0.43 vol% nanotubes for various rotation speeds. Effective alignment of nanofibres as a result 

of increasing the rotation speed was demonstrated using Fast Fourier Transform analysis and 

SEM characterisation. Electrospun composite membranes obtained at the high rotation speeds 

displayed a Young’s modulus and strength values that were within the same range as for the 

drop cast films produced from the same solution, but with a density that was 5 times lower.
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Chapter 1. Introduction.

1.1 Background and Motivation.

Polymers have been a part o f life since the beginning of humankind. Natural polymers 

include tar, shellac, tortoise shell, horns and tree saps that produce amber and latex. These 

polymers were processed with heat and pressure into articles such as hair ornaments and 

jewellery. Natural polymers began to be chemically modified during the 1800s to produce 

many materials. The most famous of these were vulcanised rubber, gun cotton and celluloid. It 

was only at the beginning o f the 20'*̂  century that synthetic polymer started to be produced 

(Bakelite). Since then, the polymer industry has grown and has become a crucial part of our 

every day life, providing materials for construction, commerce, transportation and 

entertainment across the globe. Estimates o f global polymer production ranges from 350 

billion euros to more than 570 billion euros. This represents an annual production o f 114-181 

billion kg [1].

In general, polymeric materials are not chemically or molecularly homogenous but are 

multicomponent systems. Adding fillers such as minerals, ceramics, metals or even air can 

generate an infinite variety of materials with unique physical properties and competitive 

production costs. In the late 1980s, a new type of polymer filler known as nanoparticles 

(spheres, rods, plates) generated a lot of interest within the academic and industrial 

community. This new class of material known as “polymer nanocomposites” not only improve 

the performance o f traditional filled polymers but introduce completely new combinations of 

properties which enable new applications for polymers. For example, low volume additions 

(1-5%) of nanoparticles such as layered silicates provide property enhancements that are 

comparable to those achieved by conventional loading (15-40%) of traditional fillers [1]. The 

lower loadings facilitate processing and reduce component weight. Moreover, new composite 

properties which were not possible with traditional fillers are now available such as reduced 

permeability, optical clarity, self-passivation and increased resistance to oxidation and 

ablation. These features have been successfully used commercially for example for automotive 

parts, coatings or flame retardants. Recent Market surveys have estimated global consumption
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of polymer nanocomposites at 170 million euros with an average potential growth rate at 24% 

[2, 3],

Polymer nanocomposites have attracted a lot of interest in the medical field as 

biomaterials. These composites can be defined as a non-drug substance suitable for inclusion 

in systems which augment or replace the function of bodily tissues or organs. When the class 

of material is placed in contact with a biological system, three types o f interactions can be 

classified. A biomaterial is biocompatible which means it has the ability to elicit an 

appropriate host response in a specific application. Biomaterial can be bio-inert, bio-active or 

bio-resorbable. The term bio-inert refers to any material that once placed in a biological 

system has minimal interaction with its surrounding. By opposition, bio-active refers to any 

material that interacts with its living surrounding where it was placed. Bio-resorbable refers to 

a material that upon placement within a biological system starts to dissolve (resorbed) and 

slowly replaced by a biological structure. Polymer nanocomposites can be produced from 

synthetic polymer, natural polymer or biopolymers. A biopolymer is a macromolecule 

produced by living organism such as proteins and nucleic acid. They are used in biomedical 

technologies such as tissues engineering, bone replacement/repair, dental applications and 

controlled drug delivery. Adding nanofillers to polymers could dramatically improve the 

existing applications of polymers in the biomedical area. For example, hydroxyapatite 

polymer nanocomposites have been used as biocompatible and osteoconductive substitutes for 

bone repair and implantation [4, 5]. Aliphatic polyester has also been used with nanoclays to 

produce strong composites for high load bearing applications[6].

Recently, a great deal of attention has been focussed on one type o f nanofiller in the 

field o f polymer nanocomposites. Since their discovery in 1991 [7], carbon nanotubes appear 

to be one o f the most promising fillers for various polymer applications. This is because they 

have crucial characteristics which have not been displayed by any previous material. They 

possess outstanding mechanical, thermal and electrical properties [8]. In addition they display 

nanoscopic morphology and high aspect ratio. Therefore, they are expected to play a major 

role in the polymer industry and more particularly in a biomedical sector as great fillers for bio 

materials.
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1.2 Thesis Outline.

The aim of this thesis was to produce a new class o f composites for potential medical 

applications such as scaffolds for tissue engineering. Several types o f polymers and 

biopolymers were investigated to produce composites reinforced with carbon nanotubes. The 

choices o f the polymers host were based on theirs abilities to be used a biomaterial. The main 

focus o f this work was to assess the optimum loading level of carbon nanotubes required to 

improve the mechanical properties of the pristine matrices. In order to make these polymers 

carbon nanotubes composites, two methods of productions were chosen. The first method was 

based on solution mixing followed by drop cast processing to make thin films composites. The 

second method also involved solutions mixing and electrospinning processing to produce 

porous nanofibres composites.

Chapter 2 addresses a succinct overview o f the polymers used in this work. These are Poly 

(methyl methacrylate), Poly (L-lactic acid) and Poly (vinyl alcohol). This chapter also presents 

a general description o f the properties o f carbon nanotubes followed by a relevant discussion 

of polymer / carbon nanotube composites.

Chapter 3 discusses the methods used to produce our polymer composites followed by a 

more exhaustive presentation of electrospinning processing. In addition, a description o f the 

techniques of characterisation carried out in this thesis is also presented. Finally, this chapter 

concentrates on relevant theoretical models of mechanical reinforcement for polymer / carbon 

nanotube composites.

Chapter 4 presents the study on Poly (methyl methacrylate) / carbon nanotube composites. 

This includes a presentation of production methods of these composites achieved by in situ 

polymerisation and drop cast processing. In addition, the mechanical properties o f these 

materials are presented. From these results and using SEM, models are also addressed to 

understand the effective mechanical reinforcements observed from these polymer composites.

Chapter 5 describes firstly the preparation of two grades o f Poly (L-lactic acid) polymers 

reinforced with two batches of carbon nanotubes. This is then followed by the mechanical and
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thermal characterisation. The second part o f the chapter presents a brief study on composites 

of a commercial spider silk (Biosteel®) reinforced with carbon nanotubes. This work mainly 

focuses on the mechanical properties o f these materials.

Chapter 6 introduces the production and the characterisation of Poly (vinyl alcohol) 

nanofibre films reinforced with carbon nanotubes by electrospinning processing. After a brief 

presentation o f the optimum parameters used to obtain these nanofibre composite films, their 

mechanical properties are addressed. Finally mechanical properties of single nanofibre 

composites investigated by AFM technique are presented. A model is also discussed to explain 

the mechanical reinforcement observed.

Chapter 7 concludes with a summary of the main results from the various studies 

performed in this thesis. A concise discussion from these results on possible future work is 

then presented.
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Chapter 2: Materials & Background.

2.1 Introduction.

This chapter will introduce the main properties of materials used in this research, 

namely polymers and carbon nanotubes. A brief overview of polymers is presented with 

particular emphasis on the polymer matrices used in this project. The physical and chemical 

properties o f carbon nanotubes are also discussed.

2.2 Polymers.

2.2.1 Introduction to Polymers.

A polymer can be defined as a large molecule constructed from many smaller 

structural units, called monomers, covalently bonded together in any conceivable pattern. To 

qualify as a monomer, a molecule must possess two or more reactive sites, through which they 

can be linked to form a polymer chain. The number o f bonding sites is referred to as the 

“functionality” of the monomer. Bonding sites may consist of a reactive functional group such 

as amino groups (-NH2). Alternatively, they may consist of double bonds which react under 

suitable conditions to provide the covalent linkage between repeating units. Such strong 

linkages form the backbone of the polymer chains. Polymers can be classified in two main 

categories; the natural and the synthetic polymers. These categories can subsequently be 

divided into sub-groups as shown in Figure 2.1.

Polym ers

N atu ra l S ynthetic

P ro te in s Polysaccharides 
Polynucleotides

G um s E lastom ers T herm oplastic  
Resins I

T herm osetting

Amorphous Crystalline

F igure 2.1: C lassification o f  Polymers.
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Furthermore, polymers are also classified as amorphous or crystalline, depending on the 

degree o f order amongst the polymer chains. The properties of polymer depend on their 

physical structure. This includes branching, tacticity, chain flexibility, steric effect and 

crosslinking. Theses parameters will affect the glass transition and melts temperature. 

Chemical properties such as the type and polarity o f the side groups also influence the 

polymer properties. Side groups will affect molecular interactions within the polymer, and 

therefore influence melting point and strength. Types o f interactions include dipole-dipole and 

Van der Waals which are generally weaker

The two main techniques used to produce synthetic polymers are condensation and the 

addition polymerisation. In the case o f condensation polymerisation, monomers have at least 

two functional groups such as alcohol, amine or carboxylic acid group. During the 

condensation reaction, two different monomer structures react to form a dimonomer with the 

release of a small molecule such as H2O. This reaction propagates a number of times to obtain 

a long polymer chain. Some common polymers synthesised by this method are polyamides 

(carboxylic acid + amine) and polyesters (carboxylic acid + alcohol). However, not all 

condensation reactions involve the liberation of small molecules. For example, active 

hydrogen is transferred from one molecule to the next during polyurethane synthesis 

(dialcohol + diisoyanate). Addition polymerisation involves monomers containing carbon to 

carbon double and triple bond. In these monomers unsatured carbon bonds can be broken 

resulting in “chain polymerisation” where numerous monomers link together. There are three 

steps in addition reaction; initiation, propagation and termination. During initiation, an 

initiator molecule which can be either a free radical, an anionic or cationic initiator actives a 

monomer by opening an unsaturated carbon bond. In the propagation phase, the newly formed 

radical reacts with the active double bond of another monomer molecule. This sequence is 

repeated to form a long polymer chain. Termination occurs either when all monomers have 

been consumed or when two active chain ends bond together. Polymerisation can also be 

terminated by the reaction o f an active chain with an initiator, an impurity or an inhibitor. 

Polymers such as polyethylene, polypropylene and polyvinyl chloride are synthesised by this 

method.

Advantages of polymers include low cost, simple synthesis and processability. 

Polymers are low density materials. They can easily be molded into complex shape, which are
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strong and relatively inert. The main techniques for polymer processing are injection molding, 

compression molding, transfer molding, blow molding and extrusion. Polymers exhibit 

properties that are attractive for many applications such as clothing, food packaging, medical 

devices and aircrafts. Natural polymers such as silks, collagen and agarose have found usage 

in many tissue engineering applications.

Three different thermoplastic polymers will be presented in thesis, namely Poly 

(methyl methacrylate) (PMMA), Poly (vinyl alcohol) (PVA) and Poly (L lactic acid) (PLLA). 

These materials are capable of changing shape on the application o f a force and retaining this 

shape on removal o f this force. Also, they will soften when heated above the glass transition 

and it is a totally reversible and repeatable process. One other feature o f theses polymers is 

than they can be considered as biocompatible, i.e. the ability of having a none toxic response 

or injurious effect on biological systems.

2.2.2 Poly (methyl methacrylate).

PMMA was first developed in 1928 in various laboratories and become commercially 

available in 1933. Since then PMMA has been used in many applications in the automobile 

industry, building and lightening industry and other applications including CD production, 

pens, furniture and electronics. PMMA is also used as a biomaterial because o f its 

compatibility with human tissue. Its transparency makes PMMA suitable for hard contact 

lenses and intraocular lense replacements to treat cataracts. Thanks to its mechanical 

properties, this polymer is also used as a cement to affix implants or to remodel damaged 

bones.

The synthetic polymerisation of PMMA can be achieved either by radical polymerisation or 

anionic polymerisation (fig: 2.2).

H2C=C
\ c=o /o/o \\CH 3

CH3
n

Figure 2.2: Schematic o f  PMMA polymerisation.
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The monomer methyl methacrylate can be synthesised by the reaction of the cyanhydric acid 

with acetone. The resulting salt then undergoes then under an esterification with methanol to 

form MMA. An alternative method is the oxidation of isobutene followed by reaction with 

water to produce methacrylic acid (fig: 2.3).

CH3 O2 ^^3 0H2 ĈH3
H X = C  -------- ► H X -C -C O O H  -------- ^  H2C=C^

CH3

Figure 2.3: Synthesis o f  methacrylic acid.

Afterwards, the methacrylic acid undergoes an esterification with methanol to form the MMA 

monomer (fig: 2.4).

CH ^^3
H ,C =C  ’  +  CH3OH -----------   H ,C = C ;

'C O O H  CO-OCH3

MMA monomer

Figure 2.4: Synthesis o f  MMA monomers.

PMMA is usually atactic. The subsistent group (CO-OCH3) is randomly located along 

polymer macromolecules. PMMA is defined as totally amorphous. This also explains the 

transparency of PMMA. However, PMMA can have a syndiotactic arrangement in some 

cases. The transmission coefficient of PMMA is higher than mineral glass and between 3600 

and 1 OOnm (UV) very little electromagnetic radiation is absorbed. Unfortunately, PMMA can 

be easily scratched which limits its application in precision optics. The glass transition (Tg) 

will vary according to the tacticity o f the polymer. Atactic PMMA have a Tg around 65°C and 

syndiotactic PMMA has a Tg at 140°C. Commercial PMMA usually has a Tg around 105°C.

Two types of PMMA will be investigated in this thesis. The first one was purchased from 

Aldrich (Mw ~ 50000 mol/g). The second PMMA was produced by radical polymerisation in 

our laboratory using the free radical initiator Azobisisobutyronitrile 2,2 (AIBN).
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2.2.3 Poly(vinyl alcohol).

The first successful preparation of PVA was achieved by Herman and Haehnel in 1924 

[1]. It became commercially available in the 1950’s by Dupont®. Since its discovery, Poly 

(vinyl alcohol) has attracted intense interests due to its properties. Initially PVA was mainly 

used in the textile industry. However, due to excellent film forming, emulsifying and adhesive 

properties, this polymer has been exploited in numerous applications. For example, PVA is 

used in hairsprays, shampoo glues latex paints and as an adhesive and a thickener material in 

paper coatings. Some other applications include building reinforcement and packaging 

materials. More recently, PVA has been investigated for biomedical applications as it is 

nontoxic, non carcinogenic and shows good biocompatibility. As a results PVA is now used as 

hydrogel for soft contact lens materials, artificial skin and cartilage replacement and vocal 

cord reconstruction [2-4].

PVA is an organic polymer with a carbon backbone and hydroxyl side groups as seen in 

Figure 2.5.

Unlike many vinyl polymers, PVA is not polymerised from its monomer which is a tautomeric 

form of acetaldehyde. Instead of being produced by direct addition or condensation 

polymerisation, PVA is synthesised by the hydrolysis of Poly (vinyl acetate). This can be 

achieved in a number o f ways as shown in Figure 2.6 [5].

H H
I I

I I 
H OH

Figure 2.5: Schematic structure o f  Poly (vinyl alcohol).

OR"
I

CH2CHCH^
OCOR
I

(H* or OH ) OH

— CHjCH CH^ +  R'OH — CH2CHCH^+ R'OCOR

Via (R C 0 )2 0  and 
Form ation of RCOOR'

C atalysis
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Or else

OR"
I

C H p H C H j  +  HX(acid) CH jCHCHj +  R"X

OH
I

Figure 2.6: The two com mon polym erisation schemes for poly (vinyl alcohol)

In general, these reactions do not go to completion. Therefore commercial PVA will contain 

various amounts o f residual acetate groups. Many studies have been carried out to determinate 

the effects of this on the properties of PVA [5]. It has been reported that less than 0.5% of 

residual acetate groups can be detrimental to the tensile strength of the polymer [6],

The molecular weight distribution o f PVA can be controlled either by the preparation method 

or, by fractionation and selection [5]. The range of molecular weights can goes from a few 

thousand up to about a million g/mol. The degree o f hydrolysation, which quantifies the 

number of hydroxyl groups present in the polymer chain, is an important factor which 

influences physical characteristics such as solubility, viscosity, strength and crystallinity. Also, 

the majorities of commercially available grades of PVA are atactic and contain significant 

portions of syndiotactic diads. The crystallinity should be therefore poor. However, it has been 

reported that 70% crystallinity was achieved by annealing common atactic PVA [7]. This can 

be explained by the relatively small size of hydroxyl groups, which enables the polymer to 

assume both L- or D- stereoisomer in an atactic chain within a single crystal lattice. The 

thermal properties also change according to crystallinity and the degree of hydrolysation. A 

fully hydrolysed PVA will have a peak o f melting around 230°C, this decreases to 180-I90°C 

for partially hydrolysed grades. The glass transition temperature is in the region of 85°C.

In this work, polyvinyl alcohol was purchased from Sigma Aldrich (Product code: 9002-89-5) 

with a molecular weight ranging from 30,000 to 70,000 g/mol and a degree o f hydrolysation at 

98%.

2.2.4 Poly (lactic Acid).

Poly (lactic acid) (also known as poly lactide acid) was first discovered by Carothers in 

1932 [8]. PLA is a linear thermoplastic aliphatic polyester derived from 100% renewable
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resources, such as com, and the polymer is compostable [9, 10], These features make PLA 

very attractive for industry since many common used polymers are petroleum based.

reserves. Moreover the production of lactic acid, which is necessary for the polymerisation.

dextrose, which can be extracted from com. Materials such as grass and even biomass can also 

be used to produce lactic acid.

The production of PLA can be achieved via two methods, as shown in Figure 2.7. Using the 

first method, polymerisation is realised by direct condensation o f lactic acid and the removal 

o f water with the use of solvent under high vacuum and temperature (fig: 2.7 (1)). Only low 

molecular weight polymers can be produced because of difficulties associated removing with 

water and im.purities. Using the second method, polymerisation occurs via the cyclic 

intermediate dimer (lactide), through a ring opening process [10], Here the water is removed 

under milder conditions without solvent to produce the lactide. The ring opening 

polymerisation is accomplished under heat without solvent treatment (fig: 2.7 (2)). By 

controlling the purity of the dimer, it is possible to produce a wide range o f molecular weights.

Biopolymers are becoming increasingly desirable due to the drastic reduction in fossil fuel

can be obtained from the formation of glucose. One o f the most abundant sources o f sugar is

O

( 1) CH3
Poly(lactic acid)Lactid acid

O

Lactide

Figure 2.7: Two Polymerisation schemes for poly (lactic acid)
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The production of the lactic acid from sugar fermentation results in the formation of chiral 

molecules. Lactic acid can exist as the L- or D- stereoisomer (fig: 2.8). Chemically 

synthesised, lactic acid gives racemic mixtures (50% D and 50% L). However fermentation is 

very specific, allowing the production of essentially one major stereoisomer. Therefore the 

production of cyclic lactide dimer results in three potential polymer forms: poly (L- lactic 

acid) (PLLA), poly (D- lactic acid) (PDLA) and poly (L, D- lactic acid) (PDLLA). The 

properties will vary according to the type of PLA formed. As an example, PLLA and PDLA 

are semi crystalline polymers with a glass transition temperature typically between 55-65°C 

and a melting temperature around 160-170°C. On a contrary PDLLA is totally amorphous.

HO
OH

H,C

HO
OH

CH

L- lactic acid D-Lactid acid

Figure 2.8: Stereoisom ers o f  lactic acid.

Due to availability and production costs, the initial uses o f PLA were for biomedical 

applications such as sutures [11] and drug delivery systems [12]. However PLA is now found 

in numerous industries. For example, this polymer is a promising alternative to poly(ethylene 

terephthalate which) is widely used in food packaging. Poly (lactic acid) also has many 

potential uses in fibres and non-woven L- or D- stereoisomer materials. It is easily converted 

into a variety of fibre forms using conventional melt-spinning processes. Major applications 

for PLA fibres and non-wovens materials include clothing and furnishings such as drapes, 

upholstery and covers. Some potential applications include household and industrial wipes, 

diapers, feminine hygiene products, disposable garments, and UV resistant fabrics for exterior 

use (awnings, ground cover, etc.) [13].

2.2.5 Biosteel ®.

Spider silks are protein-based biopolymer filaments or treads secreted by specialized 

epithelial cells as concentrated soluble precursors of highly repetitive primary sequences. This
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biomaterial is one o f the most impressive products made by a living organism. Spider silks 

display some outstanding mechanical properties as seen in Table 2.1.

Material Stiffness
(GPa)

Strength
(GPa)

Extensibility Toughness
(MJm'^)

Areneus MA silk 10 1.1 0.27 160
Areneus Viscid silk 0.003 0.5 2.7 150
Bombyx silk 7 0.6 0.18 70
Tendon collagen 1.5 0.15 0.12 7.5
Bone 20 0.16 0.03 4
Wool, 100% RH 0.5 0.2 0.5 60
Elastin 0.001 0.002 1.5 2
Resilin 0.002 0.003 1.9 4
Synthetic rubber 0.001 0.05 8.5 100
Nylon fibre 5 0.95 0.18 80
K evlar 49 fibre 130 3.6 0.027 50
C arbon fibre 300 4 0.013 25
High-tensile steel 200 1.5 0.008 6

Table 2.1: Tensile mechanical properties o f spider silks and other materials [14].

These properties are the result of a complex structure. For example, the silk polymer network 

synthesised from the major ampullate silk gland (MA) is a combination o f amorphous chains 

of amino acid and p sheet crystal (fig 2.9)

c n s ta h  -Ajaorphous
crosslink and reinforce network chains: 
the poUmer nerwork 16-20 ammo acid

residues lone

Figure 2.9: Structure o f a native major ampullate silk [14].

However, the use of this material is limited by the difficulty to domesticate and therefore to 

control the fabrication o f spider silk. This issue was recently addressed by the 

commercialisation o f the product known as Biosteel. This new class of biopolymer is 

developed by Nexia Biothechnologies since 2002. Its production is achieved by expressing the 

dragline silk genes o f two spider species in goat cells silk [15]. Dragline silk, made by the MA 

gland, is used as a safety line and as a the frame thread of the spider’s orb.
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2.3 Carbon Nanotubes.

2.3.1 Physical Properties o f  Carbon Nanotubes.

Carbon is the sixth most abundant element in the world. It occurs in all organic life and 

is the basis o f  organic chemistry. Due to its electronic configuration, Is^ 2s^ 2p^, three types o f  

hybridisation can occur, namely sp, sp  ̂ and sp .̂ This property allows carbon atoms to bond 

with each other and a wide variety o f  other elements forming nearly ten m illion known 

compounds. There are three isotopes o f  carbon: C 12 (98.89% ), C 13 (1.11 %) and trace amounts 

C l 4 -

Until the 1980’s, only two allotropic crystalline forms o f  carbons were known (fig: 

2.10). The first structure is diamond and it consists o f  sp  ̂ hybridisation between four carbon 

atoms. The distance between each atom is 1.56 A. With a density o f  3.52g/cm^ diamond is the 

hardest materials known. This is due to the 3d interlocking covalent bonds. Moreover, the 

absence o f  delocalised electrons makes diamond a poor electrical conductor (10'" S/m) [16]. 

Graphite, the second allotrope, is based on sp  ̂ hybridisation between three carbon atoms. This 

involves the formation o f  a planar sheet structure with a C-C sp  ̂bond length o f  1.42 A. The 

overlapping o f  unhybridised Pz orbitals results in weak Van der Waals interactions between  

adjacent graphite layers. Therefore, graphite is a soft material. The inter-layer separation 

distance is 3.35 A. Also, Pz electrons are delocalised across the carbon sheets which enables it 

to conduct electricity. In plane graphite conductivity was measured to be 10  ̂ S/m [ 17]

(b)(a)
Figure 2.10: Diamond (a,) and graphite (b), structure.

A new allotrope o f  carbon was discovered in 1985 by Kroto, Curl and Smalley [18]. In 1996 

this work was awarded the Nobel Prize in Chemistry. This structure called the 

Buckminsterfullerene (Bucky ball or Ceo), consists o f  a spherical m olecule with 60 carbons
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atoms arranged into 20 hexagons and 12 pentagons. This geometry satisfies Euler’s law which 

states that with 1 2  pentagons and any number o f hexagons it is possible to construct a 

polyhedron. Twelve is the minimum number o f  pentagons required to give sufficient positive 

curvature to close this architecture into a sphere. The discovery o f  C^o had a huge impact in 

the field o f  both chemistry and physics research [19, 20]. Kratsmer and Huffman [21] 

dramatically improved the production method o f fullerenes. Their technique is based on an arc 

discharge method where graphite is vaporized in an atmosphere o f  helium. With this work, C70 

(molecule made o f 70 atoms o f carbons) was produced. Subsequently, more molecules were 

discovered such as C 76 Cgo and Cg4 . By adding extra hexagons, these molecules begins to 

elongate and start to loose their spherical shape adopting a more cylindrical form (fig 2 .1 1 ).

F ig u re  2.11: A C 50 m o lecu le  and  o thers fu llerenes.

Extensive research, using the arc discharges method, has led to the breakthrough o f 

multi-walled carbon nanotubes (MWNTs) by lijima et al in 1991 in the scientific community 

[22]. A couple o f years later, single-walled nanotubes (SW NTs) were discovered [23, 24]. 

However, carbon nanotubes have been produced and observed under a variety o f  conditions 

prior to 1991. In 1952, Radushkevich et al. published clear images o f  50 nanometre diameter 

made o f carbon [25]. Using a vapour-growth technique, Oberlin et al. published in 1976 

hollow carbon fibres with diameters in the nanometre range [26]. SWNTs can be described as 

a single graphene sheet rolled up into a cylinder and capped at either end by a fullerene 

hemisphere. Therefore, a perfect nanotube will be made o f  m illions o f  hexagons with only 

twelve pentagons. The diameter is usually less than 2nm. MWTS[Ts are composed o f  concentric 

sets o f  SW NTs with an inter-shell spacing o f  0.34 nm. Depending on the number o f  shells 

present, MW NTs can have a diameter range from 2 to lOOnm. Typically, carbon nanotubes are 

microns long, but tubes up to 4cm long have been reported [27]. As a result, carbon nanotubes 

possess a very large aspect ratio and can be approximated to one-dimensional structures. The 

structures o f SWNTs and MWNTs are represented in Figure 2.12.
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a) Singlc-wallcd nanotubcs

j  •  j  < j  •  j  ‘  •

b) Multi-walled nanotubcs

Figure 2.12: Representation o f  single and multi walled nanotubes [28].

Several structures are possible for SWNTs by rolling up the hexagonal lattice of carbon at 

different angles. This property is known as the chirality or helicity of a carbon nanotube. 

Based on this rolling angle, three types o f nanotubes are possible: armchair, zigzag or chiral. 

In the armchair structure, two C-C bonds on opposite sides o f each hexagon are perpendicular 

to the tube axis (fig: 2.13). In the zigzag arrangement, these bonds are parallel to the tube axis. 

For all the others conformation, where the C-C bonds lie at an angle to the tube axis, 

nanotubes will have a chiral structures. MWNTs can be a combination of each structure 

because it can have several shells, i.e., which can be armchair, zigzag or chiral.

Figure 2.13: The 2 D graphene sheet along with the (n,m) pairs that specify the chiral vector o f  the nanotubes.
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The chirality of nanotubes can be defined mathematically in terms of chiral vectors by the

following equation -  mâ  + waj angle 0. In this case, ai 32 are the unit vectors in the

two dimensional hexagonal lattice and m and n are integer units (0 < n < m). If 0 = 0 and n = 

m, the nanotubes will have an armchair structure. When n = 0, zigzag nanotubes will be 

formed. In all other cases, nanotubes will be chiral with a finite wrapping angle 0, where 0° < 0 

< 30°. The diameter of the nanotubes can also be expressed by the following equation (2.1):

d =
I  2 2V'2a\m  +  mn + n )

n n
Equation: 2.1

Where a corresponds to the lattice constant in the graphene {a = ) , acc corresponds the

nearest neighbour C-C distance, 1.42 A [29]. The chiral angle 0 can also be defined by the 

following equation (2.2):

9 = arctan nS
2m + n

Equation: 2.2

All data relative to the nanotube structure is summarised in the table 2.2 below.

S tr u c tu re In te g e r A ng le  of c h ira lity D ia m e te r E x a m p le

zigzag

(0,m) 
n = 0 

or 
m = 0

) =  0°
m

(0.9) = 7.0 A

armchair (n,n) 
n = m

= 30°
d

m

( 5 . 5 ) ^ d  =  6,8 A

chiral
(n,m) 
n ^  m

0 = Arctan

0 < 0 < 30°

nV 3 )
2m + n

d = a .
^ + n m + m^)

(10 ,5 )= > d  =  10,4 A ; 8  = 11°

Table 1.1: Summary o f  the nanotubes structure [30].



2.3.2 Electronic Properties of Carbon Nanotubes.

SWNTs can either be metallic or semiconducting. Their electronic conductivity has 

been predicted to depend sensitively on their tube diameter and the wrapping angle[29, 31-33]. 

In other words, the electronics properties o f SWNTs will depend on their tube indices (n,m). A 

slight change in these parameters can cause a shift from metallic to semiconductor behaviour. 

Three configurations can be described:

1 - If n = m, which correspond to the armchair structure, nanotubes have bands crossing at the 

Fermi level and therefore are metallic. In other word, they have a zero band gap.

2 - Zigzag and Chiral tubes will also show metallic behaviour if,

( m- n )
— -—  = / Equation: 2.3

where I is an integer.

3 - Nanotubes can be semiconducting with an energy gap of the order ~0.5eV [29]. In this 

case, this energy gap can be directly related to the diameter of the tube by the following 

equation 2.4:

2Vf .ar_r
^ --------------------------------- Equation: 2.4

Where a C-C is equal to 1.42 A , d is the diameter and yo is the C-C tight binding overlap 

energy. Experimentally, yo, the overlap energy was estimated be 2.7 eV. This value was 

calculated for a SWNT using Scanning Tunnelling Microscopy (STM) [29]. This is close to 

the theoretical value which was calculated as 2.5eV for a single graphene sheet [34, 35].

For MWNTs, each adjacent shell can have a different chirality. Therefore, concentric 

shells could have both metallic and semi conducting electronics properties. Similarly to 

SWNTs, these properties can also be defined according to equation 2.3. At room temperature, 

the thermal energy exceeds the band gap energy for nanotubes with diameter greater than 14 

nm. Therefore, all MWNTs above this diameter will behave as metals or as semi metal 

materials.
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Nanotubes can be considered as one dimensional object because o f their aspect ratio. 

This allows charge carriers to travel through nanotubes without scattering. Hence ballistic 

transport is possible. This enables nanotubes to carry very large current densities o f up to 10  ̂

A/cm^, which is the highest known value for any material [36]. It is also approximately 1000 

times the current carrying capacity o f copper [37]. In addition, a carrier mobility o f 10  ̂
“y • •cm A^s has been measured in semi-conducting nanotubes [38]. These properties make CNTs 

desirable to be used as electrical components. Several researchers have also observed 

superconductivity in SWNTs at very low temperatures (~1K). A group in Hong Kong has 

even reported that SWNTs (a = 4A) embedded in zeolite matrixes were superconducting 

below 20 Kelvin [39].

2.3.3 Thermal Properties o f Carbon Nanotubes.

Diamond and graphite are known to have a very high thermal conductivity at room 

temperature [40]. The tangential thermal conductivity of graphite is approximately ~ 3000 

W m ''K ''. Nanotubes have been predicted to have similar or even superior thermal 

conductivity [41], Moreover, the thermal properties for both SWNTs and MWNTs remain to 

be thoroughly investigated. One of the issues is that it is difficult to perform measurements on 

a single nanotube. This is mainly due to aggregation effects. Theoretical work predicts than 

thermal conductivity along the tube axis could go from 1800 up to 6000 Wm 'K ’' for a single 

CNT at room temperature [42]. These high values are explained by the dominant contribution 

o f the phonons [43] and their large mean free paths (~100 nm). It was also suggested than the 

thermal conductivity was temperature dependent [42, 44] as it can be seen in Figure 2.14.
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Figure2.14: The calculated therm al conductivity as a function o f  the tem perature according to Berber et al [44],
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By using molecular dynamic simulations, on several types o f  SW NTs from 100 K to 

500 K, Osman et al established than the thermal conductivity was not dependent on the 

chirality o f  nanotubes [45], They also observed a peaking behavior o f  the thermal conductivity 

before falling o f  to higher temperatures. The peak shifted to higher temperatures for large 

nanotube diameters. A conductivity o f  3000 Wm''K'' has been measured on individual 

MW NTs. In this case, the mean free path was estimated to be 500 nm [46].

2.3.4 Mechanical Properties o f  Carbon Nanotubes.

One o f  the most interesting features o f  carbon nanotubes are their outstanding 

mechanical properties. The high elastic modulus o f  a graphene sheet (~  1000 GPa) [47] means 

carbon nanotubes may be stiffer and stronger than any know materials. This is due to strong 

covalent bonding between carbon atoms.

In 1993 computational work predicted a Young’s modulus o f  1500 GPa for SW NTs 

[48], A  few  years later, additional theoretical work presented results where the Young’s 

modulus was 1 TPa and the shear modulus was 0.45 TPa. These values were the same for any 

type o f  nanotube [49]. The first direct measurement was performed by Wong et al in 1997 

using Atomic Force M icroscopy (AFM )[50]. This measurement was achieved by randomly 

dispersing arc-MWNTs onto a M 0 S2 substrate. Tubes pinned by depositing pads o f  SiO  

through a shadow mask. AFM was then used to directly measure lateral force -  distance 

characteristics at various positions along the length o f  the nanotubes. Average value o f  1.28 

TPa and 14 GPa were obtained respectively for the Young’s Modulus and the bending 

strength. Salvetat et al dropped a solution o f  MW NTs onto a well-polished alumina 

ultrafiltration membrane. Some o f  the tubes were therefore positioned across the pores (200  

nm). By using an AFM in contact mode, they were able to bend MWNT over one o f  those 

pores [51]. The Young’s modulus obtained for arc-discharges tubes was in a range from 650  

GPa up to 1220 GPa, whereas for catalytically grown tubes the modulus dropped dramatically 

(10-50 GPa). This can be explained by the fact than the arc-discharge method produces CNTs 

with almost no defects. By contrast, nanotubes grown by catalytic methods will contain more 

defects.
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The first stress strain response and strength at failure measurements were achieved on 

individual Arc-MWNTs in 2000 [53]. In order to reach this goal, Yu et al used a 

“nanostressing stage” located within a SEM. The nanotube was held at both ends by AFM 

cantilevers and stretched. The elongation o f the CNT was plotted against the force applied and 

stress strain curves were obtained as shown in Figure 2.15.

40
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Figure 2.15: Stress strain curves o f  individual MWNTs [53],

The Young’s modulus values for the outer MWNT layer obtained from this curve 

ranged from 0.27 TPa to 0.95 TPa. Fracture of MWNTs occurred at strains o f up to 12 % with 

strengths ranging from 11 up to 63 GPa. This gives an approximate value for nanotube 

toughness at ~ 1240 J/g [54], The first measurement carried out on SWNTs was performed by 

Salvetat et al using a rope of SWNTs [55]. The technique they used was similar to the one 

used to measure the mechanical properties of MWNTs method [51]. They found a value o f 1 

TPa for the elastic modulus o f a small diameter SWNTs (1.4 nm). Yu et al also performed 

some measurements on SWNTs ropes [56]. In this case, they used a “nanostressing stage” as 

described above. The breaking tensile strength for a SWNT was measured to be from 13 GPa 

to 52 GPa (mean 30 GPa). The Young’s Modulus was also evaluated to be in the range 0.32 

TPa to 1.47 TPa (mean 1.002 TPa). In addition, failure occurred at a maximum strain o f 5.3 % 

giving a toughness of ~ 770 J/g. Carbon nanotubes are also remarkably flexible and resilient 

materials. Using individual MWNTs, Falvo et al. have shown than they can be bent repeatedly 

through large angles using the tip o f an AFM (Nanomanipulator AFM system)[57].
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2.3.5 Carbon Nanotubes Production Methods.

To be commercially viable, CNTs needs to be produced on a large scale. The first 

macroscopic production of a few grams was realised in 1992 [58]. This was sufficient in order 

to carry out experimental work, but still too low for industrial scale. Therefore, much research 

has been done in a attempt to increase production. Nowadays, production rates have 

dramatically increased to kg per day. The cost, however, remains prohibitively high with a 

price of around 50 to 100 euros per gram of SWNTs. Another challenge is to produce 

nanotubes where the chirality, yield and the number of defect are controlled. This is key factor 

for many applications.

Today, there are three primary methods to produce carbon nanotubes. These are arc 

discharge, laser ablation and chemical vapor deposition. Both MWNTs and SWNTs can be 

synthesised by these techniques.

Arc discharge was the first method used to produced Ceo and MWNTs [21]. In this process, 

two aligned graphitic rods, separated by few millimetres, are set up in chamber a containing an 

inert gas (such as helium) and connected to a power supply. When a high current is applied 

through theses rods (100 A), carbon sublimes forming a plasma between the graphitic rods. 

One electrode is stationary (anode) and the other one is moveable (cathode). In this way it is 

possible to keep the electrical current at a constant value by controlling the distance between 

theses electrodes. Condensed products are deposited onto the anode in the form of a hard outer 

shell with an inner core shell containing both nanotubes and carbon soot. By adding metal 

catalysts such as iron or cobalt into the cathode, SWNTs can be produced. This technique 

allows the production of high quality nanotubes with few defects. Unfortunately, the resulting 

product needs to be purified and nanotubes formed are short (50 |o,m). The production rate is 

about 120 grams per day with a low yield of 30 %. Although, Cadek et al. reported a yield up 

to 48 % for MWNTs [59]. A typical arc discharge apparatus is presented in the Figure 2.16.

22



T«K«4«vrM}>

V>«w 4 W m4ow

W * r C«iki^ .'vfctt

Figure 2.16: Schematic o f  an arc discharge generator [60].

The laser ablation technique was the first method used to generate fullerenes in the gas phase 

[18]. Carbon sublimation is achieved using a Nd: YAG pulsed laser, focused on a graphite 

disc surface under an argon (or helium) atmosphere at 500 Torr. The graphite target is set in a 

quartz tube and heated up to approximately 1200°C (fig: 2.17). The sublimed carbon vapour is 

carried by the argon flow and then condenses onto a water cooled copper collector. Similar to 

the arc discharge method, the presence o f metallic particles (Fe, Co, or Ni) enables the 

formation of SWNTs. Product is collected from the water cooled support and also from the 

walls of the quartz tube. The yield and quality of nanotubes depends on the furnace 

temperature and the choice o f catalytic particles [61]. For example, at 1200 °C, the nanotubes 

are free o f defects. When the temperature decreases, the number o f defects increases [62]. 

Also, the nanotube diameter can be tailored by varying the furnace temperature. Laser ablation 

gives a yield of nanotubes between 40% and 50%. However, this method is quite expensive 

due to the use o f high purity graphite rods and the laser power required for this application. 

Also, the production rate is about 50 g per day which is very low for industrial applications.

argon gas

narKMubc’leiT growing 
along tip of eotlactor

graphite target
/

neodyrruum-yrtrium- 
aiumtnum-garnet laser

Figure 2.17: Experimental set up for the production o f  nanotubes by laser ablation[63j.
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The third and most common method used to produce nanotubes is Chemical Vapour 

Deposition (CVD). Yacaman et al. were the first to synthesise CNTs using the catalytic 

decomposition o f acetylene over iron particles at 700°C [64]. Typically, the experiment is 

carried out under atmospheric pressure in a flow furnace. Catalysts particles can be either 

introduce in a gas phase or placed onto a substrate (fig 2.19). Hydrocarbon sources are 

decomposed into carbon radicals which nucleate onto the catalyst surface and reassemble to 

form nanotubes. Amorphous carbon (layers and filaments) and graphite layers can also be 

formed. During the procedure, the temperature can range from 500°C to 1100°C. Changing 

parameters such as the nature o f the substrate, the size of metal particles and the reaction 

conditions (time, temperature, pressure), enables the size and the length o f produced 

nanotubes to be controlled. For example, SWNTs of 0.6 mm long have been produced using 

CVD [65].

Quartz tube
Heating Coil

Gas outletGas inlet

Catalyst

Figure 2.18: Schematic o f  Chemical Vapour Deposition [60].

One interesting variation of CVD is Plasma-Enhanced Chemical Vapour Deposition 

(PECVD). Using PECVD allows nanotubes to be grown perpendicular to the substrate surface 

[66]. CVD is therefore the most promising production technique it allows control o f diameter, 

length and growth direction. Also, it is possible to scale up the production to industrials levels 

(50 kg per day). However, CVD techniques result in more nanotubes defects compared with 

lasers ablation or arc discharge. This results in lower value mechanical and electrical 

properties. Finally, it has to be emphasised than none of these techniques can produce specific 

nanotube chirality. The table below (Table 2.3) gives a summary o f the CNT production 

methods.
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M ethod Principle A dvantage D isadvantage P roduction rate

Arc discharge 

(lijim a 1991)

CVD  

(Yacatnan 1993)

Laser ablation

Carbon atoms are generated 

through an electric arc between 

two graphite rods @  

T>3000°C. Nanotubes are 

formed on one o f  the rods.

A substrate is placed in an oven 

@  600“C and carbon bearing 

gas is slowly added. Carbons 

atoms are formed by gas 

decomposition and then 

recombine as CNTs

Carbon atoms are generated by 

the blast o f  a laser on a graphite 

target which contains 

appropriate particles. High 

temperature (3000°C).

Few structural 

defects for both 

SW NTs and 

MWNTs

Possibility o f  long 

nanotubes, high 

yield and easiest to 

scale up to 

industrial 

production 

Easy to control the 

diameter by 

varying the 

reaction 

temperature. Good 

yield production.

Short nanotubes 

and low yield  

production (30%)

CNTs have more 

defect.

Most costly 

method because o f  

the use o f  lasers.

120 g  day'

50 kg day

50 g day

T a b le  2.3: Sum m ary o f  carbon nan otub es production  tech n iq u es.

2.3.6 Health Impact o f Carbon Nanotubes.

The use of carbon nanotubes in on a daily basis and more particularly for medical 

applications requires first a comprehensive impact on health because o f their nanoscales. Most 

of nanomaterials (fullerenes, nanoparticles, nanofibres and nanotubes) are made o f carbon 

atoms, with distinct geometries, surface area and diverse physical and chemical properties. 

Thus, according to these factors, some nanoparticles may be potentially toxic. And they can be 

considered as dangerous as quartz [67]. Concern has been raised over the safety o f CNTs 

because they have three properties that are clearly associated with pathogenicity in particles. 

First they are nanoparticles so they have more toxicity than larger sized particles due to a 

larger surface area. This increases the intrinsic toxicity of the surface [68, 69]. However, Sayes 

et al. demonstrated that cytotoxicity o f SWNTs on human fibroblast decreased by increasing
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the degree o f functionalisation on the surface [70], CNTs are also fibre shaped and so they 

might behave like asbestos and other pathogenic fibres which have toxicity associated with 

their needle like shape. Sato et al. separated MWNTs of 220 and 825 nm using controlled 

strong acid condition [71], During a short incubation time, clusters of both samples were 

shown to be surrounded by macrophages as a consequence of the activation o f irmate 

immunity. The shorter tubes displayed a lower inflammatory response. In both cases, no 

severe effects, such as necrosis or degeneration, were observed around CNTs throughout the 

experimental period of 4 weeks. CNTs are essentially graphitic structure and so they are 

expected to be biologically biopersistent. Biopersistence is a key factor in the toxicology of 

very long fibres, which are often difficult for macrophages to phagocytose. A high 

Biopersistence increases the toxicity of all fibres. Therefore, long CNTs (>17 |^m) may 

become biopersistent and thus they may induce toxic response such as glass fibre (Ye et al). 

Despite the evidence of CNTs cytoxicity in both in vitro and in vivo studies [72], there have 

also been a number of published studies into CNT-based biomaterials, which support the 

biocompatibility o f CNT and CNT-based materials with various cell lines, and antibodies [73- 

75]. Therefore, the use of carbon nanotubes for biomedical applications still needs further 

investigation in order to fully assess the risk of handling those materials.

2.4 Polymer Carbon Nanotubes Composites.

Due to their outstanding properties, carbon nanotubes can be seen as ideal candidate 

for advanced filler materials in composites. The 7r-bonding along the side walls allows an 

excellent electrical conduction while strong carbon-carbon bonds are responsible for 

mechanical robustness. Their high aspect ratio suggests that percolation in composites may be 

achieved at low loadings content. High strength combined with low density make CNTs the 

potential ultimate reinforcement for polymer materials. The first polymer-nano tube composite 

was made by Ajayan et al in 1994 using purified arc discharge nanotubes with epoxy resin by 

mechanical mixing [76]. Since then much more research was carried out to use nanotubes in 

polymer or epoxy matrix for the improvement of the mechanical, electrical and thermal 

properties of neat materials.
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Properties of the polymers carbon nanotubes composites used in this thesis will be 

presented in more detailed in chapter four, five and six.

2.4.1 Functionalisation o f carbon nanotubes.

In order to fully exploit the unique properties of nanotubes, it is necessary to be able to 

process and handle these materials on a macroscopic scale. Carbon nanotubes in their 

unmodified, pure form are highly unreactive due to the seamless arrangement o f hexagon rings 

without any dangling bonds. This makes them insoluble in all common solvents. Also, this can 

result in a lack o f interfacial bonding between polymer matrix and carbon nanotubes. 

Therefore, covalent functionalisation and surface chemistry are important factors for CNT 

processing and applications.

Covalent modifications of CNTs tips and sidewalls can be achieved by oxidation or 

fluorination. As one might expect, the more highly strained caps at the end of nanotubes 

contain the most reactive carbon atoms [77] and hence the ends of nanotubes are the more 

susceptible to functionalisation than the side-walls. Also, is known that real nanotubes are not 

completely defect free. Several different structures other than the main hexagonal shape are 

incorporated along the tubule wall such as pentagons and heptagonal rings. These sites are 

potentially more reactive than the more stable hexagonal lattice [78]. Also smaller diameter 

SWNTs are more reactive than larger nanotubes.

Carbon nanotubes respond to strong acids and other chemical oxidisers which can 

attach functional groups such as hydroxyl, carboxyl and ketone groups [79-81] Other species 

such as small molecules or polymer chains can then be covalently attached to these functional 

groups through traditional chemical reactions [82]. After various modifications, dissolution of 

carbon nanotubes in various organic is possible (tetrahydrofuran, dicloromethane and 

chloroform) [83-86]. Water soluble functionalised nanotubes have also been achieved [85, 86]. 

Direct fluorination of side walls has also been produced between 250°C and 400°C [87]. 

Fluorination above 400°C was found to cause decomposition o f the nanotube structure 

demonstrating the harsh treatment involved.
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The major drawback of covalent functionalisation is that these modifications 

dramatically alter the structure and intrinsic electrical and mechanicals properties o f CNTs. 

Another way to enable a good dispersion of CNTs and therefore to make them suitable for 

polymer composites is the use of non-covalent chemistry. This type of chemistry involves self- 

assembly of molecules or macromolecules about nanotubes to form thermodynamically stable 

structure held together by weak non-covalent interactions. These include hydrogen bonding, 

7t-7T stacking, van der Waals forces, electrostatic forces and hydrophobic and hydrophilic 

interactions [88, 89]

2.4.2 Electrical Properties.

Improving the electrical conductivity o f bulk polymers is important for many 

applications by using conductive fillers. For example, CNTs can be used for electromagnetic 

interference, flexible display or electrostatic dissipations [90]. For this purpose, Sandler et al 

improved the conductivity o f an epoxy resin from 10'^ Sm"' up to 10'  ̂ Sm'' by adding less than 

0.1 volume fraction of SWNTs [91], CNTs are really interesting compared to other filler such 

as carbon black because of their high aspect ratio and high electrical conductivity. This is 

because the critical loading level of filler called percolation threshold required to achieve a 

dramatic increase o f the conductivity of the composite decrease when the aspect ratio o f the 

filler increase. Lowering the percolation threshold as much as possible is crucial for 

conducting composites. If the amount of fillers is too high, this may results in unwanted 

changes o f the overall properties of the composites and processing issues. Therefore, CNTs 

have a great potential for this purpose. For example, conductivity o f most polymers lies in the 

region of 10''° Sm '’. But according to the polymer matrix, conductivities of 0.01 to O.I Sm' 

'can be obtained for 5 % loading of CNTs [92]. Therefore, CNTs can improve polymers 

conductivities without changing the intrinsic properties of the polymers host. However, if 

nanotubes content exceeds 10 wt %, the viscosity of the composite can be too large for 

processing [93].

2.4.3 Mechanical Properties.

Four main parameters are required for an effective reinforcement. These are large 

aspect ratio, good dispersion, alignment and interfacial stress transfer. The mechanical
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strength enhancement is the resuUs of the load transfer from the polymer matrix to the 

embedded tubes [94]. This transfer occurs at the interface between the polymer and the filler. 

Thanks to their large aspect ratio, carbon nanotubes can increase the interfacial area between 

themselves and the polymer. This enables a greater stress transfer between these two 

materials. However, the length of the nanotubes can have a significative effect on the 

reinforcement. This matter will be discussed in more detail in the following chapter. The effect 

of the alignment is less crucial. The difference between random orientation and perfect 

alignment is a factor of five in composite modulus it will be shown in more detail in chapter 3. 

While alignment is necessary to maximise strength and stiffness, it is not always beneficial. 

Aligned composites have very an-isotropic mechanical properties, which may need to be 

avoided in bulk samples. In fibres however alignment has no downside and is a way to 

maximise reinforcement.

Dispersion o f nanotube is crucial for reinforcement. Nanotubes must be individually 

coated with polymer to achieve a good load transfer between these two materials. Good 

dispersion also results in a more uniform stress distribution and minimizes the presence of 

stress concentration centres. The effects of poor dispersion can be seen in a number of systems 

when the nanotube loading content is increasing beyond the point where aggregation begins 

due to strong inter-tubes Van der Waals interactions. As a result, the strength and the modulus 

generally decrease [95].

One of the most important requirements for reinforcement is that the external stress 

applied to the composites is efficiently transferred to the nanotubes. An interesting parameter 

to quantify this transfer is the interfacial shear strength (IFSS) which governs the maximum 

stress transfer to the nanotube [54]. Computational works have been carried out to evaluated 

the IFSS polymer and epoxy Carbon nanotubes composites [54]. Despite the difficulty to 

measure the IFSS with nanotubes, some progress has been made. For example, Wagner et al 

used observations of stress induced nano tube fracture made by TEM to estimate a value o f 500 

MPa [96]. Atomic force microscopy was also used to manipulate nano tubes protruding from 

holes in an epoxy / CNTs film. When nanotubes were embedded with short lengths IFSS was 

estimated to be between 300-400 MPa. But this value dropped to 30-90 MPA with longer 

embedded lengths suggesfing that end effects are important [97]. Barber et al pushed 

perpendicularly CNTs into the surface of heated polyethylene-butene matrix. After cooling 

they measured the force required to pull the nanotubes out. The measured force was between 

10-100 MPa [98].
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The strength of the interface will also depend on the interaction between the polymer 

and the nanotubes. An this interaction dependent on the matrix type [99]. A number of studies 

suggest that interfacial interactions with nanotubes result in an interfacial region of polymer 

with morphology and properties different to the bulk. For example, conjugated polymers can 

wrap around MWNTs [100]. In addition, dendritic polymer growth has been observed to 

nucleate from defects on the nanotube [100, 101], Others studies mentioned nucleation of 

crystallinity in the presence of nanotubes [102, 103]. Using PVA, this nucleation results in 

high strength crystalline coating [104]. However, the strongest interface appears to be created 

by functionalisation. The young’s modulus of the polymer can double or even triple by adding 

nanotubes to the matrix [105], Nanotubes can also increase dramatically the toughness o f the 

composite by absorbing the energy applied to the matrix. Using a coagulation spinning 

technique with PVA, Neri et al produced fibres with a remarkable toughness o f 500 J/g with 

less 1 wt % of nanotubes [106].
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Chapter 3: Composite Processing & Characterisation Methods.

3.1 Introduction.

In the previous chapter, the properties of the materials investigated in this thesis were 

introduced. Carbon nanotubes were described in detail along with the various polymer hosts 

which were used to produce CNT composites. Several processing techniques can be used in 

order to achieve a good dispersion of CNTs in a chosen matrix. Each technique has particular 

advantages and may be suitable only for a specific type of polymer. The most common 

techniques are solution processing, melt processing, and in situ polymerisation processing [1]. 

More recently, film and fibre composites have been produced using novel techniques such as 

Buchner filtration to make Buckypaper paper [2], chemical vapour deposition [3], coagulation 

spinning [4] and electrospinning [5].

In this chapter, the processing techniques used to make our composite materials are 

introduced. The techniques performed to characterise our composites will also be explained. 

Finally, a number o f theoretical models for the mechanical reinforcement o f carbon nanotube- 

polymer composites are discussed.

3.2 Composites Processing.

A number o f techniques were used to synthesise CNTs-polymer composites. Each 

technique used was chosen to optimise the dispersion of CNTs in each host biopolymer matrix 

used in this thesis. Mechanical reinforcement is dependent on the uniformity o f this CNT 

dispersion. With this in mind, PMMA/carbon nanotubes composites were fabricated by 

polymerisation o f the MMA monomer in the presence of the carbon nanotubes, followed by 

solution processing with a second batch (or polymerised PMMA). PLLA and Biosteel 

composites were both fabricated by solution processing. Finally, we used electrospinning 

processing to make PVA composites.
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3.2.1 In Situ Polymerisation.

In situ polymerisation has been investigated over the last 8 years for the preparation of 

polymer grafted nanotubes. These modified CNTs can then be processed to make a polymer 

composite. This technique is particularly useful for the preparation of polymers which are 

insoluble and/or thermally unstable. The process can be applied to the preparation of almost 

any polymer composite. Of particular advantage is that CNTs can be strongly attached to the 

polymer matrix, either covalently or non-covalently. Non-covalent binding between the 

polymer and nanotube involves adsorption and wrapping of the polymer around the nanotube. 

This occurs due to Van der Waals interactions and n-n interactions. Covalent binding occurs 

when an initiator is attached onto the surface of the nanotubes. The monomers can then be 

polymerised from this point. This results in the attachment of polymer molecules to the 

nanotube. Another advantage of in situ polymerisation is that it allows the preparation of 

composites with high CNT contents and good miscibility with almost any polymer. Radical, 

chain transfer, anionic and ring-opening polymerisations can be used for in situ polymerisation 

process.

In 1999, Jia et al were the first to use this technique in order to obtain PMMA/MWNT 

composites. To achieve this goal, they used radical in situ polymerisation with 2,2- 

azobisisobutyronitrile (AIBN) [6]. Further work on PMMA was subsequently done using 

carboxyl functionalised MWNTs [7] and SWNTs [8] with AIBN and radical in situ 

polymerisation. Other polymer composites were also successfully made by this process. For 

example, PoIy(p-phenylene benzobisoxadezole) / SWNTs composites [9] and Polyamide 6 / 

MWNTs [10].

3.2.2 Solution Processing.

This technique is probably the most common method to produce polymer CNT 

composites. Solution processing consists simply of mixing nanotubes with the desired matrix 

in a suitable solvent. The process is straightforward and the equipment required is
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inexpensive. Solution processing steps can vary depending on the polymer/nanotube system 

used. However, a general procedure can be described as follows.

First, nanotubes are dispersed in either a solvent or a polymer solution by energetic 

agitation. If nanotubes are first dispersed in a solvent, the desired concentration o f polymer is 

then added followed by extra energetic agitation. Agitation can be provided by shear mixing, 

magnetic stirring, reflux or ultrasonication. The benefit of the agitation is that it allows for de

aggregation o f the nanotubes. The time and mode o f agitation can fluctuate dramatically 

depending on to the polymer and nanotubes concentrations, the solvent and the type of 

nanotubes used, i.e. SWNTs, MWNTs or functionalised CNTs. Other, CNT dispersions are 

not stable in polymer solutions. Different approaches can be used to address this problem. For 

example, MWNTs were mixed with Poly(m-phenylenevinylene-co-2,5dioctoxy-p- 

phenylenevinylene) (Pmpv) in toluene by ultrasonication. This suspension was stable over an 

indefinite period [11] due to the ability o f the Pmpv to wrap around the nanotube. Coleman et 

al. also achieved indefinitely stable suspensions using catalytic M\\'TvITS in PVA/H2O solution 

[12]. Polymers which are unable to wrap around nanotubes cannot hold them in suspension 

and in this case all carbon material will settle out of the solution [13]. Recently Giordani et al. 

have shown that for a low loading level of 0.02 mg/mL in a solution of N-methyl-2- 

pyrrolidone, CNTs can behave as if they are soluble [14]. An alternative method to achieve a 

good dispersion o f CNTs in solvents is to use surfactants to disperse nanotubes before mixing 

with the polymer [15]. The most common choice of surfactants are derivatives of sodium 

dodecylsulfate (SDS). After dispersing, well dispersed polymer/CNT solution can be 

evaporated to produce composite films. Alternatively, the solution can be drop cast or spin 

coated. Control over evaporation can be achieved by adjusting the temperature, the vacuum 

and the amount o f solution deposited. For spin coating the thickness o f the film can be 

adjusted by changing the rotation speed.
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3.2.3 Electrospinning Processing.

3.2.3.1 Introduction.

The final technique we used to produce polymer carbon nanotube composites in this 

thesis is electrospinning. The first electrospun polymer/CNT composites were produced in 

2003 [5]. This process, first patented in 1934 [16], allows production of polymeric nanofibres 

with diameters ranging from 3nm to over l|im  [17], Production o f nanofibres can also be 

achieved by techniques such as drawing, template synthesis, phase separation and self- 

assembly. However, over the last 10 years the electrospinning technique has started to 

generate a lot of interest in many fields because of processing advantages compared to other 

techniques (Table 3.1).

Process
Technological

advances

Ease of 

processing
Advantages Lim itations

Drawing Laboratory Easy
M inim um  equ ipm ent 

required

D iscon tinuous 

p rocess & lim ited  

to  few  polym ers

Tem plate synthesis Laboratory M oderately  easy
G ood contro l o f  

nanofibres d iam eters

L im ited  to  few 

polym ers

Phase separation Laboratory Easy
M inim um  equ ipm ent 

required

Lim ited  to  few 

polym ers

Self assembly Laboratory D ifficult
G ood to  achieve small 

nanofibres
C om plex  process

Eiectrospinning
Laboratory 

Potential for industry
M oderate ly  easy

C ost effective, long 

continuous nanofibres 

& large varie ty  o f  

polym er

Jet instability

Table 3.1: Comparison of processing techniques for synthesising polymeric nanofibres [18],

Electrospinning has been investigated and developed by a number o f researchers [17, 

19-24]. In its simplest form, this technique is based on three major components (fig: 3.1). 

First, a high-voltage power supply is used to generate an electric field (the voltage range is 

usually from IkV up to 30 kV). Second, a capillary tube or metallic needle of small diameter 

(spinneret) is connected to a syringe in which the polymer solution (or melt) is hosted. The 

solution can be fed through the spinneret at a constant and controllable rate using a syringe 

pump. The third component is the collector (grounded conductor). Different types o f collectors

39



have been developed for nanofibre deposition. The most common one is a simple metallic 

plate where the nanofibres are deposited randomly. However, more complex collectors have 

been engineered to align nanofibres or to develop more complex nanofibre patterns. These 

include cylinder collector [25], a knife edge disk [26] and a parallel conducting collector [27].

M etal co llecto r
polym er solu tion

polym er jet

N on  w o v e n  S ing le  n an o fib e rs
nan o tib e r
m en b ra n e

Figure 3.1: Schematic o f  electrospinning set up to produce polymeric nanofibres [17].

3.2.3.2 Electrospinning process.

Although nanofibre production is relatively simple using the electrospinning technique, 

the spinning mechanism is rather complicated. Electrospinning involves complex electro

fluid-mechanical issues. The theory is not yet fully understood and is still under investigation. 

Several researchers have presented theoretical models to describe the mechanism of formation 

for nanofibres [24, 28-31]. However, a general description o f the electrospinning process can 

be described in three stages. The first includes the jet initiation and the extension of the jet 

along a straight line. When, a high voltage is applied to a polymer fluid (polymer solution or 

melt) which is held in a syringe. Direct current (DC) power supplies are usually used although 

the use o f alternative current (AC) potentials is also feasible [32]. As a consequence, the 

polymer fluid is charged either negatively or positively according to the high voltage supply 

connections. The pendent drop of polymer solution at the nozzle o f the spinneret will become 

highly electrified and the induced charges are eventually distributed over the surface. As a 

result, the drop will experience two major types o f electrostatic forces the electrostatic 

repulsion between the surface charge and the Coulombic force induced by the external electric 

field. At a maximum instability of the liquid surface induced by the electrical forces, the liquid 

drop will experience the formation o f fine threads. It was shown that a viscous liquid exists in 

equilibrium in an electric field when it has the form of a cone with a semi-vertical angle
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(j)=49.3° [33]. In other words, a fluid jet is developed when a semi-vertical cone angle attains 

(j)=49.3°. such a cone is now well know as Taylor’s cone [34]. The Taylor’s cone angle has 

been independently verified by various groups who experimentally observed that the semi

vertical cone angle just before jet formation is about 50°[20-22], It is noted that relatively 

recent publication pointed out that Taylor’s cone angle should be 33.5°instead of 49.3°[35]. 

Another issue related with the initiation of the jet is the strength of the electrostatic field 

required. It was shown that the critical voltage Fc (in kV) at which the maximum jet fluid 

instability develops is given by[33]:

(O.mTrRy) Equation: 3.1

where H is the distance between the electrodes (the needle and the collecting screen), L is the 

length of the needle, R is the radius of the needle and y is the surface tension of the fluid.

After its initiation, the jet follows a straight pathway for a short distance depending on the 

electrospinning parameters and solutions properties.

The thinning and the growth of whipping instability of the jet are not yet complete. 

From the conventional point of view, when the electric jet fluid accelerates and thins along its 

trajectory, the radial charge repulsion results in splitting of the primary jet into multiple sub

jets in a process known as “splaying”. The final fibre size seemed to be mainly determined by 

the number of subsidiary jets developed. Recent studies, however, have demonstrated that the 

key role in reducing the jet diameter from a micrometer to a nanometer is played by a non- 

axisymmetric or whipping instability, which causes bending and stretching of the jet in very 

high frequencies [24, 29, 36-38]. Shin et al investigated the stability of electrospirming of 

polyethylene oxide (PEO) jet using a technique of asymptotic expansion for the equations of 

electrohydrodynamics in powers of the aspect ratio of the perturbation quantity, which was the 

radius of the jet and assumed to be small [36-38]. After solving the governing equations thus 

obtained, they found that the possibility for these three types of instabilities exists. The first is 

the classical Rayleigh instability, which is axisymmetric with respect to the jet centreline. The 

second is again an axisymmetric instability, which may be referred to as the second 

axisymmetric on stability. The third is a non-axisymmetric instability, called “whipping”
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instability, mainly by the bending force. Keeping all the other parameters unchanged, the 

electric field strength will be proportional to the instability level. Namely, when the field is 

lowest, the Rayleigh instability occurs, whereas the bending (or the whipping) instability 

corresponds to the highest field [38]. Shin et al. have also experimentally observed that the 

phenomenon of so-called ’’inverse cone” in which the primary jet was thought to be split into 

multiple jets is actually caused by the bending instability. At higher resolution and with 

shorter electronic camera exposure time, the inverse cone is not due to splitting but as a 

consequence of small lateral fluctuations in the centreline of the jet. Some similar phenomena 

were recognised earlier by Reneker et al through their theoretical and experimental work[24].

However, as the jet fluid driven by the electric forces is unstable during its trajectory 

towards the collector, branching and/or splitting from the primary jet should be possible. In 

fact, using more advanced experimental set-ups, the phenomena of branching and splitting 

have been re-realised by various research groups [39, 40]. Shkadov et al. theoretically 

investigated the excitation conditions of both axisymmetric and non-axisymmetric 

perturbations of an electrically charged jet [41]. The linearised problem was analysed in terms 

of the surface frozen charge approximation. Theirs solutions indicate that there is a possibility 

of stability control of a moving electrified jet in the longitudinal electric field. By adjusting 

electrical intensity and liquid properties, the axisymmetric mode instability usually causing the 

jet decay on drops can be reduced considerably, and the increments of non-axisymmetric 

modes m=\ and m=2 are increased where m is the azimuthal wave number. They showed that 

the non-axisymmetric mode could lead to the longitudinal splitting into two of the initial jet. 

Regarding the fluid jet diameter, Baumgarten et al. noticed that as the viscosity of the polymer 

solvent increased, the spinning drop changed from approximately hemispherical to conical. By 

using equi-potential line approximation calculation, Baumgarten obtained an expression to 

calculate the radius ro of a spherical drop (jet) as follows:

4£7?Jn ^^  Equation; 3.2
kncrp

where s is the permittivity of the fluid, rriQ is the mass flow rate at the moment where ro is to be 

calculated. A: is a dimensionless parameter related with the electric currents, a  is the electrical 

conductivity and p is the density.
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Spivak et al. formulated an electrohydrodynamic model of steady state electrospinning in a 

single jet, taking into account inertial, hydrostatic, viscous, electric, and surface tension forces 

[42], A one-dimensional differential equation for the jet radius, as a function of the distance 

from the jet tip towards the collecting plat, was derived by averaging physical quantities over 

the jet cross-section. They compared their theoretical jet radii at various distances up to 60% 

of the whole jet trajectory with their measured results. Reasonably good agreement was 

reported.

The jet solidification was investigated by Yarin et al. where they derived a quasi-one 

dimensional equation to describe the mass decrease and volume variation of the fluid jet due 

to evaporation and solidification, by assuming that there is no branching or splitting from the 

primary jet [28]. With an initial weight concentration of 6% and other processing parameters, 

they calculated that the cross-sectional radius of the dry fibre was 1.31 x 10'^ times o f that of 

the initial fluid jet. Although the solidification rate varied with polymer concentration was 

implemented, the other issues such as how this rate varies with electrostatic field, gap 

distance, and how to control the porous dimension and distribution during the solidification 

have not been clearly addressed.

A brief summarise of the electrospinning process can be describes as follow. The 

Taylor cone is created by the electrostatic repulsion between the surface charge and the 

Coulombic force induced by the external electric field. The jet initation occurs when 

electrostatic forces overcome the surface tension of the polymer fluid. The jet can be divided 

in two portions, a straight jet portion and a spiralling jet portion (whipping). A straight jet 

portion occurs at initation for a short distance (few cm) depending on the electrospinning 

parameters and solutions properties. Then the jet undergoes bending instability because of the 

interaction between the electric field and the surface tension o f the jet. As a consequence, the 

jet starts to stretch and whip and/or branch. Under this process, jet diameter can be greatly 

reduced from hundred of micrometers to as small as tens o f nanometers. In the mean time, the 

solvent of the polymer solution starts to evaporate which leads to the formation of nanofibres. 

Finally, nanofibres are deposited onto a grounded collector since the jet is electrically charged 

(fig: 3.2).
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Figure 3.2: Schematic o f  the electrified je t path and the Taylor cone in the electrospinning process.

3.2.3.3 Electrospinning Parameters.

Many parameters influence the formation and morphology of nanofibres produced by 

electrospinning. They can be classified in two main categories: polymer solution parameters 

and processing conditions.

The properties o f the polymer solution have the most significant influence on the 

resulting nanofibres. For example, the molecular weight o f the polymer is one of the most 

critical parameters. For a polymer solution, viscosity is greatly affected by the molecular 

weight o f the polymer. When the electrospinning jet is initiated, it starts to stretch. It is the 

entanglement o f the molecule chains that prevents the jet breaking up. Therefore a low 

viscosity polymer solution results in droplets rather than nanofibres [43]. If the viscosity is too 

high, it is more difficult for the solution to pass through the needle. Also, when the viscosity is 

too high, the solution may dry at the tip of the needle before electrospinning can start [44]. 

One other effect o f the viscosity is the formation of beads along the fibre. As shown in Figure 

3.3, a low viscosity results in the presence o f many beads. By increasing gradually the 

viscosity (or the concentration) of the solution, the shape of the beads change from spherical to 

spindle like until a smooth fibre is obtained [45]. This change in viscosity also results in an 

increase in the diameter o f the nanofibre. High viscosity also discourages secondary jets from 

spaying from the main jet. Therefore the diameter distribution of nanofibre is more 

homogenous.
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Figure 3.3: SEM of electrospun nanofibres from different polymer concentration solutions [17],

Surface tension is also a critical parameter since the charged solution has to overcome 

its surface tension to induce the jet formation. Surface tension is also related to the viscosity in 

the formation o f beads along the nanofibres. Surface tension affects the surface area per unit 

mass o f a fluid. At high concentrations, free solvent molecules have a tendency to congregate 

and adopt a spherical shape due to surface tension. As the viscosity increases, the interactions 

between the solvent and the polymer also increase. Therefore, during stretching o f the jet, 

solvent molecules tend to spread over the entangled polymer molecules. As a consequence, 

solvent molecules have less tendency to aggregate under the influence of surface tension (fig; 

3 .4 ).

Solvent molecules Polym er m olecules

Figure 3.4: Schematic distribution o f  solvents m olecules in high (A)  and low (B)  polym er viscosity solution [46]
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In order to get smoother fibres, solvents such as ethanol can be used to decrease the 

surface tension o f the solvent. Adding surfactant to a solution also improves the reduction of 

the surface tension [47],

The solution conductivity can also induce major changes in the nanofibre morphology, 

since stretching o f the solution is caused by repulsion of the charges at its surface. Therefore 

by increasing the solution conductivity, the nanofibre diameter is narrowed. Moreover this 

increase also leads to smoother fibres since the bead formation occurs when the jet is not fully 

stretched. A higher conductivity can be achieved by adding small amounts o f salt 

(polyelectrolyte) or by using a solvent with a high dielectric constant (e.g. N,N 

Dimethylformamide, DMF). However, if  a solvent with a very high dielectric constant is 

added, the solubility of the polymer may also decrease resulting in bead formation [48], 

Another effect o f increased conductivity in the solution is a greater bending instability. This 

induces a longer jet path resulting in finer fibres. However, there is a limit to the reduction in 

the fibre diameter because viscoelastic forces act against the Coulombic forces of the charges 

for very small diameters [49],

Processing parameters include voltage applied, feed rate, distance between the 

collector and the needle, needle diameter and type of collector used. However, these 

parameters have a less significant impact than the solutions parameters mentioned above. 

Applied voltage and feed rate are closely related for producing nanofibres. This is because it is 

necessary to generate a stable Taylor cone during the electrospinning process. The applied 

voltage has to be sufficient to induce charges in the solution to overcome the surface tension 

and create the Taylor cone. But if the voltage is too high, the jet is accelerated and a greater 

volume of polymer solution is drawn away from the needle. This can result in a smaller and 

less stable Taylor cone [44]. Under these conditions, the Taylor cone can also recede into the 

needle. Therefore, controlling the feed rate of the pump according to the applied voltage is 

crucial to keep the Taylor cone stable. By increasing the feed rate and keeping the voltage at a 

constant value, more solution will be drawn away. As a result, the fibre diameter and the bead 

size will increase. If the feed rate is too fast, nanofibres may not have enough time to 

evaporate. Therefore, residual solvents may cause fibres to fuse together when deposited onto 

the collector. A fast rate can even result in droplet formation (fig; 3.5).
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a) b)

Figure 3.5; A fast feed rate results in droplet formation on PVA (a) and PLLA (b) electrospun nanofibres.

The applied voltage also has an effect on the nanofibre morphology. The higher the voltage, 

the stronger the Coulombic forces in the jet and so the jet solution is more stretched. This 

results in a decrease in nanofibre diameter [50]. High voltage also increases the rate of 

evaporation o f the solvent and tends to the formation of secondary jets (splaying effect). It has 

also been reported that at high voltages there is a greater tendency for bead formation [44], 

This may be a result o f increased instability o f the jet as the Taylor cone recedes into the 

needle.

Depending on the type o f collector used, changes can occur in the morphology of the 

electrospun nanofibre film. Most electrospinning set-ups use a grounded conductive collector. 

However, non conductive collectors can also be employed. Using a non conductive collector, 

the charges on the electrospun jet quickly accumulate on the collector. This results in lower 

packing density fibres compared to those deposited on a conductive collector [32, 51]. A 

porous collector also decreases the packing density of the deposited nanofibres compared with 

smooth surface collector. This can be attributed to the diffusion, and rate o f evaporation of 

residual solvent on the fibres. For porous collectors, residual solvent will evaporate at a faster 

rate due to a higher surface area. A smooth surface may cause an accumulation o f solvents 

around the fibres due to a slower rate of evaporation. As a consequence, the fibres may be 

pulled together which increases the density o f the nanofibre film [51]. Also, the type of 

collector used can change the morphology of the electrospun film. Using a rotating drum can 

increase alignment o f the nanofibres and decrease the nanofibre diameter because o f the extra 

stretching produced by the rotation.
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The internal diameter of the needle has an impact on the electrospinning process. 

Using a smaller needle diameter tends to reduce the clogging effect and bead formation [52]. 

Also, nanofibre diameter decreases by using a smaller needle diameter. However, if  the needle 

is too small it may be difficult to extrude the polymer solution and to control the Taylor cone. 

The distance between the needle and collector has a direct influence on the flight time of the 

jet and the electric field strength therefore it will influence the morphology o f the fibres. If this 

distance is too small, the electrical field will increase and so too will the speed o f the jet. 

Therefore, the solvent will have less time to evaporate. As a result, excess solvent may cause 

fibres to merge together on the collector [53]. Another consequence of a small distance is the 

increase of fibre diameter because less stretching is occurring. Finally, as a small distance 

increases the electric field, this may also encourage bead formation because of the increase of 

the jet instability.

3.2.3.4 Electrospinning Potential Applications.

A lot of research is being done to improve and control the morphology and pattern 

deposition of nanofibres by electrospinning. The growing interest in electrospun nanofibres is 

based on their unique properties such as a very high surface area, low density (porous 

structure), and the variety of polymers which can be used. The most promising applications 

are for filter media, drug delivery, protective clothes and as a scaffold for tissue engineering. 

A larger exhaustive application list is presented in Figure 3.6.

Polymer
Nanofibres

Filter Media 
•Liquid filtration 
•G as filtration 
•Molecule filtration

Application in life science 
•Drug delivery 
•Haemostatic devices 
•Wound dressing

Cosmetic Skin Mask 
•Skin cleansing 
•Skin healing
•Skin therapy with medicine

Military protective clothing 
•Minimal impedance to air 
•Efficiency in trapping aerosols particles 
•Anti-bio>chemical gases

Nano-sensors 
•Thermal sensor 
•Piezoelectric sensor 
•Biochemical sensor 
•Fluorescence optical chemical sensor

Tissue Engineering scaffolding
•Porous membrane for skin
•Tubular shapes for blood vessels and nerve
regenerations
•Three dimensional scaffolds for tissue generation

Other Industrial Applications 
•Micro/nano elec&onic devices 
•Electrostatic dissipation 
•Electromagnetic interference shielding 
•Photovoltaic devices (nano-solar cell) 
•LCD devices
•Ultra-lightweight spacecraft materials 
•Higher efficient and functional catalysts

Figure 3.6: Potential applications for polym er electrospun nanofibres [17],
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3.3 Techniques of Characterisation.

3.3.1. Fourier Transform Infrared Spectroscopy (FTIR).

Infrared spectrometry is a method which is extensively used for the investigation of 

polymer structure and the analysis of functional groups. This technique is capable of 

qualitative identification o f unknown materials being investigated [54-57]. It is also capable 

o f quantitative measurement of components in a complex mixture [54]. Infrared radiation 

covers the electromagnetic radiation between visible and microwaves regions (14000 cm'' - 

200 cm ''). The infrared region (IR) can be divided into three: near infrared region (NIR, 14000 

cm ''- 4000 cm ''), mid infrared region (4000 cm’'-700 cm '') and far infrared region (700 cm ''- 

200 cm ''). However, mid IR is used more for polymer investigation because these are the 

wavelengths where the interatomic bonding of organic compounds absorb infrared radiation. 

This range is divided two parts, the group frequency region (4000 cm ''-1300 cm '') and the 

“fingerprint” region (1300 cm''-700 cm ''). The group frequency region includes the principle 

absorption bands which refer to vibration units of only two atoms o f a molecule. These units 

are more or less dependent only on the functional group giving the absorption and not the 

complete molecular structure. The fingerprint region includes single bond stretching 

frequencies and bending vibrations of polyatomic systems, which involve motions o f bonds 

linking a subsistent group to remainder of the molecule. However, two primary conditions 

must be fulfilled for infrared absorption to occur. First, the energy of the radiation must 

coincide with the energy difference between exited and ground states o f the molecules. 

Radiant energy will be absorbed by the molecule, increasing its natural vibration. Second, the 

vibration must entail a change in the electrical dipole moment. Stretching vibrations involve 

changes in the inter-atomic distance along the bond axis, whereas other vibrations involve 

changes in the angle between two bonds. In addition to vibrations, interactions between 

vibrations can occur if the vibration bonds are joined to a single, central atom. This is called 

vibrational coupling. Studies of the chemical nature of polymers can be carried out with IR 

such as polymerisation kinetics cure studies [55-57], and average molecular weight 

determination [55, 57], IR can also be used to assess physical properties of a polymer, such as 

crystallinity and molecular orientation [55-57]. The FTIR machine used in these studies was a 

Nicolet FTIR spectrometer.
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3.3.2 Raman Spectrometry.

Raman spectroscopy is a form of vibrational spectroscopy discovered by Sir C.V. 

Raman [58]. This technique involves the illumination o f a sample with a laser light. When the 

light is scattered from a molecule most photons are elastically scattered. The scattered photons 

have the same energy and wavelength as the incident photons. However, a small fraction of 

light (approximately 1 in 10  ̂ photons) is scattered at optical frequencies different from the 

frequency o f the incident photons. This inelastic scattering is called the Raman effect. Raman 

scattering takes place with a change in vibrational, rotational or electronic energy o f a 

molecule. The effect occurs when a photon interacts with the molecule’s electric dipole. In 

quantum mechanics, the scattering is described as an excitation to a virtual state lower in 

energy than a real electronic transition with almost immediate de-excitation and a change in 

vibrational energy. Raman scattering can be further separated into Stokes and anti-Stokes 

radiation as shown in Figure 3.7.
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Figure 3.7: Energy level diagram s for Stokes Raman scattering and Anti-Stokes Raman scattering.

At room temperature the thermal population of excited vibrational states is very low. 

Therefore, the initial state is the ground state and scattered photons will have a lower energy 

than the exciting photon. This effect is known as Stokes Raman scattering. However, if  the 

photon is scattered from an atom or a molecule in an excited state, its energy will be greater 

than the incident photon. This is known as anti-Stokes Raman scattering.

A Raman spectrum is a plot of the scattered light intensity versus the energy difference 

between the incident and scattered photons. Numerically, the energy difference between the 

initial and the final vibrational levels (u), or Raman shift can be calculated as follows.
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1 1 . - uV = ------------------------ (cm  )
) l Xincident scattered

Equation: 3.3

where X incident and X scattered are the wavelengths o f  the incident and Raman scattered photons, 

respectively. The Stokes Raman scattering intensity will generally be higher than anti stokes 

Raman intensity at room temperature since the intensity is proportional to the population o f  

the initial state o f  the illuminated m olecules.

Raman spectroscopy is a non-destructive method which does not require any sample 

pre-treatment. Furthermore, Raman spectroscopy was used in this thesis because it is a useful 

tool for the characterisation o f  CNTs [59]. Indeed, Raman spectroscopy provides very 

distinctive and relatively simple spectra o f  carbon nanotubes. The Raman spectrum o f  CNTs 

shows three distinct regions. The first characteristic part o f  the spectrum called the Radial 

Breathing Modes (RBM ) occurs between 100 and 400 cm '. The frequency o f  the RBM is 

directly linked to the reciprocal o f  the nanotube diameter (d). In the case o f  an isolated SW NT  

this relation can be described as follows [60, 61].

244 1
0) = -----  (cm ) Equation: 3.4

The RBM region is not as defined for M W NTs due to the interference o f  concentric 

shells. The next two regions o f  interest are called the D band (disorder band) and G band 

(Graphitic band). These peaks occur between 1300 and 1360 cm ‘‘, and at 1580 cm”' 

respectively. The D band comes from disorder in sp^ systems and can be used as a guide to the 

amount o f  defects and impurities in the nanotube sample. The G band centred at ~1580cm ‘' is 

due to the Raman active E2g2 modes in sp^ carbon systems, which corresponds to in-plane 

graphitic vibrations. The G band is actually com posed o f  two separate bands, the G+ band, 

which is associated with vibrations along the CNT axis and the G- band which is associated 

with vibrations perpendicular to the axis. In the case o f  M W NTs the G+/G- splitting is weak 

due to the overlap o f  concentric shells. For SW NTs and thin M W NTs there is less interference 

from neighbouring shells and splitting is evident. The ratio o f  integrated areas under the D 

band and G band can be used as a qualitative method to measure the quality o f  nanotubes [62]. 

The smaller this ratio ( I g / I d ) ,  the higher defects (or impurities) present in the CNT sample.
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In the following chapters, Raman spectroscopy was used in order to assess the 

dispersion of nanotubes within various polymers matrices. These measurements were 

performed with a HORIBA Jobin Yvon Labram HR Raman spectrometer with a green laser 

light at 533 cm"'.

3.3.3 Thermogravimetric Analysis.

Thermogravimetric Analysis (TGA) is a quantitative technique in which the mass of the 

sample is measured as a function of temperature. TGA can be done under either air or nitrogen 

purge. TGA measurements provide useful information about the materials under investigation 

such as:

• Compositional analysis o f multi-component materials or blends

• Thermal stabilities

• Oxidative stabilities

• Estimation o f product lifetimes

• Decomposition kinetics

• Effects o f reactive atmospheres on materials

• Moisture and volatile content.

In this thesis, TGA curves were obtained by using a Pyris 1 thermogravimetric analyser 

from Perkin Elmer. The main aim was to assess how fillers like carbon nanotubes were able to 

induce changes in the thermal degradation of organic polymers investigated.

3.3.4 Differential Scanning Calorimetry.

Differential Scanning Calorimetry (DSC) curves reflect changes in the energy o f the 

system under investigation. These changes may be either physical or chemical. DSC measures 

the heat required to maintain a constant temperature in the sample, versus an appropriate 

reference material. Enthalpy changes due to a change in the polymer state can be determined. 

A number of important physical changes in a polymer can also be characterised using DSC, 

including the glass transition temperature (Tg), the crystallisation temperature (Tc), the melt
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temperature (Tm), and the degradation or decomposition temperature (To). A typical DSC 

trace showing these transitions is presented in the Figure 3.8.
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Figure 3.8: DSC curve showing several transition types.

Two different types o f DSC machine are available: heat flux and power compensation. 

A Perkin Elmer Diamond DSC power compensation instrument was used in our studies. DSC 

contains two identical pans, one containing the material to be tested and the other acts as a 

reference pan. A schematic of the two systems is shown in the Figure 3.9.
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Figure 3.9: Illustration o f  the two types o f  DSC machines [63].

In the case of power compensation, both pans are heated slowly by separated coupled 

furnaces in order to keep the same temperature in each pan. The pan containing the sample 

requires a different amount of heat to maintain a constant temperature rise relative to the 

reference pan. This difference is directly related to the heat capacity, Cp of the sample. This is 

the amount of heat required to raise the temperature by one degree per unit mass.
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For polymers, the first thermal transition Tg corresponds to the temperature at which 

the polym er chains o f the amorphous regions undergo a transition from a glassy state to a 

rubbery state. This represents a second order transition with no transfer o f heat between the 

polym er and the surroundings. However a variation o f the heat capacity, ACp occurs. For 

semi-crystalline polymers, two other thermal transitions occur which are represented by an 

exothermic and endothermic peaks. The exothermic peak, Tc is called a cold crystallisation 

peak. At this temperature, the system gains enough energy to allow polymer chains to organise 

them selves into ordered structural forms, i.e. crystalline structure. This involves a transfer o f 

heat between the polym er and the surroundings. This transition appears in the DSC scan if  the 

polym er has not been fully crystallised before the first heat step. As the temperature increases 

further, the polymer reaches its melting temperature (Tm). This transition requires energy and 

is characterised by an endothermic peak. If a quick cooling step, called quench cooling, takes 

place after Tm, this crystallisation will occur again during the following heat step. At the 

decomposition temperature, To, an irreversible change occurs where polymer chains start to 

degrade due to the breaking o f the bonds o f the side chains and the backbone chain.

The percentage o f  crystallinity o f the polymer can be determined by considering the 

area o f  the Tc and Tm peaks. The enthalpy required to either melt (AHm) or crystallise (AHc) a 

sample can be calculated by the integration o f  the respective peaks. The crystalline fraction (x) 

o f  a sample can then be calculated using the following equation (Eq 3.3). This equations 

assumes knowing the enthalpy o f melting o f a theoretical 100 % crystalline this sample,

AH 100%.

A //
/  = 100x------ —  Equation: 3.5

3.3.5 Transmission Electron Microscopy (TEM).

Transmission Electron Microscopy uses an electron gun to produce a stream of 

electrons. The stream is then focused into a thin coherent beam using a pair o f  condenser 

lenses. The first lens determines the general spot size o f the beam which is incident on the 

sample. The second lens actually changes the size o f the spot on the sample. The spot size 

range goes from a wide dispersed spot to a pinpoint beam. The beam is restricted by a
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condenser aperture which removes high angle electrons before they reach the sample. Part of 

the beam will be transmitted by the sample and this is then focused by an objective lens into 

an image. After the sample, optional objective and selected area apertures can be used to 

further restrict the beam. The aim of the optional objective aperture is to enhance contrast by 

blocking out high angle diffracted electrons. The selected area aperture is used for electron 

diffraction measurements. The image is then passed down the column through the 

intermediate and projector lenses and finally strikes CCD detector. This allows the user to see 

the image. The darker part of the image corresponds to the area of the sample where fewer 

electrons were transmitted. This is where the sample is thicker (or more dense). The lighter 

areas of the image represent portions where more electrons were transmitted because the 

sample was either thinner, or less dense.

3.3.6 Scanning Electronic Microscopy (SEM).

Similar to a TEM set up, a scanning electronic microscope uses an electron gun to 

produce a stream of electrons. The stream is then focused by a condenser lens to form the 

beam, and also to limit the amount of current in the beam. The beam is then constricted by a 

condenser aperture to eliminate high angle electrons. A second condenser lens focuses the 

electrons into a thin, tight, coherent beam. A user selectable objective aperture further 

eliminates high angle electrons from the beam. Subsequently, a set o f coils “scan” or “sweep” 

the beam in a grid fashion, dwelling on points for a period of time determined by the scan 

speed. A final lens, the objective, focuses the scarming beam onto the sample. When the beam 

strikes the sample and dwell for few microseconds, interactions occur inside the sample. These 

interactions are detected. The number of electrons scattered by each point is proportional to 

the brightness o f the pixel on the display.

In our work, all our samples were gold/palladium coated. Samples were investigated 

with an accelerating voltage of 5 kV and a beam current o f ~ 10 |j,A. Gold coating is used to 

help prevent “charging” on surfaces that are not electrically conducting, such as silicon 

dioxide. This effect occurs when electrons from the microscope beam cannot be dissipated to 

earth, and thus “pool” on the nonconductive surface. This accumulated charge can then scatter 

lower energy secondary electrons, causing a loss in fine detail in the resultant image.
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3.3.7 Tensile Testing.

One of the most popular techniques used to characterise the mechanical properties o f a 

sample is the stress-strain in tension mode. With this technique, the specimen is elongated at a 

constant rate and the applied load is measured simultaneously. The resulting stress-strain plot 

shows many mechanical features of the tested specimen such as its elastic and/or plastic 

behaviour. For example, thermoplastic polymers present a large elastic behaviour followed by 

a small plastic deformation. Alternatively, elastomers show a small elastic behaviour followed 

by a large plastic deformation. Moreover, the elastic modulus or Young’s modulus (Y) can 

also be determined from the stress-strain curves, as the slope of the initial region where the 

stress (a) is linearly proportional the strain (s). Other useful mechanical parameters are the 

ultimate tensile strength, strain-at-break and toughness. The ultimate tensile strength 

corresponds to the maximum stress that can be sustained by the sample in tension. Strain-at- 

break represents the maximum strain of the specimen before fracture. Toughness is a measure 

of the ability o f the sample to absorb energy before fracture. Toughness is calculated from the 

area under the stress stain curv'e. All the tensile measurements achieved in this work were 

carried out using a Zwick tensile tester with a lOON load cell (±0.1N) (fig 3.10). For all the 

studies, measurements were achieved on small rectangular samples structure. Dogbone 

structure was not used because o f the composites film process (drop cast processing and 

electrospinning). Also in the thesis we used engineering stress and strain and only samples 

broken away from the grips and presenting no slippage were kept for analyses. All the 

mechanical parameters investigated in the following chapters are associated with theirs 

standard errors.

Figure 3.10: Composites tested using the Zwick tensile tester.
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3.3.8 Atomic Force Microscopy (AFM).

Atomic force microscopy was used in this work in order to assess the mechanical 

properties o f single nanofibres of PVA CNT composites. This technique was invented by 

Binnig, Quate and Gerber in 1986 [64]. AFM is a very high resolution technique which can 

reach the sub-nanometer scale. In AFM, a constant force is maintained between a probe and a 

sample while the probe is rastered across the surface of the sample. By monitoring the 

deflections o f the probe as it is scanned across the surface, a three dimensional image of the 

surface is constructed. As shown in Figure 3.11, an AFM set-up consists o f a sharp probe tip 

(around 20 nm at its apex) attached to a flexible cantilever. The investigated sample is 

attached to a piezoelectric scanner tube. Interatomic forces between the probe tip and the 

sample surface cause the cantilever to deflect as the sample's surface topography (or other 

properties) change. A laser light reflected from the back o f the cantilever measures the 

deflection o f the cantilever. This information is then fed back to a computer.

The three main modes o f interaction between the tip and the sample are contact mode, tapping 

mode and non-contact mode [65].

Lateral Force Microscopy Mode (LFM) was used to measure the mechanical properties of 

single nanofibres composites. During a scanning contact mode, a LFM uses a four quadrant 

photo-diode to enable measurement of the torsional deformation of the cantilever under X-Y-Z 

closed loop control. The lateral deformation depends on contact (lateral forces) acting on the 

tip.

Initially PVA CNT composite nanofibres were electrospun over trenches pre-pattemed onto 

Si02 substrates (fig: 3.12). Trenches were fabricated by focused ion beam milling and were 5
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Figure 3.11: Diagram of an AFM set up.
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)xm wide and 0.5 (xm deep [66]. The electrospinning parameters used for the deposition will be 

explained in more detail in chapter 6.

D

— — ► Trenches 
5 fim

Nanofibres

Figure 3.12: SEM image o f  nanofibres onto SiOi trendies.

Afterwards, nanofibres which span perpendicularly across trenches were mechanically fixed 

by electron beam induced deposition of platinum lines [66, 67]. The resulting structure was 

then subjected to lateral force microscopy loading. These measurements were carried out 

using a Digital Instrument Nanoman system with closed loop x-y-z scanner. The AFM tip was 

positioned 100- 300 nm below the plane of the substrate [66]. It was then programmed to 

sweep in the XY plane of the substrate with the axis of the cantilever aligned parallel to the 

nanofibre axis. The speed of the tip was typically 20 nm/s. During the manipulation of the tip, 

the lateral and normal deflections o f the cantilever were monitored using a four-quadrant 

photodiode (fig: 3.13). The corresponding force -  displacement was then recorded.

Lateral force signal

Normal deflection

Laser

Manipulation
path

X

Before manipulation After manipulation

Figure 3.13: Schematic o f  a  fixed nanofibre in a lateral test with AFM tip [68].
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A ll measurements continued until failure o f the nanofibre occurred. The AFM pictures below 

(fig 3.14) show the pinned nanofibres over a trench before and after manipulation with the tip.

Figure 3.14; AFM pictures of the nanofibre before (a) and after lateral bending test (b).

The force-displacement curve for PVA nanofibre composites display a non linear elastic 

deformation followed by a brittle failure (Fig 3.15). This behaviour is typical for all the PVA 

nanofibres composites investigated by this technique.

Elastic region
za
u
wou. Brittle failure

Fit

Displacement nm

Figure 3.15; Force-displacement curve for a single nanofibre of PVA composite.

For this work, electrospun fibres deposition on Si02 substrates was achieved in our laboratory. 

A ll AFM preparations, measurements and calculations o f Young’s modulus and ultimate
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tensile strength o f single nanofibres were achieved by Dorothea Almecija from the Centre for 

Research on Adaptive Nanostructures and Nanodevices (CRANN) and the School of 

Chemistry in Trinity College of Dublin (IRELAND).

3.4 Mechanical Reinforcement of Composites Using Filler.

Many models have been developed to understand the mechanical reinforcement of 

composites using fibres [69], In the case of composites based on polymers and carbon 

nanotubes, two models are commonly used in the literature because of their relative simplicity. 

These are the rule of mixtures [70] and the Halpin-Tsai model [71],

3.4.1 Rule of Mixtures.

In this model, it is assumed than the reinforcing fibres are aligned and span the full length of 

the composite. A second assumption is that the matrix and the fibres are very well bonded 

together. Hence, the Poisson’s ratio and strain are equal for both the fibre and the matrix. 

Under these circumstances, the composite tensile modulus parallel, Yĉ ,̂ and perpendicular Yes.

to the fibre direction are:

Ĉ\\ ^  = V f Y ^ + { \ - V f ) Y f  Equation: 3.6

where Yf is the fibre modulus, Ym is the matrix modulus and Vf is the fibre volume fraction. 

This represents the well known rule of mixtures [70],

3.4.2 Shear-Lag Theory.

Shear-lag model was originally developed by Cox [72] for predicting the elastic 

strength of two-phase composites in which the strong phase (fibre) is embedded in a
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continuous wealc phase (matrix). This theory assumes that i f  no sHp occurs on the phase 

interfaces, the presence o f the fiber redistributes the stresses and strains w ithin the composites 

material and has an effect o f transferring load from the matrix to the fibre. This process has 

two corollaries: a shear stress occurs at the fiber-matrix interface, and the harder phase carries 

a comparatively greater part o f the stress, while the soft phase tends to take the greater part o f 

the strain (with reference to the volume fraction ratio). Like most analytical and numerical and 

numerical models on the mechanical properties o f composite materials, the shear lag model is 

based on the idealized assumption that there is no slip on the phase interfaces. It means that 

the interface is a mathematical surface across which material properties change 

discontinuously, while stress and displacement are continuous across the interface. When 

perfect bonding between fibre and matrix is assumed, interface properties and structures are 

eliminated. Consequently, the mechanical properties are determined solely by the properties o f 

the constituent materials. The interest o f this model is that it can allow the calculation o f the 

stress distribution in both the fibre and the matrix.

The rule o f mixtures given in the previous section only applies where the fibres are as 

long as the matrix. Therefore, modification o f the rule o f mixtures is required to take into 

account fibres shorter than the matrix such as carbon nanotubes. In this case, the fibre-matrix 

stress transfer has to be considered with the shear lag theory. When the matrix is under stress, 

the maximum stress transferred to the fibre is described by the interfacial stress transfer, t . The 

stress transferred scales with fibre length, 1, until a critical length, Ic, the stress transfer w ill be 

high enough to break the fibre. For a hollow cylinder like CNTs, this critical length is given 

by:

l , =
(j ,D

2 t
Equation: 3.7

where Of is the fibre strength, D and Dj are the fibre external and internal diameters, 

respectively [73], Short fibres carry load less efficiently than long fibres. This consideration 

was first developed by Cox [72] to modify the rule o f mixture using the shear lag analysis 

given by:
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Y, ^Y, „( \ -Vf )  + YfVf
tanh pi

pi Equation: 3.8

where the last term in brackets is described as fibre length efficiency factor, 1 is the fibre 

length and p, which governs the rate of stress build up at the fibre ends, is:

P =
r^(l + u)ln

Equation: 3.9

where Y„ is the matrix modulus, v is the Poisson’s ratio, r is the fibre radius and 2R the mean 

inter-fibre spacing. For a square fibre packing system, the inter-fibre spacing is related to the 

volume fraction by:

R = r
n

4v
Equation: 3.10

/

So that p may be written as

r
Equation: 3.11

£■̂ (1 + tj)ln n
'4v f

Several assumptions were made. The fibre and the matrix remain elastic in their mechanical 

response. The interface between the fibre and the matrix is perfect and no axial force is 

transmitted through the fibre ends.
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However, in many situations, the fibres may not be aligned. For randomly oriented fibres in 

the matrix, this model can be further modified using the Krenchel orientation efficiency factor 

[74]. In this case, the composite modulus for non-aligned short fibres is given by:

Equation: 3.12

where r|o is the Krenchel orientation efficiency factor defined in equation 3.12.

cosV„
n ■’_____________ and Equation: 3.13.

n
n

For aligned, aligned in plane and randomly oriented fibres, the qo values are respectively 1, 

3/8 and 1/5 [74] and afn is the ratio between the cross-sectional area presented by a group of 

fibres orientated at an angle a„ to the applied load direction and the total area o f all the fibres 

at a given cross section of the composite. The number of groups are designated by 

n= l,2 ,3 ,....n  [75].

The Krenchel model for short fibre composites has been employed in recent studies to 

describe the mechanism of reinforcement in various polymer matrixes with carbon nanotubes 

[12, 76-80].

3.4.3 Halpin-Tsai Theory.

This model, developed by Halpin and Tsai [81] for continuous fibre composites, is a further 

modification of the rule of mixtures [75]. It describes systems which take into account the 

orientation and the length of the fibres. For aligned fibres, the composites modulus is given

by:

Equation: 3.14

where C = 211D and ri = —----------
YflY^+X

Equation: 3.15
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For randomly orientated fibres the composite modulus is expressed as:

Equation: 3.16

where rj, Jf w Equation: 3.17

The Halpin-Tsai model has been successfully applied for various polymer matrices including 

carbon nanotubes [82, 83]. However, this model has some limitation since it fits data very well

fractions [69].

In summary, both models can be used to predict the Young’s modulus taking into 

account volume fraction, the aspect ratio and the orientations o f the fibres. Furthermore, these 

models suggest a linear increase o f the modulus for low volume fractions [1]. However, in 

reality the stress transfer is rarely very high between the filler and the matrix. As a 

consequence neither model applies in many cases. To overcome this issue, an interesting 

method to evaluate the reinforcement is to calculate dYc/dVf for a low content o f filler 

material. This is a useful parameter since it takes in account both the magnitude o f the increase 

in the Young’s modulus and the amount o f filler required to achieve this reinforcement. 

Finally, this also allows the comparison o f results between various studies [1].

3.5 Summary.

In this chapter, various processing techniques have been presented to fabricate polymer 

carbon nanotubes composites which we characterised in this thesis. These are in situ 

polymerisation, solution mixing and electrospinning. We also presented the thermal, 

spectroscopical, morphological and mechanical techniques used to assess the impact o f  the 

carbon nanotubes included in the biopolymers.

at low volume fractions o f fillers, but underestimates the Young’s modulus at high volume
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Chapter 4: Properties of PMMA Reinforced With Carbon

Nanotubes.

4.1 Introduction.

This chapter presents the mechanical properties o f composite films fabricated by in situ 

polymerisation o f amorphous poly(methyl methacrylate) (PMMA) in the presence o f purified 

chemical vapour deposition (CVD)-produced -O H  functionalised M W Nl’s to give a PM M A- 

CNT blend. We also used models to fit the mechanical reinforcement observed in these 

composites and also to understand the mechanism of the stress transfer between the nanotubes 

and the polymer.

4.2 Background and Motivation.

Poly (methyl methacrylate)/CNTs composites cannot be achieved by solution 

processing. This is because carbon nanotubes can not dispersed in a PMMA solutions. As a 

result, carbon nanotubes aggregate and subsequently sedimentation occurs. In other words the 

nanotubes-PMMA interaction are too weak to allow a good dispersion and suspension o f 

nanotube in PMMA solutions. This results in a poor stress transfer between both the nanotube 

and the matrix. As a result, the mechanical reinforcement is highly compromised. For 

example, the figure below (fig: 4.1) shows PMMA/nanotubes drop-cast films. Samples A was 

made by solution mixing of commercial PMMA with -O H  functionalised MWNTs using 

ultrasonication. Samples B was made by radical in situ polymerisation with MMA monomers 

and the very same nanotubes. In both case, the solution composites have the same 

concentration o f PMMA (30g/l) and the same loading level of nanotubes (1 wt % of the 

PMMA mass). It quite clear that solution processing is highly ineffective.
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a) b)
Figure 4.1: Drop cast films o f  PMMA/CNTs composites, a) by solution mixing processing b) by in situ

polymerisation processing.

However, several methods have been reported to produce amorphous polymer- 

nanotube composites with good dispersion. For example, Gorga et al used extrusion 

processing method to achieved PMMA composites with a content of MWNTs up to 10 wt % 

[1]. Melt processing has also been reported. With this method Haggenmueller et al enhanced 

mechanical and electrical properties of PMMA/SWNTs films [2]. Films were made by first by 

solution mixing and drop casting method. Then the films were broken into pieces and stacked 

between two polished metal plates. The stack was then hot pressed at 180°C for 3 minutes. 

The resulting product was broken, stacked and hot pressed again. This produce was repeated 

as many as 25 times to ensure a homogenous dispersion. Many authors have also reported the 

use of functionalised CNTs to improve the mechanical properties in polymer-CNT composites 

[3-5]. Using this method Hwang et al grafted MWNTs to PMMA via an emulsion reaction. 

The PMMA-grafted MWNTs significantly improved connection between the MWNTs and the 

PMMA matrix resulting in a uniform dispersion of the MWNTs in the matrix[6].

Another method involves in situ polymerisation in the presence of pristine nanotubes 

which can result in covalent attachment of nanotubes to the polymer. Consequently, better 

dispersion and stronger interface between the nanotubes and the polymer matrix is achieved 

[7-12]. Using this process with pristine carbon nanotubes, Jia et al. [13] have suggested that 

during the polymerisation, the initiator could open the n bonds of the CNTs and therefore lead 

to a strong interaction between the nanotubes and the polymer. However, in situ 

polymerisation in the presence of functionalised nanotubes is even more promising owing to 

the superior dispersion of functionalised nanotubes in solvents and potential for chemical 

reactions between the initiator and the functional group. This results in more complete 

polymerisation and more effective crosslinking of the polymer with the nanotubes and so 

increases the mechanical properties.
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4.3 Filins Preparation.

PMMA-CNT composites were synthesised using an in situ radical polymerisation 

method. In a typical procedure, MMA monomer (99 %,Aldrich) was distilled twice to remove 

any impurities. The free-radical initiator azobisisobutyronitrile 2,2 (AIBN, Aldrich) was 

mixed with 1 g o f purified MMA and -OH functionalized thin MWNTs (www.nanocyl.be). 

The solution was sonicated for 5 min in a sonic bath to remove any trapped air. The quantities 

o f CNTs and AIBN relative to MMA were 1 wt% and 0.25 wt %, respectively. The solution 

was then stirred and heated to 90 °C for 2 h [13]. Consequently, a homogenous solid 

PMMA/CNT composite was formed (fig: 4.2), which was subsequently cured for 12 h at 90

=C.

Pol erised PMMX

,n/
PolYtnerised PMMA/CNTs

Figure 4.2: Homogenous solid o f  polym erised PMMA and PM M A/CNTs.

To prepare a range of composite mass fractions, the polymerised sample was dissolved 

in toluene at a concentration of 30 g/1. To achieve a good dispersion, the solution was 

sonicated for 5 min using a high-power sonic tip (120 W, 60 kHz) followed by a mild 

sonication for 3 h in a sonic bath, followed by further high-power sonication for an additional 

5 min. Afterwards, the primary solution was blended with pure PMMA solution polymerised 

under the same conditions to produce a range o f various mass fractions of up to Iwt %. 

Another batch was also produce by blending the primary solution with commercial PMMA 

from Aldrich. After blending, an extra sonication process was carried out on each sample by 

using the high-power sonic tip and sonic bath for the same time periods as before. 

Freestanding films were fabricated by dropping 1 mL of each solution onto a polished Teflon 

square that was then placed in an oven at 60 °C to allow the evaporation of the solvent. This 

procedure was repeated four times in order to obtain an average film thickness of 75±5 jim 

(fig: 4.3) containing a homogenous dispersion o f carbon nanotubes. It should be pointed out
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that this technique does not allow a total evaporation of the solvent within the films. About 

10wt% of solvent was still trapped in the composites.

For each sample, nanotube mass fractions were converted into volume fraction using the 

following equation 4.1:

Equation: 4.1

Where Ff stands for the volume fraction (Tf=Fnt/(I^nt + Î PoO) and Wf for the mass fraction (wf 

=wnt/( wnt + wpoi)) o f CNTs present in the polymer. /?nt and ppoi are respectively the 

densities of the CNTs and the polymer matrix. Densities of 2150 kgm“  ̂ and 1300 kgm“  ̂were 

used for nanotubes and polymer respectively [14]

M M A

Figure 4.3: Drop-cast PMMA composites films with range o f volume fraction of nanotubes from 1.8x 10"* to

6x10 ' l

4.4 FTIR Characterisations.

It is important to determine whether or not functional groups have been covalently 

attached to the nanotubes. Infrared spectrometry was carried out in the mid-infrared (4000- 

5000cm ') region using a Nicolet FTIR spectrometer. Spectra were taken for polymerised 

PMMA and compared with commercial PMMA spectra in order to confirm the integrity o f the 

polymerisation reaction. Figure 4.4 represents the infrared spectrum of CNTs that have reacted

1 +
P l'o l

\ - m ,

n i fV  /
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with the PMMA during the polymerisation (reacted CNTs) compared to unreacted, pristine 

CNTs.

9 5 -

<D
O
C
(0

g  94 -
</>c
(0

I -

-  reacted CNT 
~ unreacted CNT9 3 -

500 1000 1500 2000 2500 3000

Wavenuber (cm')

Figure 4.4; FTIR spectra o f reacted and unreacted carbon nanotubes.

Samples were prepared first by dissolving polymerized PMMA/CNTs in toluene. 

Then, the solution was washed five times through a filter paper (pore size 0.22 |im) to remove 

PMMA chains that had not reacted with CNTs. The residue was then scraped from the filter 

paper, dried, and mixed with potassium bromide to obtain thin semitransparent films. Raw 

CNTs were also mixed with KBr for comparative analysis. In addition, infrared spectroscopy 

was performed on both pure toluene and each filtrate. While initial filtrates showed evidence 

of PMMA, the spectra for the final filtrate and toluene were identical, showing that all excess 

unbounded PMMA had been washed from the nanotubes after five washes. This strongly 

suggests that any species appearing in the reacted spectra are covalently attached to the 

nanotubes.

The first three peaks in the reacted spectrum at 3010, 2921 and 2853 cm"' are 

characteristic o f PMMA, and they are not present on the unreacted spectrum. Also the peak at 

1721 cm'' could represent an esteric group which is present in the PMMA structure. The peak 

at 1622 cm"' is present only in the reacted spectrum. It corresponds to the C =0 vibration o f the 

side chain o f PMMA. Moreover the intense peak in the unreacted spectrum at 1383 cm"' 

represents the vibration o f an alcohol groups (-0H) associated with the original functionality. 

After the polymerisation reaction, this peak was absent from the reacted spectrum suggesting 

that bonding occurs between functionalised groups and PMMA. The nature o f the peak at 681
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cm’' is unclear at present time; however this peak had completely disappeared in the reacted 

spectra. As a whole this FTIR data strongly suggest that at least some of the PMMA chains are 

covalently attached to the nanotubes. The main peaks observed are summarised in the Table 

4.1.

Fragment of reacted CNT Wavenumber (cm’’)
— C H - (acyclic) 2921.19

0 —CH j , — C H ^  (acyclic) 2853.25
p

R - C , 1721.84
0 - R

c= c,c= o 1622.73
/?

R - C ,  . — 0 —  
0 - R 1131.7, 1104.93

—0 — 1018.42,910.33, 838.21
Fragment of unreacted CNT Wavenumber (cm"')

\
^C H O H 1383.95

R 1, R2
C = C , 681.19, 671.16

R4 R3

Table 4.1: IR frequencies of the different compounds o f the reacted and unreacted carbon nanotubes.

4.5 Mechanical Characterisations.

Tensile measurements were carried out using a Zwick tensile tester with a lOON load 

cell and a cross head speed of 0.5 mm.min’’. To determine the mechanical properties o f the 

PMMA composite films, five measurements on five different strips were performed on each 

sample for statistical accuracy. The dimensions of the strips were 10 mm x 2.5 mm x 75 ^m. 

Shown in Figure 4.5 and 4.6 are representative stress-strain curves for some of the composites 

studied in this work. The first stress-strain curve represents the composites film blended with 

polymerised PMMA (Composites A). The second curve represents the composites film 

blended with commercial PMMA (Composites B). The strain, s, represents the fractional 

elongation while the stress, a , is the force divided by the cross-sectional area of the unloaded 

sample.
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Figure 4.5: Representative Stress-Strain curves for Com posites A for a range o f  volume o f  nanotubes. The inset

is a magnification at low strain.
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Figure 4.6: Representative stress-strain curves for Com posites B  for a range o f  

volum e fractions o f  nanotubes. The inset is a magnification at low strain.

In the case o f  the composites blended with polymerised PMMA, the pristine polymer 

displays elastic behaviour up to a yield point o f  f  = 0.2 %, followed by a small deformation 

before fracture occurs at a strain-to-break o f £b  =  0.57 %. This low value o f strain-to-break is 

typical for low-molecular-weight polymers such as this material [15]. Dramatic changes in the
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stress-strain curves can be observed on the addition of CNTs. As the nanotube content is 

increased, the yield point increases to approximately s  = 0.66% for the sample with a volume 

fraction (Ft) o f 7.5 x 10'*. In addition, significant plastic deformation is observed for mid

range nanotube-loading levels. The strain-to-break increases steadily with nanotube volume 

fraction reaching = 6.53% for the V{ = 7.5 x 10'^ sample. This is unusual, as most polym er- 

nanotube composites become brittle on the addition o f even small amounts o f nanotubes. 

However, above this volume fraction the strain-to-break does indeed fall off and the material 

becomes more brittle as more nanotubes are added. This trend is shown in Figure 4.7.

For composites blended with commercial PMMA, the pristine polymer also display an 

elastic behaviour up to a yield point o f ^ = 0.37 % which is followed by a small deformation 

before fracture occurs at a strain-to-break o f = 1.57 %. However, by adding small content 

of carbon, changes in the stress strain curves are less significative compare to composite A. 

Linear increase in £b is observed only up to 2.24 % for a nanotubes volume fraction o f 7.5 x 

10''*. At higher content of nanotubes Sb also fall off (fig: 4.7). Moreover, for the highest £fe, the 

plastic deformation is less impressive compare to composite A at the same volume fraction.
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Figure 4.7: Strain at break o f Composites A  and B as a function o f volume fraction o f carbon nanotubes with the

corresponding standard error.

More importantly, for low CNT contents, a remarkable increase in stiffness, strength, 

and toughness is clearly visible for both composites A and B. Figure 4.8 shows the Young’s
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moduli as a function of the volume fraction o f CNTs for all composites studies. The Young’s 

modulus was calculated from the linear elastic deformation from each stress-strain curve o f all 

the composites studied. In the case of composites A, it can be clearly seen that the Young’s 

modulus increases linearly with volume fraction before falling off at higher volume fractions.
I

This linear increase occurs up to an optimum loading level o f Vf = 1.5x10' . This represents an 

increase of xl.9, from 0.71 GPa to 1.38GPa. The enhancement of the Young’s modulus, 

dY/dVf, which is the fit of the linear increase of the Young’s modulus was found to be 586±89 

GPa in this case. For composites B, increase of the Young’s modulus was also observed. 

However, this increase was not as linear as for composites A. Nevertheless, optimum loading
'i

level occurs at volume fraction of Vf = 1.5x10' which represents an increase of xl.23 from 

1.04GPa to 1.28 GPa. Despite an approximate fitting, dY/ dVf was calculated to be 80±1.8 

GPa for low volume fractions o f nanotubes. It should be pointed out that at a loading level of 

6x10'^ Vf of CNTs the Young’s modulus of this composite is about 0.88 GPa. This represents 

a lower value than the pristine PMMA (1.04 GPa). This clearly shows that above a certain 

loading level, carbon nanotubes aggregation occurs and as a consequence it compromises the 

reinforcement. It is also interesting to notice the difference in value between the pristine 

PMMA from composite A and B (0.71 and 1.04 GPa). This can be attributed to the difference 

in the molecular weigh between A and B which are respectively 3500 gmol'' and 50000 gmol'
I
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Figure 4.8: Young’s Modulus for composites A  and fi as a function of volume fi'action o f carbon nanotubes with

the corresponding standard error.
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Previous work [12] preparing PMMA-functionalised-CNT composites by in situ 

polymerisation has shown an increase in the storage modulus of 81% by adding 0.009 volume

146 GPa. A dramatic increase in the storage modulus at 20 °C from 2.5 GPa for pure PMMA 

to 31 GPa for a composite containing Ff = 0.13 PMMA-grafted MWNTs made by emulsion 

polymerisation was also reported [6] By this method, dlYdFf was equal to ~ 203 GPa. In both 

cases, these results were obtained using dynamic mechanical analysis (DMA). It should be 

pointed out that the dF/dFf values presented here are significantly higher than those appearing 

in the literature for comparable composites. However, due to saturation at relatively low Ff we 

have not achieved moduli comparable to those discussed by Hwang et al [6].

Young’s modulus data can be analysed using the models described in the previous 

chapter. These are namely the Krenchel’s rule of mixtures for short fibres composites [16] and 

the Halpin-Tsai equations [17]. The Krenchel’s rule of mixtures is given by:

Where Vc, Knt, and Fp are the composite, nanotube, and polymer moduli, Ff is the nanotube 

volume fraction, and f/o and are efficiency factors related to fiber orientation [16] and length 

[18] We assume a preferential orientation of the nanotubes in the plane o f the film, in analogy 

with the situation for PVA-nanotube films also made by drop casting processing on similar 

conditions [19]. In this case, t/o can be chosen to be equal to 3/8 [16, 19, 20]. Previous work 

based on PVA composites has shown that it is very difficult to separate the contributions of //i 

and Fnt when using small data sets [20]. Therefore, an effective nanotube modulus can be 

defined by :

The modulus values for catalytic nanotubes, lie in the region of 10 to 500 GPa [21]. 

Combining equations 4.2 and 4.3 and taking Ynff equal to 10 and 500 GPa we found a average 

value for dYc/dVf and its standard error to be equal respectively to 94.91±92.15 GPa and 

94.6±92.15 GPa using the pristine PMMA from composites A and B. This model clearly does

fraction of CNTs by thermal mechanical analysis at 40 °C. In this case dF/dFf was equal to

Yc = {ri,riJ,,-Y,,)V,+Y, Equation: 4.2

Equation 4.3
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not fit the dYc/dVf observed in the linear increase in composites A (586±89 GPa). The model 

fit the enhancement Young’s modulus obtained for composites B (80±1.8 GPa). However, this 

fit agrees with experimental data because o f the fit linear we choose for to measure the 

reinforcement. If we would have chosen the best linear fit, the experimental dYc/dVf would 

have been about 1.23±0.2TPa. This suggest that Krenchel’s rule does not always apply well to 

nanotubes-based composites [22, 23].

Using the alternative Halpin-Tsai model for random orientation fillers given by:

Yc = l̂ + 2;7r^/'
f  y

Equation 4.4

The enhancement Young’s modulus can be then be expressed as:

dYc 3 //- n  15
 »-Y,.r], (C + 1) + — Y,,dV, 8 '  8 ‘ Equation 4.5

Where til and r|T have been defined in the pervious chapter and ^=21/D with 1 and D the length 

and the diameter o f the fibre respectively. This approximation is valid as Vf ^  0 and for stiff 

fibres where Y f »  Yp [24].

We carried out Transmission Electro Microscopy (TEM) in order to measure the length 

and the diameter o f the nanotubes used in this study (Fig 4.9).After carefully measuring over 

100 nanotubes average value for the length and the diameters were respectively 1225±592 nm 

and 16.65±3.97 nm. Therefore we estimated a value for to be equal to 147±105.
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Figure 4.9: TEM picture o f  OH functionalized M W NTs.

Taking Yf equal to lOGPa and SOOGPa, the calculated dYc/dVf is then found to be 19.2±14.7 

GPa and 25.7±20.6 GPa using pristine PMMA of composites A and B, respectively. In both 

case, the Halpin-Tsai model does not fit the enhancement Young’s modulus estimated from 

the experimental data.

Therefore both models cannot be applied to fit the reinforcement observed for low 

loading level of nanotubes for PMMA composites blended with polymerised PMMA and 

commercial PMMA. This suggest than another model is required to express the stress transfer 

which occur between the nanotubes and the polymer.

The breaking strength, oq, and ultimate tensile strength, ac, are represented in Figure 

4.10 for composites A and B. ctb corresponds to the stress at which fracture occurs, ac 

represents the maximum stress value applied to the material. In general, for viscoelastic 

materials there is a clear difference between ac and ctb, with ac >aQ.
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Figure 4.10: Ultimate tensile strength and breaking strength for PMMA composites blended with polymerised 

PMMA and commercial PMMA as a function o f volume fraction of carbon nanotubes with the corresponding

standard error.

However, when the material has a very small plastic deformation, the two parameters 

can be very similar, or in some cases identical. This is the case for our low-volume-fraction 

composites, resulting in similar trends for the two parameters. In both cases a linear increase 

in strength was observed followed by a fall off. For the composites blended with polymerised 

PMMA, a dramatic increase in ac from 8.03 MPa to 37 MPa was observed by adding less than 

7.5 X 10^ Ff of nanotubes. Similarly, an increase in from 6.4 MPa for the polymer to 30.3 

MPa for the 7.5 x lo^  Vf sample was recorded. The slopes for these linear increases were 

calculated to be d<Tc/dFf=38 ± 2.4 GPa and das/dFf = 33.7 ± 3.6 GPa. It should be pointed out
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that the low strength o f the pure polymer is due to its relatively low molecular weight o f 3500 

g m oP', which corresponds to approximately 67 repeat units. Similarly, the composites 

blended with commercial PMMA show increase in ac from 20.3 MPa to 30.6 MPa was 

observed by adding less than 7.5 x 10“̂  Ff o f nanotube. Breaking strength also increase from 

20.3 GPa up to 30.3 GPa for a loading level of nanotubes of 7.5 x 10^ Ff. These linear 

increases gives values of 10.1±1.78 GPa and 9.62±1.66 GPa for d(Tc/dFf and dcB/dFf 

respectively.

Jia et al [13] also noticed strength enhancement when using unfunctionalised MWNTs 

in PMMA composites fabricated by in situ polymerisation. Reinforcement of up to 30% in ctb 

was achieved by adding 0.03 volume fraction of CNTs. Velasco- Santos et al. [12] have 

reported an increase o f 75% in as by using functionalised MWNTs with a volume fraction of 

V{= 0.009 and a 41% increase by adding V{= 0.006 unfunctionalised MWNTs.

The strength of fiber-reinforced composites can be described by the rule of mixtures. 

In the framework of this model, if  the fibres are longer than the so-called critical length, the 

rule of mixtures can be expressed by [15]

, 21
^ N T  ^ Vj + O',- Equation 4.6

where uq, ctnt, and a? are the composite, the nanotube, and the polymer strengths, respectively 

(<Tp is measured from the breaking strength of the polymer, referred to earlier as <t b ) -  The 

nanotube length is described by / while Ic represents the critical length. This is the nanotube 

length below which the polymer can no longer transfer enough stress to break the nanotube. 

The expression of Ic given in the previous chapter can approximated as follows

2r

where D is the nanotube outer diameter, d  is the diameter of the inner channel, and r is the 

interfacial shear strength (IFSS). The approximation is valid for large-diameter nanotubes with 

narrow inner channels, as we have here. Combining Equations 4.6 and 4.7 (neglecting cp.

1 - -

2r
Equation 4.7
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which is relatively small), differentiating with respect to Kf, and re-arranging gives a quadratic 

equation for the nanotube strength. The solution to this equation is:

21
^ N T  ~  ^ D V d dV,

Equation 4.8

The validity o f this expression can easily be checked by showing that in the lim it where the 

nanotube length approaches infinity, as expected from Equation 4.6 (taking the

minus sign). For ctnt to be real, the following condition must be imposed

^ ^  ^ d o j^  Equation 4.9
/ dV^

Taking dcTB/dFf equal to 33.7 ± 3.6 GPa and 9.6±1.6 GPa for composites A and B and applying 

Equation 4.9, x was calculated to be > 470±400 MPa for composites A and >133±121 MPa for 

composites B. The highest values ever suggested to our knowledge is t  =500 MPa [25]. 

However, it is unlikely that this figure is realistic. Literature values quote that t  should be in 

the range o f 50-100 MPa [25-29]. However, it is more likely that t  is close to the value for the 

polymer shear strength, which is in turn probably close to the polymer tensile strength 

(pristine ^=6.4 MPa and pristine 5=20.3 MPa). Thus i f  this model may apply for composites 

blended with commercial PMMA, it also suggest than Equation 4.9 is not valid to fit 

experimental data from composites blended with polymerised PMMA. In this case, the 

average nanotube length is actually less than the critical length in our samples, which means 

that Equation 4.6 actually cannot be used here.

The fact that Equation 4.6 does not apply can be further emphasised by calculating the 

nanotube strength implied by Equation 4.8. I f  we assume Equations 4.8 and 4.9 apply in this 

case then the minimum possible value for the nanotube strength can be found to be <tnt > 

Idao/dVf, that is <tnt > 67.4 ±7.2 GPa. Given that the highest strength ever recorded for 

perfectly graphitised nanotubes was ctnt = 63 GPa [30], this is unlikely. In fact, owing to their 

high defect content, catalytic MWNTs such as those used in this work tend to have strengths 

o f the order o f a few gigapascals [31] Thus, it is extremely unlikely that the model described 

by Equation 4.6 is appropriate in this case o f composites blended with polymerised PMMA.
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An alternative model describes the situation when the nanotube length is less than the 

critical length. In this case, the nanotubes do not break when a stress is applied to the material. 

In fact, failure occurs at the polymer/nanotube interface,

generally by debonding of the polymer from the nanotube. The following equation represents 

a tensile-strength model for short-fiber composites under these circumstances[15]:

2R
T - c r , Vf + cTp Equation 4.10

where a? is the polymer breaking strength, and R the radius of the nanotubes. By fitting this 

equation with the data from Figure 4.10 we obtained a value for the interfacial stress transfer 

o f 456 ± 378 MPa. This means than the shear strength lies in the range of 78 < t  < 834 MPa. 

As discussed previously, the interfacial

shear strength is expected to lie in the 50-100 MPa range. Thus, while our calculated t  is 

within the possible range, it is unlikely that the IFSS is so high, even for covalently 

functionalized nanotubes. To unambiguously test the applicability of this model, it is 

necessary to confirm that debonding actually occurs at the polymer/nanotube interface.

In order to test this, scanning electron microscopy (SEM) studies have been carried out 

on the composites used for mechanical testing. Shown in Figure 4.11 is an SEM image of a 

crack in the composite film blended with polymerised PMMA.

Figure 4 .11 : SEM picture o f  Poiymer-covered nanotubes bridging a cracic in a com posite blended with

polym erised PMMA.
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A number o f ID objects are observed bridging the crack. While these objects are clearly 

nanotubes, detailed measurements of their average diameter show it to be 

much larger than that measured for pristine nanotubes by TEM. The measured average 

diameter o f the objects observed by SEM was 111 nm, which can be compared with the 

average pristine nanotube diameter o f 16 nm. Assuming a thickness for the gold coating of 15 

nm, this means the nanotubes are covered with some sort of coating of thickness of 33 nm. We 

suggest that this coating is a very well adhered polymer layer. This layer probably consists of 

polymer strands that have entangled with the covalently attached functional groups to form a 

mechanically strong interfacial region. This means that the fracture is unlikely to occur at the 

polymer/nanotube interface but must occur at the edge of the interfacial region. Therefore, 

another model is needed. Such a model would take into consideration that the break occurs at 

a polymer/polymer interface displaced from the polymer/nanotube interface. It can be 

described by the following equation [20]:

O - r  = , R
 ̂N T

2R ^  shear 1 +  — <7 „I R )
P

V, + cr,, Equation 4.11

where b is the thickness of the polymer coating around the nanotubes and dp the breaking 

strength of the bulk polymer. [9] Here, cTshear is the shear strength o f the polymer/polymer 

interface at the edge of the interfacial region. Applying this model (Xshear was found to be 88 ± 

115 MPa, meaning the shear strength is within a range of 0 < o-jhear < 203 MPa. While the error 

is very large, the region of uncertainty does in fact encompass the polymer breaking strength, 

(Tp = 6.4 MPa. This confirms that this model may, in fact, be the correct one to fit data from 

composites blended with polymerised PMMA. This means that the covalently attached 

polymer strands play a dual reinforcement role. They act to increase the polymer/nanotube 

IFSS as originally expected. However, in addition, they increase the composite strength by 

entangling with the matrix polymer to create a high-strength interfacial region. This behavior 

has been observed before for chlorinated polypropylene-functionalized- nanotube composites 

[20]. In addition. Barber et al. have observed polymer interfacial regions with anomalously 

high shear strength in pullout measurements [27]. This may explain the high value o f (Xshear 

calculated using Equation 4.9. One might even speculate that this interfacial region is stiffer 

than the bulk amorphous polymer. It could then act as an extra component of reinforcement.
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analogous to the role played by crystalline coatings in Poly(vinyl alcohol)-based composites 

[20], resulting in higher than expected dF/dFf values.

The toughness, as shown in Figure 4.12, is the energy needed to break the composite, 

and can be calculated from the area under the stress-strain curve. It shows a dramatic linear 

increase of 1282% from 0.069 MJm“̂  to 0.95 MJm"^ by adding 1.5 x 10~̂  Ff o f CNTs for 

composites A. The slope, dT/dVf, of this linear increase was calculated to be 6.1 ± 1.38 x 10* 

Jm“̂ . It should be pointed out that the linear fit did not take in account the data for Vf=l.S^  

10”̂  because of its very high value. Similarly, composites B show a linear increase o f 200% 

from 0.26MJ/m’̂  up to 0.79MJ/m'^ by adding 1.5 x 10“  ̂ Vf o f nanotubes. The calculated
O  -1

dr/dFf is then equal to 6.74 ± 1.55 x 10 Jm . I n  comparison, Jia et al. [13] obtained an 

increase of 2.7% by adding 0.03 Ff of treated CNTs and a dTVdFf value equal to 1281 Jm“̂ . 

Similarly, an increase o f 74.6% was observed by adding V{ = 0.009 o f functionalised CNTs 

[12].
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Figure 4.12: Toughness for PMMA composites blended with polymerised PMMA and commercial PMMA as a 

function o f  volume fraction o f  carbon nanotubes with the corresponding standard error.

All mechanical parameters, modulus, strength, and toughness display an approximately 

linear increase with volume fraction followed by saturation. This results in an optimal 

nanotube volume fraction for mechanical reinforcement that is extremely low compared to 

previous measurements. The decrease in mechanical parameters at higher volume fraction can 

be explained by nanotube aggregation at higher loading levels, resulting in the formation o f
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stress-concentration centers. This clearly illustrates the importance of good nanotube 

dispersion at low volume fractions. However, it also shows that the maximum reinforcement is 

limited by the maximum achievable volume fraction where good dispersion can be 

maintained. In the future it will be important to try to increase this maximum volume fraction, 

possibly through careful chemical engineering o f the functionalities. Also, the preparation of 

drop cast film involves a reasonable amount of residual solvent trapped in the films (~10wt%). 

Therefore, the solvent may act as a plasticizer which may lead to a decrease o f the Young’s 

modulus and the strength. Future work needs to be addressed to minimize the present of 

residual solvent .All the mechanical results are summarised in Table 4.2.

Com posite/4

d Y /d V f , (P a )

Value

(5.8±0.9)xl0 '

Increase

94%

0.71G P a^l.38G P a

Satured point, Vf

1.5 X 10'  ̂ vol%

d O c/d V f ,(P a )

dOe/dVr, (Pa)

(3.8±0.2)x 10"

(3.3±0.3)xl0"

360% 

8.03MPa—37MPa 

373% 

6.4MPa—30.3MPa

7.5 X 10-Nol%

7 .5 X 10“' vol%

d T /d V f , J/m^

det/dVf 

Composite B 

d Y /d V f , (P a )  

dOc/dVf,(Pa)  

dOe/dVf, (Pa) 

dT/dVf ,J/m^

dEfc/dVf

(6.1±1.3)xl0* 

27.9 ± 10.4 

Value  

(8±0.2)xl0 '° 

( l± 0 .1 )x l0 '“ 

(9.6±1.6)xl0^ 

(6.7±1.5)xl0’‘ 

17.7±3.5

1282%

0.069 M JW  ^  0.95 MJ/m^ 

526%

0.011 ^ 0 .0 6 9 5

Increase

23%

1 .0 4 G P a ^ l.2 8  GPa 

50%

20.3 M P a^3 0 .6  MPa

49.6%

20.3 GPa—30.3 GPa

200%

0.26MJ/m-^ —079MJ/m-^ 

70% 

0.02—0.034

1.5 X 10'  ̂ vol% 

7.5X lO'^vor/o

Satured point, Vf

1.5 X 10'  ̂ vol% 

7.5X lO 'SoP/o 

7.5X lO-** vol% 

7.5X lO"* vol% 

7.5X lO"* vol%

T ab le  4.2: Summarisation o f  the main m echanical results.
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4.5 Conclusion.

Polymer composites have been fabricated using PMMA and OH-functionalized 

MWNTs by in situ polymerization. FTIR studies suggested that bonding between carbon 

nanotubes and PMMA may occur at the -OH functionality, and also at the outer layer of the 

CNTs. More analysis needs to be done to confirm these results. Mechanical properties have 

shown an increase in all the parameters investigated for a low content of carbon nanotubes in 

both systems i.e. PMMA composites blended with commercial PMMA and polymerised 

PMMA. Using Krenchel’s rule of mixtures and Halpin-Tsai to calculate the theoretical 

enhancement Young’s modulus failed to fit the experimental dY/dVf for the composite 

blended with polymerised PMMA. Shear stress, t , was calculated with two different models. 

The first model gave an unreasonably high value of 470±400 MPa for composite A compared 

to the expected value 50-100 MPa. However this model gave a more acceptable value of 

133±121 MPa for composites B. Therefore the second model, which takes into account the 

microscopy studies, was used to fit the experimental data of composites A. In this case the 

calculated polymer shear strength was found to be 88 ± 115 MPa. While this is much higher 

than the expected value of approximately 6.4 MPa it is an acceptable value within the error. 

Also, the range of the error can be explained by the large variations of length of the nanotubes 

in the TEM studies. Finally, at higher mass fractions, the mechanical properties tend to fall 

off. This is probably due to aggregation effects at high concentration.
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Chapter 5: Properties of PLLA and Biosteel Reinforced With

Carbon Nanotubes.

5.1 Introduction.

This chapter presents the properties o f two biomaterials reinforced with carbon 

nanotubes fabricated by solution processing. The first part will present the mechanical and 

thermal properties o f Poly (L lactic acid) (PLLA) reinforced with two different types of 

nanotubes. These are OH functionalised MWNTs and SWNTs functionalised with 

octadecylamine. The second part of this chapter focuses on the mechanical reinforcement of 

engineered spider silk (Biosteel) with SWNTs functionalised with octadecylamine.

5.2 PLLA Composites Studies.

5.2.1 Background and Motivations.

Among all biopolymers, PLLA is of special interest. Because o f the presence of ester 

groups, this polymer is susceptible to enzymatic and hydrolytic degradation to form L-Lactid 

acid, a naturally occurring metabolite in the human body. Additionally, PLLA is U.S Food and 

Drug Administration approved and available commercially in a variety o f grade. In the 

biomedical field, PLLA has widespread applications in sutures, drug delivery devices, 

prosthetics, vascular grafts, bone screws, pins, and plates for temporary internal fixation [1,2]. 

Good mechanical properties and degradation into non toxic products[3] are the main reasons 

for such an array of applications. Another factor contributing to the use o f PLLA in 

biomedical applications is its ability to be copolymerised and blended to obtain product with 

desirable properties. However, its use has been limited because of the cost o f production. 

Recent progress on the production process opened PLLA to new potential applications[4]. One 

o f them is to use PLLA as a scaffold for tissue engineering. The polymer has an in vivo
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degradation time of several weeks which gives enough time for the tissue being repaired to 

regain its structural integrity and function. Adding carbon nanotubes to such a polymer can 

furthermore help the tissue to regenerate or stimulate cell growth. For example, Supronowicz 

et al successfully improved osteoblast cells proliferation by electrical stimulation using 

Polylactic acid CNT composites[5]. Mechanical stimulation using a bioreactor is also 

necessary to stimulate and improve the properties for tissue engineering[6 ]. Therefore, the 

mechanical properties o f CNTs can also help the scaffold to sustain the mechanical 

stimulation. With this in mind, we assessed the potential mechanical reinforcement o f PLLA 

using carbon nanotubes as fillers.

5.2.2 Film Preparations.

Two types of PLLA were used in this study. The first PLLA investigated was 

purchased from Sigma Aldrich (Mw 100,000-150,000). The second PLLA batch was kindly 

offered by Purac® (Mw 360,000-365,000 g/mol). These polymers will be referred as PLLA 

LMW (Low Molecular Weight) and PLLA HMW (High Molecular Weight) for the following 

presented work. In both cases, polymers were first dissolved in chloroform at a concentration 

of 30g/l. Then, lwt% of OH functionalised MWNTs (www.nanocyl.be) were added to the 

polymer solutions. We used the same batch o f nanotubes for this study and the PMMA study. 

In order to disperse these CNTs, solutions were sonicated by using an ultra high power sonic 

tip for I min. Subsequently, solutions were placed for 2 hours into a low power sonic bath. 

This was followed by an additional sonication for 1 min using a sonic tip. Solutions were then 

left undisturbed for 48 hours in order to allow impurities to form a sediment at the bottom of 

the sample bottle. The resulting solutions, rich in nanotubes, were then decanted while the 

sediment containing impurities remained at the bottom of the sample bottle.

Solutions were then blended with a PLLA LMW / CHCI3 and PLLA HWM / CHCI3 at 

30g/l to produce a range of mass fractions. In order to optimise dispersion, every sample bottle 

with different mass fractions was sonicated for an extra 30 seconds with the sonic tip. 2ml of 

the various solutions were dropped onto polished Teflon squares and placed into a fume hood 

at room temperature to allow the solvent to evaporate and form the composite films (fig: 5.1). 

Due to solvent effects, only 2 layers were produced. More layers would have resulted in a less 

homogenous film. The samples were then peeled off the Teflon squares and placed in a high
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vacuum oven at 900 mbar for 24 hours to remove any solvent which might be trapped in the 

composites. However, further analysis show 10wt% of residual solvents in the composites 

films as it will be discussed in this chapter.

Figure 5.1: Drop-casting PLLA LMW composite films with range o f  volume fraction o f  OH functionalised

M W NTsfrom 1.8x10“’ to 6x10 'l

The same procedure was used to fabricate PLLA HMW composites with SWNTs 

functionalised with octadecylamine (www.carbonsolution.com) in chloroform. We chose this 

alternative batch of nanotubes because, thanks to their functionality, they are well dispersed in 

organic solvents[7]. Figure 5.2 shows the synthesis o f these functionalised SWNTs. These 

nanotubes will be referred to as P5-SWNTs for the following presented work.

6 x l f r 3

r PLLA * L 8 x ia ‘‘ 3.8X 10̂ “ I

I

 ̂ ^  SOCU
I s-SWNT ~l '"O H   S-SWNT I s-SWNT 1—

CH3(CH2)„NH j
NH(CH2)i7CH3

or

SWNT h e
yP CH3(CH2),?NH2 

OH

Figure 5.2; Synthesis o f  SWNTs P5 [7],
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5.2.3 Mechanical Characterisations.

Similarly to the PMMA composites, tensile measurements were carried out on PLLA 

composites by using a Zwick tensile tester ZIOO. The test conditions were the same as for the 

PMMA samples (cross head speed 0.5 mm.min''). For each volume fraction, and for pristine 

PLLA, five measurements were performed on five strips (12 mm x 2.5 x mm 60 |^m). Figure

5.3 shows the stress-strain curves of the PLLA composites reinforced with OH-MWNTs and 

P5-SWNTs respectively. To calculate the volume fraction of nanotubes presented in the

following results, densities of 2150 kgm'"*, 1500 kgm'^ and nOOkgm'"’ were used for OH 

MWNTs, P5-SWNTs and polymer respectively[8].
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Figure 5.3: Representative stress-strain curves for PLLA/CNTs composites for a range o f

volume fractions o f  nanotubes.

Both PLLA LMW and PLLA HMW composites exhibit typical viscoelastic behaviour 

of semi-crystalline materials. However, they present some dramatic changes in their plastic 

deformations. For example, average strain at break eb calculated from Pristine PLLA LMW 

and PLLA HMW gives a value o f eb equal to 4.4±2.4 % and 45±21 % respectively. 

Furthermore, adding CNTs also increases Eb dramatically in each case investigated. For a 

loading level of 1.5x10' Vf of OH-MWNTs into PLLA LMW, eb undergoes an almost linear 

increase up to 12 % strain. This represents an increase o f 177%. With the PLLA HMW matrix, 

this increase is 69 % by adding 7.5x10"* Vf of OH-MWNTs and 264% by adding 2.1x10'^ Vf 

of P5-SWNTs (fig: 5.4). It should be pointed out that the reds line from figure 4 are not fits 

but guide to eye to show the trend of the increase.
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Figure 5.4: Strain at breatc o f  PLLA/CNTs composites as a function o f  volume fraction o f  carbon nanotubes with

the corresponding standard error.

Khan et al used the same batch o f P5-SWNTs to make Polyvinyl chloride (PVC) composites 

by solution mixing and drop-cast techniques[9], With this system, they also recorded a 

dramatic increase o f 178% for sb by adding a volume fraction o f 2.38 xlO'^.

The Young’s modulus increases linearly by more than 45% from 1.08±0.006 GPa for 

the pristine PLLA LMW up to 1.57±0.44 GPa with a volume fraction o f OH-MWNTs of 

4.8x10'^. This increase corresponds to a dY/dVf of 841±72 GPa. Chen et al. also used PLLA 

(Mw 160,000) with OH-MWNTs. In this study, they prepared two types of composites, 

PLLA/OH-MWNTs and PLLA mixed with OH-MWNTs grafted PLLA (OH-MWNTs-g- 

PLLA). In both cases, films were made by hot pressed sheets processing [10]. By adding 

0.006 Vf of OH-MWNTs and OH-MWNTs-g-PLLA, the Young’s modulus improved by 14% 

and 51% respectively. This corresponds to a dY/dVf o f 81 GPa and 375 GPa.
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Figure 5.5 Young’s Modulus for PLLA/CNTs composites as a function o f  volume fraction o f  carbon nanotubes

with the corresponding standard error.

No linear increases were observed for PLLA HMW/CNTs composites as seen in 

Figure 5.5. This could be due to the long molecular weight of the polymer. As a result, the 

system may be highly entangled with a lower CNTs dispersion. However, both P5-SWNTs 

and OH-MWNTS PLLA films present a small increase in the stiffness of 11% and 12 % 

respectively. For pristine PLLA LMW and PLLA HMW, Y is 1.08±0.006 GPa and 1.66±1.18 

GPa respectively. Moon et al. also investigated the mechanical properties o f PLLA HMW 

(Mw 300000 gmol*') composites[l 1]. They prepared composite films by solution mixing and 

drop-casting of PLLA with catalytic MWNTs. After being folded and broken, cast films were 

hot pressed. By adding 0.018Vf of MWNTs they improved the Young’s modulus by 140% 

from IGPa to 2.4GPa. Comparing with our results, it may suggest that a higher loading level 

of CNTs is required to improve mechanical reinforcement. Khan et al obtained a linear 

increase in PVC composites up to a volume fraction of 6.6x10'^ [9]. This also corresponds to a 

small increase o f 35%. However, they obtained a dramatic dY/dVf of 7±3 TPa. This clearly 

shows that effective reinforcement can be achieved at very low content o f CNTs.
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Since a linear increase in the Young’s modulus only occurred for PLLA LM W /CNTs 

composites, we used the Krenchel’s rule o f  mixtures and Halpin-Tsai equations to fit our 

experimental values. Because PLLA films were fabricated by solution drop-casting we used 

the same theoretical parameters to calculate the enhancement o f the Young’s modulus o f 

PM M A composites. Taking Yp=1.08 GPa, dY/dVf was found to be 94.5±91.8 GPa using 

K renchel’s rule o f  mixtures (equations 4.2 4.3). Halpin-Tsai model (equations 4.5) gave a 

dY/dVf o f 26.3±21.1 GPa. Comparing this results with our experimental value o f dY/dVf = 

841 ±72 GPa, it can be concluded than these models do not explain the strong increase in the 

elastic modulus observed at low volume fraction o f  nanotubes.
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Figure 5.6: Ultimate tensile strength for PLLA/CNTs com posites as a function o f  volum e fi'action o f  carbon

nanotubes with the corresponding standard error.

Similarly, a linear increase was only observed in the ultimate tensile strength at low 

volume fraction o f nanotubes in PLLA LMW composites up to a volume fraction o f  4.8x1 O '* 

Vf (fig: 5.6). Afterwards, the reinforcement decreased which may be attributed to nanotube 

aggregations. Up to this optimum volume fraction, oq increases by more than 47% from
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33.3±3 MPa for pristine PLLA up to 49.1±2.7 MPa. This gives a dOc/dVf of 23.7±4.6 GPa. 

Chen et al, improved the tensile strength by 14 % and 51% adding 0.006 Vf of OH-MWNTs 

and OH-MWNTs-g-PLLA [10]. The corresponding dac/dVf are 1.3GPa and 4.8GPa 

respectively. Using PLLA HMW, there is a small increase in oc by adding both types o f P5 

and OH functionalised nanotubes, however, no significant trend can be observed. With less 

than 2.7x10'^ Vf of P5-SWNTs, oc increases by 14% from 36.4 ±1.1 MPa. up to 41.8±0.6 

MPa. Khan et al reported a linear increase of 13 % by adding up to 6.6x10'^ volume fraction 

of P5-SWNTs to PVC[9]. This corresponds to a dac/dVf of 80±20 GPa. Using the OH- 

MWNTs batch, this increase is about 12% from 38.9±1.1 MPa up to 43.6±1.7 MPa with a 

volume fraction of 1.35x10'^. In PLLA LMW/OH-MWNTs composites, the breaking strength, 

Ob, also exhibits a linear increase up to an optimum volume fraction before decreasing (fig: 

5.7). In this case, doe/dVf was found be 12.5±3.4 GPa. This corresponds to an increase o f 42% 

from 30.5±2.7 MPa to 43.4±1.5 MPa for a maximum CNT Vt of 0.003.
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with the corresponding standard error.
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W ith PLLA HMW/OH-MWNTs composites, as only increases by 31% from 27±3.2 GPa for 

pristine PLLA up to 35.5±0.4 GPa with 9.45x10'^ Vf o f nanotubes. An even smaller increase 

o f 6% is observed with PLLA HMW/P5-SWNTs composites from 30.2±0.7 to 32.1±4.4 MPa 

w ith a volume fraction o f 0.0021.

We used inequation 4.9 from the pervious chapter to fit the linear increase observed in 

the PLLA LMW/OH-MWNTs composites. The interfacial shear strength, x, was found to be 

169.6±155.6 MPa. This is an interesting result because it falls in the expected range o f values 

for catalytic nanotubes (50-100MPa). The calculated t, within its error, also falls in the 

expected range o f the polymer shear strength for PLLA LM W  (30.5 MPa). This may suggest 

than the strength o f fiber-reinforced composites described by the rule o f mixtures (equation 

4.6) is a valid model to f it our experimental data. This model could not be used for the PLLA 

high molecular weight composites because o f the absence o f linear increase in this 

investigated mechanical parameter.

There is a dramatic increase in the toughness o f the composites upon the addition o f 

CNTs. This is clearly visible from the stress strain curves where a small content o f nanotubes 

induces a large plastic deformation when compared to pristine PLLA for both molecular 

weights (fig: 5.3). For example, the improvement in toughness was recorded to be more than 

225 % by adding 2.1x10'^ V f o f P5-SWNTs to PLLA HMW as shown in Figure 5.8. Khan et 

al. reported an even higher increase o f 384% in the toughness by adding 6.6x10'^ xlO'^ Vf o f 

P5-SWNTs to PVC[9]. This may suggest that P5-SWNTs could act as plasticisers in 

thermoplastics polymers. This is underlined by the fact that stiffness and the tensile strength 

present a small increase in PLLA and PVC. OH-MWNTs also improve the toughness for both 

PLLA types investigated. However, this increase is much higher in the case o f PLLA LM W  

than PLLA HMW (281% and 30% respectively). The reinforcement is achieved for a volume 

fraction o f 1.5x10'^ and 9.4x10'^ for low and high molecular weight PLLA respectively. This 

is an unexpected result since we used the exactly same batch o f CNTs.
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Figure 5.8: Toughness for PLLA/CNTs composites as a function of volume fraction of carbon nanotubes with

the corresponding standard error.

5.2.4 Thermal Characterisations.

Thermal analysis using TGA and DSC were carried out on PLLA LMW composites to 

determine if the linear increase in the mechanical properties at low volume fraction of 

nanotubes also affects the thermal properties o f these composites.

5.2.4.1 Thermogravimetric Analysis.

All TGA runs were achieved by heating 5 mg of each investigated sample from 30°C 

to 900°C at a heating rate o f 10°C /min. This was performed under a constant air flow o f 20
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L/min. Figure 5.9 shows the decomposition behaviour of all the PLLA LMW composites and 

also of the OH-MWNTs.
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Figure 5.9: Weight loss versus tem perature for PLLA LMW com posites and O H -M W N Ts and their first

derivatives.

The first derivative curves of pristine PLLA and PLLA composites present their first peak 

around 125°C. This corresponds to the evaporation o f the chloroform which remained in the 

PLLA drop-cast films. The mass o f the solvent is about 10% of the total mass o f the composite 

films. As discussed in the previous chapter, the presence of residual solvent may have an 

effect on the mechanical properties of the films. The second peak (~375°C) can be attributed 

to the thermal degradation o f the PLLA. It is quite clear from the inset that adding CNTs does 

not change the thermal degradation of the polymer. The third peak seen in Figure 5.9 

represents the thermal degradation of OH-MWNTs. The peak is not visible in the degradation 

curve o f PLLA composites because of their very low nanotube content.
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5.2.4.2 Differential Scanning Calorimetry Analysis.

DSC runs were performed on PLLA LMW/OH-MWNTs to assess changes in the glass 

transition and the percentage o f crystallinity x- Previous work has shown than the mechanical 

reinforcement in the thermoplastic polymer (PVA) was directly correlated to the increase in 

the crystallinity by adding a CNT filler [12, 13]. They show that CNTs were inducing a 

crystalline coating of PVA resulting in the maximisation of the interfacial stress transfer.

We used the following program to carry out DSC measurement:

Two heat up scans from -  0°C to 250°C at 10°C/min 

One cooling down scan from 250°C to 0°C at 100°C/min 

Figure 5.10 displays curves of the 1®' and the 2"‘* heat programme achieved on PLLA 

composites. We only represented the curves of the PLLA composites with 0.006 Vf since all 

samples investigated including the pristine PLLA present similar curves.
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O)
5
'J' 60-
o5=
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2"'' heat scan

(U0) 40-

2 0 -
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E
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0 50 100 150 200 250
Tem perature Celsius, C

Figure 5.10: P’ and 2"** heat scan o f  PLLA LMW composites with 0.006 volume fraction o f  OH-MWNTs.

No glass transition is observed in the first heat scan. This can be explained by the fact that the 

evaporation of the chloroform trapped in the drop-cast films display a broad first transition 

(endothermic peak) which hides the second transition i.e. the Tg. No cold crystallisation is 

occurring also during the first run. This can be attributed to the chloroform evaporation which 

disables partial crystallisation of polymer chains above the glass transition. The peak at 170°C 

represents the melting temperature(Tm) where the crystalline regions o f the polymer start to 

melt. The second scan displays a typical DSC curve for semi-crystalline polymer. Tg occurs at
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approximately 55°C. This is followed by a cold crystallisation at around 110°C. Tm occurs at 

around 170°C.

Using equation 3.3 and taking AHioo% at 93.7 J/g[14] we calculated the percentage 

crystallinity, 'i, and the glass transition from the 1̂ ‘ DSC scan for all the PLLA LMW 

composites (fig; 5.11).
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Figure 5.11: Glass transition and percentage crystallinity o f  PLLA LMW composites as a function o f  volume

fraction o f  o f  OH-MWNTs.

From Figure 5.11, x appears to increase by adding CNTs. However this increase is not linear 

and does not follow the linear increase observed in the Young’s modulus (fig:5.5). The 

maximum increase recorded is only 11% by adding 1.8x10"^ volume fraction o f  CNTs. 

Coleman et al obtained a linear increase in the percentage crystallinity which matched the 

increase in the stiffness[12]. In this case the maximum increase obtained was -240%  for a 

volume fraction o f 6 xlO ’̂  o f catalytic thin MWNTs. This suggests that OH-M W NTs do not 

induce crystallisation o f PLLA with the same magnitude as in the PVA study. This is not an 

unexpected result since the OH functional!sation must disable the capacity o f  the polym er to 

wrap around the nanotube to some extent.

Tg calculated from the DSC shows a general trend where the Tg increases with increasing 

nanotube content, but this increase is relatively small. The highest increase is obtained with 

0.3vol % where the Tg only increases by 2°C.
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5.2.5 Conclusion.

We successfully produced low and high molecular weight PLLA composites with OH- 

MWNTs and P5-SWNTs by solution mixing and drop-casting techniques. The best 

mechanical reinforcement was achieved with PLLA LMW/OH-MWNTs composites. In this 

case, all the mechanical parameters investigated (Y, oc, ctb sb, T) show a linear increase up to 

an optimum volume fraction of nanotubes before falling off due to aggregation effects. Using 

the strength of fibre-reinforced composites described by the rule o f mixtures (equation 4.6) 

gives an acceptable value for x (169.6±155.6 MPa). This suggests that this model is valid for 

explaining the mechanical reinforcement. Thermal analysis has shown that nanotubes did not 

have an effect on the thermal degradation. Moreover, the glass transition and the percentage 

crystallinity did not undergo dramatic changes by adding CNTs. Using the same batch of OH- 

MWNTs with high molecular weight PLLA shows a lower mechanical reinforcement than the 

PLLA LMW composites. One possible explanation is that long molecular chains may decrease 

a good dispersion o f CNTs resulting in poor mechanical reinforcement. Using P5 SWNTs with 

PLLA HMW also showed low reinforcement in the stiffness and the strength. However, strain 

at break and toughness exhibited a dramatic increase o f 264% and 225% respectively by 

adding 0.21 Vf % of CNTs. Similar behaviour occurred using PVC as a matrix[9]. This 

suggests that the functionalisation o f these nanotubes (ODA) may act as a plasticiser. All the 

mechanical properties investigated using a tensile tester are summarised in the table 5.1.
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PLLA LMW 

OH-M W NTs

PLLA HMW  

OH-M W NTs

PLLA HMW 

PS-MWNTs

Young’s M odulus 

GPa

dY/dV|=841±72 

45% increase 

from 1.08 to 1.57 

V ^4.8xl0-''

12% increase 

from 1.75 to 1.96 

Vf=1.5xlO'^

11 % increase 

from 1.66 to 1.85 

Vf=2.1xl0'^

U ltim ate Tensile 

S trength 

GPa

dOc/dVf=23.7±4.6 

47% increase 

from 0.033 to 0.049 

V(=7.5xl0“*

12% increase 

from 0.038 to 

0.043 

Vf=1.3xlO“*

14% increase 

from 0.036 to 0.041 

Vf=2.7xl0"'

Breaking S trength 

GPa

doB/dV,= 12.4±3.3 

42% increase 

from 0.03 to 0.043 

Vf=3xl0'^

31 % increase 

from 0.027 to 

0.035 

V f=9.4xl0’̂

6% increase 

from 0.03 to 0.032 

V,=2.1xl0'^

Toughness

MJ/m^

dT/dV^1680±248 

281% increase 

from 1.07 to 4.08 

Vf=1.5xlO'^

30% increase 

from 12.7 to 1.66 

V r9 .4 x l0 '’

225% increase 

from 22.3 to 72.5 

Vf=2.1xl0'^

S train at Break

d£B/dVr35±5.6  

177% increase 

from 0.04 to 0.12 

V,= 1.5xlO-^

69% increase 

from 0.37 to 0.63 

V(=7.5xl0-^

264% increase 

from 0.45 to 1.67 

V r2 .1 x l0 '^

Table.5.1: Summary o f the mechanical properties o f PLLA/CNT composites.
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5.3 Biosteel Composite Studies

5.3.1 Introduction.

Even in the twenty first century, spider silk remains one of the most impressive of 

structural materials. The product of 400 million years o f evolution, spider silk is produced in a 

variety of forms, each extremely well adapted to the task for which that have been developed. 

For example, spider dragline silks display values of Young’s modulus, strength and toughness 

of 10 GPa, ~1 GPa and 160 MJ/m^ respectively, perfectly suited for use as web frames, guy 

lines or tethers[15]. In contrast, viscid silks of the types used in the web spirals are strong and 

tough but extremely compliant, ideal for catching insects[16]. While spider silk would be ideal 

for a range of commercial and medical applications, native silk cannot be harvested due to our 

failure to domesticate spiders. Silkworm silk has traditionally been used as a substitute. 

However, its mechanical properties are generally inferior to spider silk[16]. Recently, a major 

breakthrough has been made with the demonstration of the production of silk via protein 

synthesis in mammalian cells[17]. This product, selling under the name of Biosteel®, can be 

dissolved and coagulation spun into fibres which display similar mechanical properties to 

natural spider dragline silk [17].

Progress toward strong, tough fibres has also been made by embedding carbon 

nanotubes in polymer matrices. Nanotubes are hollow nanoscale carbon cylinders that display 

immense strength (-60 GPa) and stiffness (~1 TPa)[18]. Coupled with their large aspect ratio, 

these mechanical properties make nanotubes ideal fillers for reinforcing polymers. By 

coagulation spinning fibres from polymer-nanotube composite dispersions, materials with 

strength of ~ IGPa and a toughness approaching 731.9 MJ/m^ have been demonstrated [19, 

20],

These nanotube based composite fibres share much in common with spider silk. The 

mechanisms behind the superlative mechanical properties are similar in both cases. In 

nanotube based composites, stress is transferred from the polymer matrix to the nanotubes. 

This, coupled with extensive reorganisation of the matrix at high applied stress results in high 

toughness. In silks the same mechanisms apply, with protein crystallites playing the role of the 

nanotubes and disordered regions acting as the matrix[15].
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With this in mind, it seems obvious to attempt to incorporate nanotubes into a silk like 

material. For the silk-like material we chose the synthetic spider silk, Biosteel. Functionalised 

nanotubes were chosen. The nature o f the functionality was determined by the requirement 

that both nanotubes and Biosteel should be soluble in the same solvent. We produced 

composites based on Biosteel with a range of nanotube mass fractions using a drop casting 

technique. Films formed were then investigated using tensile measurements to assess potential 

mechanical reinforcement.

5.3.2 Film Preparation.

For this study, composites were prepared using Biosteel powder[17] purchased from 

Nexia Biotechnologies Inc (www.nexiabiotech.com) and SWNTs functionalised with 

octadecylamine from Carbon Solutions Inc, (www.carbonsolution.com). Firstly, Biosteel 

powder was dispersed at a concentration of 30g.L'' in 1,1,1,3,3,3-Hexafluoro-2-propanol using 

a high power sonic tip (120W, 60kHz) for two minutes followed by a mild sonication in a 

sonic bath for two hours. Then SWNTs were added at a mass fraction of 0.5 wt% of the 

biosteel mass and dispersed using an extra two minutes with a high power sonic tip followed 

by two hours in a sonic bath. Afterwards this primary solution was blended with a solution of 

Biosteel at 30g.L'' to produce a range o f mass fractions down to 0.03 lwt%. After blending, an 

extra sonication process was carried out on each sample with a high power sonic tip and sonic 

bath using the same time treatment as before. Free standing films were fabricated by dropping 

1.5 mL of each solution onto a polished Teflon square which was placed in a vacuum oven for 

24 hours to allow the evaporation of the solvent. This procedure was repeated three times in 

order to obtain an average film thickness of 75 |o,m (fig: 5.12). The films were then peeled 

from the substrate and cut into strips of 10mmx2.5mmx75|im. The width and thickness of 

each strip were measured using a low torque digital micrometer. For each sample, nano tube 

mass fractions were converted into volume fraction, Vf, using densities o f 1500 kg/m^ and 

1100 kg/m^ for nanotubes and Biosteel respectively.
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Biosteel

Figure 5.12.; Drop-casting Biosteel com posite films with range o f  volume fi-actions o f  P5 functionalised SW NTs

from 2.3x 10"* to 3.6x10 ^

5.3.3 Mechanical Characterisations.

Mechanical tests were performed using a Zwick tensile tester ZlOO using a lOON load 

cell with a cross-head speed of 1 mm min''. For each volume fraction, stress strain 

measurements were made on five strips. From each set of five curves, the Young’s modulus 

(Y), tensile strength (gb), strain at break (eb) and toughness (T) were measured and the mean 

and standard error calculated.

Photographs of the films are shown in Figure 5.12. Biosteel appears as a transparent 

film. Addition of small amounts o f nanotubes results in a darkening of the film without any 

loss o f uniformity. However, above a volume fraction o f 1.8x10'^, small nanotube aggregates 

are clearly visible. At a volume fraction o f 1.8x10' , the average nanotube centre to centre 

distance within the film is ~75nm. As the nanotubes used here are ~1 micron long it is not 

surprising that inter-nanotube contact may result in the drying phase resulting in aggregation 

in higher volume fraction films.

Representative stress-strain curves for the materials studied in this work are shown in 

Figure 5.13.
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Figure 5.13: Representative stress-strain curves for Biosteel composites for a range o f

volume fractions o f  nanotubes.

The Biosteel films display elastic behaviour up to strains o f -2.5%  before deforming 

plastically up to fracture at -3.1% . The Young’s modulus, strength and toughness o f the 

Biosteel films were 1.6 GPa, 36.5 MPa and 1.87 MJ/m^ respectively. These values are 

significantly larger than those observed for as-prepared, coagulation spun Biosteel fibres (<1.3 

GPa, <2.3 MPa, <l.lM J/m ^ respectively)[17]. However, it should be pointed out that the fibre 

results improved dramatically[17] on post-spinning drawing, reaching moduli and strengths of 

4-10 GPa and 160-200 MPa respectively. Such coagulation spun fibres also exhibited plastic 

deformation up to 130% strain and so possessed extremely large toughness’s o f 55-88 MJ/m^. 

In comparison, natural silk produced in the major ampullate (MA) gland o f the spider Araneus 

diadematus displays stiffness, strength, toughness and strain at break o f 10 GPa, 1.1 GPa, 

-160 M JW  and 0.27 [16]. These impressive values are due to the presence of alanine rich 

crystalline domains which act to reinforce all natural silks[15, 16, 21]. Post-drawing of 

regenerated silks, especially in the presence o f water results in the reorganisation of the 

protein secondary structure, increasing the crystalline fraction and improving the mechanical 

properties[21]. Dissolution of proteins in strong denaturing solvents such as 1,1,1,3,3,3- 

Hexafiuoro-2-propanol is known to disrupt the secondary structure resulting in low crystalline 

fraction[17, 21]. Thus the mechanical properties observed for the Biosteel films produced in 

this work are consistent with silk-like materials with high amorphous content. Interestingly,
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our mechanical properties are better than lightly drawn regenerated spider silk (Nephilia 

clavipes, MA gland)[21].

The composite samples display broadly similar stress strain curves to the pure Biosteel. 

However, adding small amounts o f nanotubes results in significant improvements in the four 

main mechanical parameters: Y, o q , T, Sb- The means and standard errors o f  all four quantities 

are shown as a function o f nanotube volume fraction in Figure 5.14. At low volume fractions, 

all four parameters increase linearly up to an optimum volume fraction o f ~10'^, followed by a 

decrease in all parameters at a higher nanotube content. This optimal volume fraction is 

consistent with the maximum aggregate free volume fraction (fig: 5.12). The reduction in all 

mechanical properties above this concentration underlines the importance o f  nanotube 

dispersion for mechanical reinforcement[22].
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Figure 5.14: Mechanical properties o f  Biosteel com posites for a range o f  

volum e fi'actions o f  nanotubes with the corresponding standard error.
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The Young’s modulus increases linearly with volume fraction as predicted by the rule 

o f mixtures[23, 24], reaching 1.9 GPa at the optimum loading level. The rate o f increase 

(dY/dVf) was found to be 380±100 GPa. For arc discharged SWNTs such as those used in this 

study, the maximum value of Yeff is approximately 1 TPa[18, 25], Taking this value, we can 

calculate the theoretical dY/dVf from the rule of mixtures using equations 4.2 and 4.3, as 

previously described in chapter four. We obtained a maximum value o f dY/dVf to be 

~373.4±56.6 GPa. This value is identical to the experimental value indicating that the stress in 

the nanotubes is maximised over a significant fraction of their lengths[22]. For micron length 

nanotubes, this can only happen if the interfacial shear strength is very large, evidence o f the 

effectiveness of the functional groups at transferring stress from the matrix to the nanotubes. 

Ayutsede et al also made composite fibres by using Bombyx mori silk and SWNTs [26]. By 

adding lwt.% of unfunctionalised SWNTs, they improved the Young’s modulus from 312 

MPa to 705 MPa, equivalent to dY/dVf=44.6 GPa. Their value is much lower than the value of 

dY/dVf=380 GPa measured in this work. This is further evidence of the importance of 

attaching appropriate functional groups to any potential mechanical filler material.

Measurements on diameter and length of P5-SWNTs were achieved by a group 

member Johnny Amiran using AFM. An average value was found to b e - 3.6±0.1 nm and 

1.3±0.5 [am for the diameter and the length respectively. Using these values and the Halpin- 

Tsai model (equation 4.5) dY/dVf was calculated to be 203.3±88.6 GPa. This is lower than the 

experimental value by -100 GPa.

The ultimate tensile strength increased linearly with volume fraction from 36.5 MPa 

(Biosteel) up to 41.8 MPa at a volume fraction of 9.1x10"^. This corresponds to a rate of 

increase of dag/dVf =4.7±1.3 GPa. This value is smaller than expected as the maximum 

possible value approaches the nanotube strength ie -50  GPa. It is not clear what the reason for 

this discrepancy is.

The average breaking strain of Biosteel films was 4.5%. While this value is low 

compared to silks in general[16] and treated Biosteel fibres in particular[17], this brittleness is 

not unexpected. Regenerated spider silk fibres prepared in the absence o f any water have been 

observed to be brittle, breaking at strains o f 4-8%[21]. What is surprising is the fact that 

addition of a volume fraction of 9.1 x 1 O'"* nanotubes resulted in an increase in the average 

strain at break from 4.5% to 6.5 %. This is unexpected as addition o f nanotubes to a polymer 

generally reduces the ductility[22]. However this increase in ductility, coupled with the
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strength increases translates into an increase in the fibre toughness. The toughness increased 

linearly from 1.87 MJ/m^ for the Biosteel up to 3.48 MJ/m^ for the sample containing a Vf o f 

1.8x10' . This is a dramatic increase for a very small content of nanotubes. Previous work by 

Ayutsede, showed a dramatic drop in toughness from ~0.58MJ/m^ for a film of electrospun 

regenerated Bombyx mori silk to -0.02 MJ/M^ at a loading level of 0.5% [26].

It should be pointed out that there are two problems with this work: the mechanical 

properties saturate at low loading levels and the absence of crystalline protein results in 

significantly reduced mechanical properties compared to natural silk. The first of these 

problems could be addressed by careful choice of functional group. The ODA functionalised 

nanotubes were chosen from a very limited (commercially available) selection on the basis 

that they could be dispersed in l,l,l,3,3,3-Hexafluoro-2-propanol and so blended with the 

Biosteel. While co-solubility demonstrates a certain level of compatibly between ODA and 

Biosteel (similar Hildebrand parameters) we believe that a careful choice of functional group 

could lead to better compatibility resulting in improved dispersion and less aggregation at high 

volume fraction. In addition, due to alignment effects, it is expected that even higher volume 

fractions could be attained, without aggregation, in a fibre. Furthermore, due to alignment of 

nanotubes in the fibre, r|o would be increased to 1. For example, if we could retain dispersion 

up to lvol% (nanotube separation ~9nm) in a nanotube silk fibre we could expect moduli and 

strengths o f ~12 GPa and ~160 MPa respectively even in the absence of protein crystallites.

In order to address the second problem we attempted to induce protein crystallisation 

by soaking the films in water followed by wet drawing[21]. After a short period soaking, the 

films curled up into a quasi-helical shape, indicative of significant internal rearrangement. 

This however made it very difficult to make reproducible mechanical measurements. Another 

technique was to clamp the film in the tensile tester while applying water via a pipette. While 

this method was not easily reproducible, strengths of up to 100 MPa were observed.

5.3.4 Conclusion.

We have produced nanotube-silk composites by mixing functionalised nanotubes and 

Biosteel in l,l,l,3,3,3-Hexafiuoro-2-propanol. Composite films were produced by drop- 

casting technique. The mechanical properties of the pure Biosteel films were lower than 

expected due to the effect of the strong denaturing solvent. Increases in stiffness, strength, 

ductility and toughness were observed at very low nanotube loading levels. Analysis o f the
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rate of increase of stiffness witli volume fraction show extremely good polymer-nanotube 

stress transfer. However, all mechanical results saturate at a volume fraction of -0.1%  due to 

nanotube aggregation. Preliminaiy experiments showed that the mechanical properties o f the 

films could be further enhanced by post-drawing in the presence of water.

dV/dVf,(GPa) dac /dVf, (GPa) dT/dVf, MJ/m^ dEb/dVf

V alue 3 8 1 ± 105 4.65 ± 1.26 1888 ± 3 1 4 22 ± 5.4

Increase

21 .5%

1.58 G Pa-» 1.92 GPa

14.5%

36.5 M Pa-»41.8 MPa

8 7 %

1.87 MJ/m’ — 348 MJ/m’

4 5 %

0.045 %  — 0.065 %

S atu ra tio n  

point, (Vf)
9.1 X io “* 9 . |x  10“* 9.1 X lo"^ 9.1 X

Table 5.2: Summary o f the mechanical properties o f Biosteel composites.
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Chapter 6: Properties of PVA Composites Produced by

Electrospinning.

6.1 Introduction.

In the last two chapters, polymer-nanotube composites were prepared by drop-casting 

techniques using various different “biopolymer matrices”. In this chapter, Poly(vinyl alcohol) 

(PVA) was chosen as the biopolymer matrix to produce polymer-nanotube composites using 

electrospinning. The mechanical properties of electrospun PVA/CNT composites produced in 

two ways -  firstly with a stationary plate collector and secondly with a rotating drum collector 

are compared. In addition, the mechanical properties of individual PVA/CNT nanofibres 

calculated from AFM measurements will be presented.

6.2 Background and Motivations.

PVA has received a great deal o f attention because o f its ability to be processed with 

carbon nanotubes to form composites. Previous work has demonstrated the effective 

mechanical reinforcement of this composite system using drop-casting techniques [1-3]. In 

other work, PVA/CNT fibres were fabricated by coagulation spinning showing the most 

outstanding toughness achieved so far [4-6]. This high performance is the result of good 

nanotube dispersions, effective stress transfer due to the formation of an ordered PVA coating 

on the nano tubes and the macroscopic orientation of the nanotubes within the polymer [7]. 

Recently, electrospinning was used to incorporate CNTs into a polymeric matrix to form 

composite nanofibres[8-12]. In this process, the nanotubes are expected to align due to the 

high extension and the continual narrowing of the electrospinning jet. As a consequence, 

effective mechanical reinforcement should be obtained. PVA is currently one of the major 

polymer systems being studied in the electrospinning field. For example, PVA nanofibres have 

been used as controlled release drug carriers [13, 14]. The formation of electrospun PVA/CNT
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nanofibres prepared with both MWNTs and SWNTs has been reported [15-18], however, to 

our knowledge, no work has yet been presented on the production of electrospun PVA/CNT 

nanofibres using functionalised SWNTs. Therefore in the following chapter, we discuss the 

production and characterisation of electrospun PVA nanofibres reinforced with PABS 

functionalised nanotubes.

6.3. PVA Electrospun Film Preparations.

The PVA used in this study was purchased from Sigma Aldrich (MW 30,000- 

70,000g/m.ol). Water-soluble, PABS functionalised SWNTs (www.carbonsolution.com) were 

chosen to achieve high-quality nanotube dispersions in the PVA/water solutions[19, 20]. 

These nanotubes will be referred as P8-SWNTs in the following work. Figure 6.1 shows the 

synthesis of these functionalised SWNTs.

SWNT

♦ PABSSWNT

Figure 6.1: Synthesis o f  P8-SWNTs[19]

As explained in chapter three, the molecular weight; the solution concentration; and 

the solvent used; all have a significant effect on the structure of the electrospun polymer. The 

influence of these parameters on the morphology of electrospun PVA nanofibres has been 

characterised elsewhere [21, 22]. Therefore, the first step in this study was to prepare 

homogenous PVA nanofibres which were free of defects (no bead formation).With this in 

mind, we prepared PVA solutions with concentrations ranging from 150g/L up to 250g/L. In 

order to achieve these solutions, the PVA powder was added slowly to the solution of distilled 

water and crushed with a spatula in order to minimise the PVA agglomeration. The solution 

was subsequently placed under the sonic tip for 5 minutes to break up any remaining polymer
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aggregations before placing it in a sonic bath for a further 24 hours until complete dissolution 

occurred. Finally, the solutions were sonicated with the sonic tip for 2 minutes immediately 

prior to electrospinning.

The experimental set up consisted of a 20mL syringe with a 16 gauge stainless steel 

needle that was positioned on a horizontally moveable structure (fig 6.2). In this preliminary 

work, a stationary stainless steel plate (15cm><15cm) was used as a collector. The high voltage 

was provided by a Brandenburg high voltage generator (0-30RV). In all cases, the needle was 

positively charged while the collector was grounded. Finally, a syringe pump (KDS 200 

syringe pump) was used to ensure a constant flow rate and a stable Taylor cone during the 

electrospinning process.

F igure 6.2: a) Electrospinning set up with a stationary plate collector, b) PVA electrospun film.

To optimise the PVA nanofibres, we investigated three needle to collector distances 

(10cm, 15cm and 20cm), with various voltages ranging from lOkV to 20kV. We also 

investigated several flow rates ranging from 0.003mL/min to O.OlmL/min. The optimum 

parameters for the production of homogenous nanofibres were found to be 0.003mL/min, 

20cm and 20kV for the flow rate, distance and voltage respectively, using a PVA solution with 

a concentration of 250g/L. Figure 6.3 shows SEM images of PVA nanofibres obtained using 

various different parameters during this preliminary study. It should be noted that the samples 

were covered with a 15nm gold/palladium coating to facilitate SEM measurements.
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PVA: 150g/L, 20kV, 10cm, 0.008mL/min PVA: 200g/L, 20kV, 20cm, 0.003mL/min

SE 1 6 - 0 c t - 0 € 5 7 6 6 6  W D 13.5itin 2 0 .0 k V  x 3 .5 : SE 1 6 - 0 c t - 0 6 5 7 6 6 7  vnD13.5mm 2 0 .  OkV x 3 0 k  lu m

PVA: 250g/L, 20kV, 20cm, 0.003mL/min 

Figure 6.3: SEM images o f  electrospun PVA films prepared using various parameters.

Using these optimised parameters, a range of electrospun PVA/P8-SWNT composite 

films with nanotube volume fractions ranging from 0.05 vol% to 0.8 vol% were produced. The 

typical protocol for preparing PVA7CNT solutions was to disperse the desired quantity of 

CNTs in 20mL of distilled water using a high-power sonic tip for 5 minutes (120W, 60 kHz), 

followed by mild sonication in a low-power sonic bath for 3 hours. This procedure gave a 

good dispersion of nanotubes. Next, the required mass of PVA was added to produce a 

solution with a concentration o f 250g/L. Subsequently, the solution was placed in a sonic bath 

for an extra 24 hours to obtain a good dissolution. Finally, the solutions were sonicated with 

the sonic tip for 2 minutes immediately prior to electrospinning.

To confirm that a good dispersion of nano tubes within the electrospun PVA/CNT 

membrane was achieved, Raman spectroscopy was carried out at ten different positions on 

each membrane. For each position in all composite membranes investigated, the G and D 

bands were observed at 1591cm ' and 1345cm'' respectively, suggesting that the nanotubes
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were well dispersed within the PVA matrix. However, RBM modes were not detected in any 

o f the composites. For comparison, Raman spectroscopy was also carried out on the 

electrospun PVA-only membrane. Figure 6.4 shows representative spectra recorded from these 

materials.

 V =2 1x100 .8 -

>>
' t f ic0)

V=6 5x10'
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T3
d >
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Figure 6.4: Representative Raman spectra of PVA/CNT electrospun membranes.
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6.4 Mechanical Properties of PVA Electrospun Films prepared using a 

Stationary Plate Collector.

The mechanical properties o f the electrospun PVA composite films were investigated 

using the Zwick tensile tester with a lOON load cell and a cross head speed of 0.5mm/min. For 

each composite, 10 strips were measured for statistical accuracy using a digital micrometer. 

The dimensions of the strips were 10mm x 2.3mm x 25|im. Figure 6.5 shows representative 

stress-strain curves for each composite.

-3
 PVA Spun - Vp4.3><10
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Figure 6.5: Representative stress-strain curves for PVA/CNT electrospun com posites with a range o f  nanotube

volume fractions.

As expected for thermoplastics, PVA spun films underwent elastic and plastic 

deformation when they were subjected to tensile stretching. The elastic deformation occurred 

up to 3.5% strain and then the plastic deformation took place up to a strain o f 31% before 

breaking. Adding P8-SWNTs dramatically increased the plastic deformation as shown in 

Figure 6.6. The strain at break increased almost linearly up to a value of 56% strain for 

0.43vol% of nanotubes. This represents an increase of 54% compared to the Sb for pristine 

PVA electrospun films. However, above this optimum nanotube volume fraction Sb was found 

to reduce again.
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Figure 6.6: Strain at breaic o f  PVA/P8-SW NT electrospun film com posites as a function o f  nanotube volume

fraction with the corresponding standard error.

The density of each electrospun membrane was calculated by measuring the weight 

and dimensions of the strips using a digital micrometer and an extremely precise balance

This gives an average porosity of 84 ± 25% for the electrospun films prepared with a 

stationary collector plate.

From the stress-strain curves, the Young’s modulus, Y, the ultimate tensile strength, Oc, the 

breaking strength Ob, and the toughness, T, were calculated. Figure 6.7 presents these 

mechanical parameters with their standard errors as a function of the volume fraction of P8-

(Mettler Toledo XP26). The average density for all the films was calculated as 205±31kg/m^. 

It should be pointed out that this density is more than six times lower than the density of a 

thermoplastic polymer (ISOOkgW). From this result, the porosity of the membrane was 

calculated using the following equation;

P  —  ̂ Pmembrane  ̂P  polymer Equation: 6.1

SWNTs.
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F igure 6.7: M echanical properties o f  electrospun PVA film s as a function o f  the nanotube volum e fraction with

the corresponding standard error.

All four parameters investigated showed a linear increase up to an optimum P8-SWNT 

volume fraction o f 0.43vol%. Above this, all mechanical properties fell off, clearly suggesting 

that nanotube aggregation occurred above this concentration. Similar trends have been 

observed in the Y, oc and T parameters in the previous chapters when using PMMA[23], 

PLLA, and Biosteel[24] matrices. In addition, this behaviour was also observed using 

Poly(vinyl chloride) and chlorinated polypropylene matrices[25]. In these studies, composite 

films were produced by drop-casting and the optimum nanotube volume fraction was found to 

be less than lvol%. Free standing film composites, prepared using PVA with catalytic thin 

MWNTs, also demonstrated a linear increase in Y, Oc and T up to 0.6vol% of 

nano tubes [3]. Our electrospun composite membranes showed an increase in the Young’s 

modulus of 58%, increasing from O.lSGPa to 0.24GPa. This gives a dY/dVf of 23.5±3.6GPa. 

Previous work on electrospun PVA/MWNT composites has been reported, showing an 

increase o f 5% in the Young’s modulus (0.175GPa to 0.184GPa) upon the addition of
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0.15vol% nanotubes[18]. This corresponds to an enhancement in the Young’s modulus of

0.6GPa. The difference in these results could be due to the PVA concentration used in their 

study (9wt%). They may have exceeded the critical aggregation concentration of nano tubes, 

resulting in a poor dispersion of the filler. Dispersion issues are even more critical in the 

electrospinning process since a high concentration of polymer is required. Ko et al were the 

first group to investigate CNTs as a filler to improve the mechanical properties o f electrospun 

polymer membranes[9]. Using polyacrylonitrile (PAN), they reported an increase o f 133% by 

adding 4wt% of SWNTs. Sen et al demonstrated a dramatic improvement in the stiffness of 

elastomer polyurethane spun membranes, with increases o f 215% (7MPa to 22MPa) and 250% 

(7MPa to 24.5MPa) upon the addition of 0.87vol% of as-prepared and ester functionalised 

SWNTs respectively [26]. This corresponds to an enhancement in the Young’s modulus of

1.VGPa and 2GPa for as-prepared and ester functionalised SWNTs respectively. This result 

emphasises the importance of using functionalised nanotubes to improve the dispersion, and 

the mechanical properties, of the composites. Huang et al also used electrospinning to produce 

polyurethane composites [27]. In this work, they used carbon black as a filler and employed a 

rotating drum as the collector. By adding 9.4 vol% of carbon black, their polyurethane 

composites displayed an increase of more than 400% in the Young’s modulus, increasing from 

0.74MPa to3.75MPa.

The ultimate tensile strength of our electrospun membranes shows an increase o f 91% 

from 5.39MPa to 10.3MPa, giving a dog/dVf of 1.09 ±0.11GPa. Jeong et al reported an 

increase o f 60% (from 5.8MPa to 9.3MPa) by adding 0.6vol% of MWNTs to electrospun PVA 

membrane[18]. This corresponds to a doc/dVf of 0.58GPa. Similarly, Sen et al reported 

increases in the tensile strength of 46% (7.02MPa to 10.26MPa) and 104% (7.02MPa to 

14.3MPa) by adding 0.87 vol% of as-prepared and ester-functionalised SWNTs 

respectively[26]. The breaking strength, ob, increased by more than 197% from 2.29MPa to 

6.81MPa, giving a das/dVf of 1.07±0.15GPa. Unfortunately, no information was available to 

our knowledge to compare with our data for similar systems.

The last parameter to be investigated was the toughness, which increased by more than 

191% from 1.36 to 3.97MJ/m^. This gives a dT/dVf of 594±156MJ/m^. The densities o f the 

strips used in this study were measured using a high precision microbalance and a digital 

micrometer. The density of the PVA electrospun membrane, prepared with 0.43 vol% P8- 

SWNTs, was calculated to be ~255kg/m^, giving a toughness of -15.6  J/g. This is a 

remarkable result since the toughness of Kevlar® is only ~33J/g at low strain.
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6.5 Mechanical Properties of PVA Electrospun Films using a Rotating 

Drum Collector.

Mechanical studies on electrospun films prepared with a stationary plate collector have 

shown that the optimum reinforcement of PVA electrospun membranes was achieved using a 

volume fraction o f P8-SWNTs 0.43 vol%. Therefore, this concentration was used to produce 

aligned electrospun PVA/CNT nanofibre membranes. Aligning the nanofibres should increase 

the mechanical properties o f the membrane in one preferential direction. In other words, the 

mechanical properties are no longer isotropic, but anisotropic in two directions (parallel and 

perpendicular to the direction of the drum rotation). Increasing the rotation speed should 

increase the anisotropy. Figure 6.8 shows the apparatus used to produce these aligned 

composites. This set up allows the production of membrane 10cm wide and 30cm long. In 

order to compare these membranes with those produced using the plate collector, we prepared 

a solution of PVA (250g/L) with 0.43vol% of P8-SWNTs using the same protocol. In 

addition, the same electrospinning parameters were used, i.e. a 20 cm needle-collector 

distance, a voltage of 20kV and a flow rate o f 0.003mL/min.

Figure 6.8: Electrospinning apparatus using a rotation drum collector.

Various rotation speeds were used to produce the aligned membrane composites (I818rpm, 

1176rpm, 566rpm and 200rpm). The drum rotation speed was calibrated using a laser, a photo

diode and an oscilloscope. In order to perform this measurement, the drum was first covered 

with black cello-tape. Subsequently, a mirror (1 cm xl cm) was attached on the drum. Light 

from a continuous wave Helium-Neon laser (wavelength 632.8 nm) was then used to
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illuminate the mirror at a 45 degrees angle. The reflected beam was collected with a photo

diode, which was connected to an oscilloscope. A peak appeared on the oscilloscope for each 

full rotation of the drum. The period between two successive peaks then gave the effective 

rotation frequency, which in turn was converted into the angular frequency and the rotation 

per minute of the drum. It should be pointed out that 1818rpm is the maximum rotation speed 

allowed by this set up. In order to minimise errors, the same solution was used at each speed.

Morphological characterisation was carried out using scanning electron microscopy 

(SEM) in order to confirm that increasing the rotation speed increased the alignment o f the 

nanofibres. Figure 6.9 shows SEM images of PVA/P8-SWNT electrospun films for various 

rotation speeds and cross sections o f the films at the higher speed rotation. A previously, all 

samples investigated by SEM were first coating with gold (15 nm).

6 4 4 3 2  V rD 13 .4nvn  S .O lc V  xbU U

Surface o f  PVA composites with 0.5wt% o f P8-SWNTs 

A) Membrane spun onto a stationary plate. B) Membrane spun onto a drum rotating at 200 rpm

Surface o f  PVA composites with 0.5wt% o f  P8-SW NTs membrane spun onto a drum 

rotating C) at 1176 rpm D) at 1818 rpm
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Cross sections o f  an aligned com posite m em brane (1818 rpm, 0.5wt% ) produced by cutting the 
mem brane E) parallel and F) perpendicular to the alignm ent direction.

Figure 6.9:SEM  pictures o f  PVA/P8-SW NTs electrospun films for various speed rotation and cross sections o f

the films at the higher speed rotation.

SEM images A, B, C and D clearly show an increase in the nanofibre alignment as the speed is 

increased up to the maximum of 1818 rpm. The nanofibre morphology also changes slightly, 

from a cylindrical structure to a flatter structure, because of the stretching caused by the 

increase in the rotation speed. Pictures E and F show two cross sections o f the highest speed 

nanofibre membrane, cut parallel and perpendicular to the direction of the drum rotation. 

These pictures clearly show a preferential alignment o f the nanofibres in the direction of the 

drum rotation.

However, it is difficult to assess the degree of fibre alignment at high rotation speeds. 

To overcome this problem we used Fast Fourier Transform (FFT) on the SEM images to 

evaluate the alignment o f the nanofibres as a function o f the rotation speed. These 

measurements were carried out using the software ImageJ. For each rotation speed, FFT 

analysis was performed on three SEM images for statistical accuracy. This analysis was also 

performed on SEM images o f electrospun membranes prepared with the collector plate. The 

FFT images obtained were subsequently treated by an “ovale profile” giving spectra o f Gray 

value versus degrees (Fig 6.10). For each spectrum, the full width at half maximum (FWHM) 

was measured and plotted against the corresponding rotation speed. A lower FWHM 

corresponds to a greater alignment of the nanofibres.
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Figure 6.10: FWHM plotted as a function o f the rotation speed.

From Figure 6.10, it can be observed that the FWHM follows an exponential decay, 

converging on a value of 48±6 degrees. This proves that the effective alignment of the fibres 

increases with rotation speed.

Mechanical measurements on the electrospun PVA composite membranes were also 

performed with a Zwick tensile tester. Measurements were carried out under the same 

conditions used in stationary plate collector study. For each rotation speed, 10 strips, both 

perpendicular and parallel to the direction of the drum rotation, were cut from the membrane. 

The dimensions o f the strips were 10mm x 2.3mm x 25|^m. For comparison, a drop-cast film 

was produced from the same solution and tested. This allows a comparison o f the mechanical 

properties of bulk composites and electrospun membranes. Figure 6.11 shows representative 

stress-stain curves obtained from these tensile measurements.
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F igure 6.11: Representative stress-strain curves o f  PV A /P8-SW N T s bulk and electrospun com posites.

The bulk and electrospun composites presented dramatic differences when subjected to tensile 

stretching. Films produced by the drop-casting technique display brittle behaviour with a large 

elastic deformation up to 5% strain. This is expected as the PVA concentration is relatively 

high (250g/L). The bulk composites then experienced a small plastic deformation before 

fracture at ~10% strain. By comparison, the electrospun composites showed a ductile 

behaviour when stretched. It was found that the strips cut parallel to the drum rotation axis 

from the 1818rpm membrane (Para 1818rpm) showed stiffer, stronger behaviour than those 

cut from the membrane prepared with the stationary plate collector. In addition, they also 

undergo larger plastic deformation (60% strain) than the strips produced with the plate 

collector (55% strain). In contrast, the strips cut perpendicularly to the drum rotation axis from 

the 1818rpm membrane (Perp 1818) exhibited lower stiffness, strength and plastic 

deformation (47% strain) than the “Plate” strips. This is expected since the perpendicular 

strips are less entangled than the plate strips and the nanofibres are mainly held together by 

Van der Waals interactions. Consequently, less force is required to stretch and break these 

strips. Figure 6.12 shows the mechanical parameters (Y, oc, £b, T) with the associated standard 

error, calculated from the stress-strain measurements for both drop-cast and electrospun 

composites.
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error.

The perpendicular-film properties are relatively low and do not vary significantly with rotation 

speed. However, for the lowest speed (200rpm) the mechanical properties approach the values 

obtained from the membrane formed with the plate collector. All parallel-film properties 

increased with increasing rotation speed. At the highest speed, the parallel films possessed 

higher mechanical properties for all parameters investigated than the films prepared with the 

plate collector. A Young’s modulus o f 0.74±0.05GPa was observed, which is three times 

greater than that o f the “Plate” films (0.24±0.01GPa). It should be noted that this is only two 

times smaller than the Young’s modulus obtained for drop-cast films (1.51±0.08 GPa). 

Similarly, the tensile strength, ac, is -2 .5  times greater for the “parallel” strips than for the 

“plate” strips, with values of 25.1±1.9MPa and 10.3±0.4MPa respectively. For the drop-cast
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films, oc is only -50%  higher (58.7±5.7MPa). The strain at break increased by just 10% when 

comparing parallel strips to the plate strips. However, the most impressive result is the 

toughness, which increased by more than 177%) when drum collector is used at the highest
-3

speed rather than the collector plate (11 MJ/m and 3.9 MJ/m respectively). The toughness is 

even more impressive when compared with the drop-cast films, where an increase o f 231% 

was observed (Tdrop-cast = -3.32 MJ/m^). Using the calculated density of the 1818rpm 

electrospun composite films (~320kg/m^), one can calculate the toughness to be 34J/g. This is 

a remarkable result since this value matches the toughness of Kevlar.

As for the previous study using the collector plate, the density was measured for each 

electrospun film prepared with the rotating drum. Figure 6.13 shows the density for each 

rotation speed.
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Figure 6.13: The density o f  the electrospun films as a function o f  the rotation speed o f  the drum.
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At the maximum speed, the density is -320kg/m . The density then decreases down to a value
-j

of ~200kg/m for the lowest speed. Electrospun membranes prepared with the plate collector 

possess similar densities (~205kg/m^). This suggests that below a minimum rotation speed, the 

rotating drum collector has a minimum impact on the morphology and organisation of the 

nanofibres in this polymeric system.
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6.5 Mechanical Properties of PVA Composite Electrospun Nanofibres.

The mechanical properties o f  electrospun membranes have been investigated using the 

tensile tester. For completeness, measurements were also performed on single nanofibre 

com posite using an AFM tip as described in Chapter Three. To perform these measurements, 

PV A/CNT solutions were prepared at the same concentration (250g/L), with the same range o f  

P8-SW NT volume fractions as for the solutions used in the first study (0.054vol%  to 0.8 

vol%). Si0 2  substrates, which were pre-patterned with trenches, were then set onto the 

stationary plate collector and the solutions were electrospun for a very short time (~45seconds) 

using the same electrospinning parameters employed in the two previous studies (20kV, 20cm, 

0.003m L/m in). An electronic microscope was used to screen both the amount and the position 

o f  single nanofibres over the trenches. This is a crucial step since the nanofibres have to be 

deposited perpendicularly over trenches and in small quantities in order to allow  mechanical 

measurements with AFM tips. If these criteria were not achieved, the nanofibres were 

carefully washed away from the substrate and the process repeated until optimum deposition 

was accomplished.

AFM mechanical measurements were carried out on 15 single nanofibres from each 

electrospun solution. From these measurements, two main sets o f  information were required to 

calculate the Young’s modulus, the ultimate tensile strength, the toughness and the strain at 

break. Firstly, the diameter o f  the nanofibre was measured, as shown in figure 6.14 by using 

the AFM apparatus.
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Secondly, the force displacement curves were recorded, as seen in Figure 6.15.

Displacement (rnn)

Figure 6.15: Force-displacement curve for a single nanofibre o f  PVA composite.

For all individual fibre measured, the force, Fm, and the displacement, d, were used to calculate 

the tensile strength and the strain at break based on the model as shown in Figure 6.16.

T rench  w idth (L)

Force
measured (F„)

Force
calculated (F^)

2,
c0)
E
0)u«
a.m
a

Fibre befo re  frac tu re

Fibre before AFIVI 
tip manipulation

AFIVI tip

Figure 6.16: Schematic o f  model used to calculate the mechanical properties o f  a single electrospun nanofibre.
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The first step was to calculate the axial force, Fa, of the fibre before failure. This value is given 

by the following equation:

Equation 6.1

Then the ultimate tensile strength was calculated by taking Oc= Fa/A, where A, the 

cross sectional area, was calculated from the diameter of each nanofibre. It should be point out 

that the value obtained for ultimate tensile strength is equal to the value of the breaking 

strength, since we assume a brittle behaviour with no plastic deformation for all nanofibres 

investigated. The strain at break was calculated using the following equation which is also 

based on the model presented in Figure 6.12.

Afterwards, the Young’s modulus was calculated, assuming that a linear elastic 

deformation with no plastic deformation occurred giving Y=ac/sB- Finally, the toughness was 

calculated using the following equation with the assumption of a linear stress strain curve.

The calculated mechanical parameters from the above equations are presented in Figure 6.17 

with their associated standard error. It should be pointed out that for each volume fraction 

displayed; the two highest and lowest values were disregarded because of error suppression.

Equation 6.2

2

Equation 6.3
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Figure 6.17: M echanical param eters for single eiectrospun nanofibres with the corresponding standard error.

All the mechanical properties investigated were found to increase with the addition of 

CNTs. However, optimum reinforcement was not observed for the same nanotube volume 

fraction as seen previously for the study on eiectrospun membranes using the plate collector 

(0.43vol%). This can be attributed to a variation in the diameters of the nanofibres as show in 

Figure 6.11. Therefore, the alignment o f the nanotubes may vary from one nanofibre to 

another, giving rise to variations in the mechanical properties as observed in Figure 6.13. The 

Young’s modulus shows a dramatic linear increase from 4.9 to 19.5GPa (293%) upon the 

addition of less than 0.2vol% of nanotube. This corresponds to a dY/dVf o f 7133±522GPa. 

The elastic modulus for eiectrospun Poly(acrylonitrile) (PAN) with a range o f SWNT mass 

fractions was measured by Ko et al using AFM in a compression load deformation test[9]. By 

adding 2.8vol% of SWNTs, the elastic modulus increased by 133%, giving a dY/dVf of 

2.9TPa. More recently, Liu et al used AFM to carry out tensile measurements on single 

PMMA eiectrospun fibres[28]. To perform these tests, a PMMA nanofibre was glued at both 

ends to an AFM tip and a drop of epoxy glue. Once dry, the nanofibre was stretched until
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failure. Using this technique, the mechanical properties of functionalised MWNT/PMMA 

nanofibres were also measured. By adding, 2.7vol% of functionalised MWNTs, the Young’s 

modulus improved by 266%, from 72.8MPa to 267MPa, giving a dY/dVf of 6.3GPa. These 

results are 100 times lower than our results. However, their experimental composite modulus 

agreed with the calculated composite modulus using Halpin-Tsai equation (288GPa). This 

difference could be explained by the crystalline phase presented in PVA which could induce a 

strong stress transfer between the polymer and the nanotubes. Kannan et al studied the 

mechanical properties o f PVA/SWNT electrospun nanofibres using Raman spectroscopy[17]. 

They demonstrated a good stress transfer between the PVA matrix and the nanotubes, with a 

calculated Young’s modulus for the SWNTs of 800GPa. This is a remarkable result since the 

maximum possible nanotube modulus is -IT Pa.

The ultimate tensile strength, which in this case can be assimilated to the breaking 

strength, also showed an increase of more than 129%, from 0.42GPa to 0.97GPa, by the 

addition of 0.1vol% of nanotubes. These are very high strength values for thermoplastic 

polymers. For poly vinyl polymers, strength are generally accepted to be in a range of 40 to 

50MPa[29]. Liu et al reported an increase o f 157%, from 30.9MPa to 79.5MPa, in the tensile 

strength of their electrospun PMMA fibres by adding 2.7vol% o f MWNTs [30]. However, 

Wang et al also demonstrated high strengths of up to 1.71 GPa for PVA bundle fibres[31].

The toughness displayed a linear increase from 20.6 to 36.2MJ/m^ by adding 0.1vol% 

of nanotubes This represents an increase of 75 %, with a dT/dVf of 14.5GJ/m . Taking a 

density o f 1300 kg/m^, the toughness for the optimum vol% is ~ 28 J/g. Once again, this is 

almost as tough as Kevlar.

The strain at break shows a small increase of 43% by adding 0.5vol% of nanotubes. 

However above this nanotube concentration, the strain at break is lower than that of 

electrospun PVA fibres.

In order to understand the high values obtained for dY/dVf from our AFM results, DSC 

measurements were carried out on the PVA/CNT electrospun membranes. The following 

program was used to carry out DSC measurements:
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Two heating scans from 0°C to 210°C at 10°C/min 

One cooling scan from 210°C to 0°C at 100°C/min

Figure 6.16 shows representative DSC heat scans for both electrospun and drop cast films, 

each with a 0.43vol% o f P8-SWNTs. For every nanotube volume fraction, both PVA/CNT 

electrospun and drop cast film composites were prepared from the same solution, allowing a 

direct comparison of the thermal properties. In addition, it should be pointed out that we chose 

to represent only a set o f electrospun and drop cast films composites in this figure because 

others composites films display similar features in theirs thermal scans. Figure 6.18 also 

displays the crystallinity, as a function of the nanotube volume fraction for the electrospun 

films produced with a plate collector, x was calculated from the first heat scan using equation 

3.3 and taking AHioo%for PVA to be 138.6 J/g [32].

- - 1®'heat scan electrospun film 
2"'’ heat scan electrospun film
1*' heat scan drop cast film 
2"'’ heat scan drop cast film
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Figure 6.18;a) I*' and 2"“* heat scan of PVA electrospun and drop cast film composites with 0.43 vol% of P8- 

SWNTs, b) Crystallinity, x, as a function o f  the volume fraction o f carbon nanotubes of electrospun composites

films.
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From the first heat scan, the glass transition temperature, Tg, was found to be ~43°C 

and ~58°C for the electrospun and the drop cast films respectively (Figure 6.18 (a)). This 

value is a much lower than expected for this polymer grade (~70°C) [33]. For the electrospun 

composite, this dramatic decrease in the Tg can be attributed to the electrospinning process, 

which leads to less entangled polymer chains. Consequently, less energy is required to reach 

the glass transition. All electrospun membranes display similar Tg values for the first heat 

scan. The small decrease of 10°C is observed in the drop cast composite, which can be 

attributed to the presence of trapped water in the film which acts as a spacer between polymer 

chains. For the electrospun film, a large endothermic peak is observed after the glass transition 

around 90°C. This peak is the result of water evaporation. Indeed PVA is known to have a 

strong affinity for water and the electrospun membrane is highly porous. This effect is 

highlighted by the very small endothermic peak observed in the drop cast film at 100°C. This 

also underlines the large surface area achieved when producing electrospun membranes. The 

second endothermic peak (~190°C), observed in both electrospun and drop cast film 

composites, corresponds to the melting temperature (Tm) of PVA. This is the expected value 

for this polymer (180-190°C)[34]. After a cooling run, a 2"*̂  heating scan was carried out, 

showing very different characteristics to the scan. Firstly, for both film types, the glass 

transition temperature increased to ~70°C. This shift can be explained by both a 

morphological change from a porous to a bulk structure and the absence o f water in the PVA 

matrix after the first heat. Indeed, no endothermic water peaks are observed during this heating 

scan. Finally, the melting peak o f the electrospun film was found to shift to 175°C. The 

reasons for decrease in Tm are still unclear. Comparing the percentage crystallinity in the first 

heating scans for both the electrospun film and the drop cast film provides more useful 

information, x values of 34% and 24% were obtained for the electrospun film and the drop 

cast film respectively. The variation in these values can be explained by the electrospinning 

process. It is thought that the electrostatic field causes the polymer molecules to become more 

ordered during electrospinning, thus inducing a greater crystallinity in the fibres. This effect 

has also been observed by Zhao et al for electrospun Ethyl-Cyanoethyl Cellulose nanofibres 

[35].

From Figure 6.18 (b), the percentage crystallinity of electrospun composites increases 

linearly from 29% to 35% by adding less than 0.2 vol% of P8-SWNTs. This corresponds to an
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augmentation of ~21%. This is an interesting result since this linear increase almost matches 

the linear increase observed in the Young’ modulus for PVA7CNT electrospun membranes 

prepared with the stationary plate collector. However, Coleman et al recorded a linear increase 

of -240% for drop-cast PVA/MWNT films[3]. The variation between these values can be 

explained by our choice of functionalised SWNTs in this study, which may reduce the ability 

of the PVA to coat the nanotubes. In addition, the induced alignment of the polymer chains 

from the electrospinning may inhibit the degree of PVA wrapping around the nanotubes. In 

another study, Coleman et al developed a model to quantify the effect of this induced ordered 

phase of the PVA on the Young’s modulus of the composite[7]. This model was based on the 

rule of mixtures, taking into account three phases: the nanotube phase, the amorphous PVA 

phase and the induced ordered PVA phase. The enhancement in the Young’s modulus 

differentiated from this model is expressed as follows:

—  = (y y ) + (n r . ,  -  r  ) Equation 6.4
dV, ^  dV, "

where Yĵ  and Yeff are the effective Young’s moduli of the crystalline polymer phase 

and the nanotubes respectively. Ya is the Young’s modulus of the amorphous phase and rjo is 

related to the orientation of the nanotubes as described in chapters 4 and 5. In this case, r|o = 1, 

since the nanotubes are assumed to be aligned by the electrospinning. Taking to be 46 

GPa[7] and Ya to be 4.9 GPa, Yeff was calculated to be ~6TPa. This value is much higher than 

the expected value of ITPa. This strongly suggests that another mechanism must occur 

between the nanotubes and the PVA matrix during the electrospinning process. Also, may 

be higher for these fibres because maybe crystals are more ordered and stiffer in this case.

6.6 Conclusion.

To conclude, we successfully prepared homogenous electrospun PVA nanofibres from 

a PVA-water solution at a concentration of 250g/L. The electrospinning parameters were 

investigated showing the optimum values to be 20kV, 20cm and 0.003mL/min for the voltage, 

distance and flow rate respectively. In addition, electrospun PVA membranes were produced 

with a range of P8-SWNT volume fractions using a stationary plate collector. Raman
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spectroscopy was carried out, demonstrating that a good dispersion of nanotubes within the 

electrospun films was achieved. Mechanical measurements revealed a linear increase in all 

mechanical properties investigated (Y, oc, ob, sb and T) as the nanotube volume fraction was 

increased, up to a maximum value of 0.43vol%. Above this concentration, all mechanical 

properties fell off, suggesting nanotube aggregation. The average density and porosity of the 

membranes was calculated to be 205kg/m^ and 84% respectively. Using the optimum loading 

level of nanotubes, electrospun composite membranes displayed a toughness of 15.6J/g. By 

comparison, Kevlar has a toughness o f 33J/g. DSC analysis showed a linear increase in the 

crystallinity for nanotube volume fractions of up to 0.2vol%. DSC also showed an increase in 

the crystallinity of the polymeric system as a result of the electrospinning technique.

Based on these results, electrospun PVA membranes with 0.43vol% of nanotubes were 

also produced with various rotation speeds using a rotating drum collector. Using this set up, 

we demonstrated the effective alignment of the nanofibres as a result of increasing the rotation 

speed by Fast Fourier Transform analysis. Electrospun composite membranes prepared at the 

highest rotation speed displayed a Young’s modulus and strength values similar to those 

observed for drop cast composites, but with densities that were 5 times lower. More 

importantly, this electrospun membrane demonstrated a toughness that was almost equivalent 

to that of Kevlar (34 J/g).

Finally, mechanical measurements were carried out with an AFM on PVA nanofibres 

with various volume fractions of P8-SWNTs. These nanofibres displayed very brittle 

behaviour with no plastic deformation. The Young’s modulus, the tensile strength, the strain at 

break and the toughness were calculated from the force displacement curves using a simple 

mathematical model. Very high strength values o f up to 0.9GPa were obtained for these 

nanofibres. Extremely high values for the enhancement Young’s modulus has also been 

obtained (7 TPa). This result could no be explained using the double rule o f mixtures, 

suggesting another mechanism taking place.

All the main mechanical results investigated are presented in the table below.
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lyiembranes 

from plate collector

M em brane  

from drum collector

Single nanofibres 

from AFM  

m easurem ents

Y oung’s M odulus 

G Pa

dY/dVf=23.5±3.6 

58% increase 

from 0.15 to 0.24 

V^4.3xlO-^

0.75

(drop cast f ilm -1.59) 

ISlSrpm 

V ^4.3x|0-^

293 %  increase 

from 4.9 to 19.5 

Vp2.1xlO '^

U ltim ate Tensile  

Strength  

G Pa

dac/dV^1.09±G.l 

91% increase 

from 0.0054 to 0.01 

Vf=4.3xl0'^

0.025

(drop cast film~0.058) 

1818rpm 

V|=4.3x|0-^

129% increase 

from 0.42 to 0.97 

V (= lx |0 ’̂

Breaking Strength  

GPa

daB/dVrl.07±0.l 

197% increase 

from 0.0058 to 0.0093 

V p4.3xl0-^

Not presented Not applicable

T oughness

MJ/m^

dT/dV r594±156 

191% increase 

from 1.36 to 3.97 

15.6J/g 

V ^ 4 .3 x l0 '’

11

(drop cast tllm--3.32) 

1818rpm 

34J/g 

V ^ 4 .3 x l0 ‘̂

46% increase 

from 20.6 to 36.2 

28J/g 

VpIxlO"^

Strain at Break

dEB/dVr46±5 

55% increase 

from 0.36 to 0.56 

V H -3 x I0 ‘̂

0.6

(drop cast film~0.09) 

I818rpm 

V r4 .3x |0 -^

44% increase 

from 0.09 to 0.13 

V ^5.4xl0-^

Table 6 .1 : Summary o f  the mechanical results for PVA composites.
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Chapter 7: Conclusion & Future Work.

7.1 Conclusions.

New class o f polymer composites have been successfully produced using carbon 

nanotubes as fillers in this thesis. These nanofillers were chosen because of their outstanding 

mechanical, thermal and electrical properties. The main focus o f the work was to improve the 

mechanical properties of the composites compared to the neat polymer. For each study, this 

goal was achieved using a specific way o f production. Furthermore, Mechanical 

improvements obtained in these composites were realised at a low loading level o f carbon 

nanotubes.

The first polymer matrix investigated in this work was Poly (methyl methacrylate) 

(PMMA). Two types o f composites were successfully produced with OH-MWNTs by in situ 

polymerisation, followed by solution mixing and drop-cast processing. The first composite 

was based on polymerised PMMA and polymerised PMMA with OH-MWNTs (Composite 

A). The second composite was formed from polymerised PMMA, PMMA with OH-MWNTs 

and commercial PMMA (Composites B). FTIR studies suggested that bonding between carbon 

nanotubes and PMMA may occur at the -O H  functionality, and also at the outer layer of the 

CNTs. Mechanical properties have shown an increase in all the parameters investigated for a 

low content of carbon nanotubes in both systems (Composites A&B). Using Krenchel’s rule of 

mixtures and Halpin-Tsai theories to calculate the theoretical enhancement of the Young’s 

modulus failed to fit the experimental dY/dVf for composite A. Shear stress, r, was calculated 

with the two different models. The first model gave an unreasonably high value of 470±400 

MPa for composite A compared to the expected value of 50-100 MPa. However this model 

gave a more acceptable value of 133±121 MPa for composites B. Therefore the second model, 

which takes into account the microscopy studies, was used to fit the experimental data of 

composite A. In this case the calculated polymer shear strength was found to be 88 ± 115 

MPa. While this is much higher than the expected value o f approximately 6.4 MPa, it is an 

acceptable value within the error. The range of this error can be explained by the large
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variations in the lengths o f the nanotubes as observed in the TEM studies. Finally, at higher 

mass fractions, the mechanical properties tend to fall off. This is probably due to aggregation 

effects at high concentration.

The second polymer matrix investigated in this thesis was Poly (L- lactic acid) 

(PLLA). Low and high molecular weight PLLA composites, with OH-MWNTs and SWNTs 

functionalised with octadecylamine, were produced by solution mixing and drop-casting 

processing. The best mechanical reinforcement was achieved with low molecular weight 

PLLA composites with OH-MWNTs. All the mechanical parameters investigated (Y, ac, ob 

sb, T) show a linear increase, up to an optimum volume fraction of nanotubes, before falling 

off due to aggregation effects. Using the strength of fibre-reinforced composites, described by 

the rule of mixtures (equation 4.6), gives an acceptable value for t  (169.6±155.6 MPa). This 

suggests that this model is valid for explaining the mechanical reinforcement. Thermal 

analysis has shown that nanotubes do not have an effect on the thermal degradation o f the 

sample. Moreover, the glass transition and the percentage crystallinity do not undergo 

dramatic changes by the addition of CNTs. Using the same batch of OH-MWNTs with high 

molecular weight PLLA shows a lower mechanical reinforcement than the low molecular 

weight PLLA composites. One possible explanation is that long molecular chains may 

decrease the dispersion of CNTs, resulting in poor mechanical reinforcement. Using SWNTs 

functionalised with octadecylamine with high molecular weight PLLA also showed low 

reinforcement in the stiffness and strength. However, strain at break and toughness exhibited a 

dramatic increase o f 264% and 225% respectively by adding 0.21 vol % of CNTs.

We also have produced nanotube-silk composites by mixing octadecylamine 

functionalised nanotubes and Biosteel in l,l,l,3,3,3-Hexafluoro-2-propanol by drop-cast 

processing. The mechanical properties of the pure Biosteel films were lower than expected due 

to the effect o f the strong denaturing solvent. Increases in stiffness, strength, ductility and 

toughness were observed at very low nanotube loading levels. Analysis of the rate of increase 

o f stiffness with volume fraction shows extremely good polymer-nanotube stress transfer. 

However, all mechanical results saturate at a volume fraction of -0.1%  due to nanotube 

aggregation.
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The last polymer matrix investigated was Poly (vinyl alcohol) (PVA). Polymer 

nanofibre composite films were produced using electrospinning techniques by adding m-poly 

(aminobenzene sulfonic acid) functionalised SWNTs (P8-SW'Ts[Ts). Homogenous electrospun 

nanofibres were obtained with a water PVA solution at 250g/l using the following 

electrospinning parameters with a stationary plate collector: 20kv, 20cm and 0.003 ml/min. 

Raman spectroscopy was carried out to demonstrate that a good dispersion of nanotubes was 

present within the electrospun PVA films containing various volume fractions o f P8-SWNTs. 

Mechanical measurements performed on these composites revealed a linear increase in all of 

the mechanical parameters investigated, (Y, ac, ob, eb and T), up to a maximum of 0.43 vol% 

o f nanotubes. Above this concentration, all mechanical properties decreased, suggesting 

nanotube aggregation. The average density and porosity of these membranes were also 

calculated to be 205 kg/m^ and 84% respectively. Using the optimum loading level of 

nanotubes, electrospun composite membranes display a toughness o f 15.56 J/g. This 

represents half the toughness of Kevlar® (33 J/g). DSC analysis showed a linear increase in 

the crystallinity up to 0.2vol% of nanotubes. DSC also established an increase in the 

crystallinity in this polymeric system, due to the electrospinning technique.

From these results, a study was carried out using a drum rotating collector to produce 

electrospun PVA membranes with 0.43 vol% of nanotubes with various speed rotations. We 

have demonstrated the effective alignment of nanofibres by increasing the speed rotation, 

using Fast Fourier Transform analysis and SEM characterisation. Electrospun composite 

membranes ,obtained at the high rotation speed, displayed a Young’s modulus and strength 

values in the same range as the drop cast film produced from the same solution. This is an 

interesting result since electrospun membranes display a density 5 times lower than drop cast 

films. More importantly, at the higher rotation speed, electrospun membrane demonstrated a 

toughness almost equivalent to Kevlar (27.86 J/g).

Finally, mechanical measurements were achieved on PVA nanofibres for various 

volume fractions of P8-SWNTs using an AFM. These nanofibres showed very brittle 

behaviour with no plastic deformations. The Young’s modulus, tensile strength, strain at break 

and toughness were calculated from the force displacement curves using a simple 

mathematical model. Very high strength values were obtained, up to 0.9 GPa, for these 

nanofibres. Extremely high value for the enhancement Young’s modulus has also been 

calculated (7 TPa). However, the model used to quantify the mechanical reinforcement did not 

explain the observed enhancement.
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To conclude, the techniques used to achieve these composites are efficient a low 

loading level of nanotubes. However above lwt% of CNTs, all the mechanical parameters 

investigated are falling off due to nanotubes aggregations. This clearly highlights the 

limitation of these processes to improve furthermore the mechanical properties of polymer 

composites. Therefore, new techniques are required to fully take advantages of the outstanding 

mechanical properties o f carbon nanotubes by dispersing successfully these filler at higher 

concentration.

7.2 Future work.

The results presented here indicate the potential for carbon nanotubes in mechanical 

reinforcement. A significant amount of research is focused on this field using various 

nanoparticles and a wide range of polymers. However, success has been limited so far due to a 

lack of understanding of the interactions between the polymer, solvent and the nanoparticles 

involved. In this way further studies should be carried out to understand the effect o f the 

octadecylamine functionalisation for the mechanical improvement of the PLLA composites. 

Post processing composites is also an important aspect to take into account in order to 

optimise the potential reinforcement. With this in mind, attempts have been made to improve 

the mechanical properties of biosteel composites by post drawing with water. However, a 

more accurate and systematic set up is required to effectively improve the composite 

properties. Post hot stretching processes could also be performed on PVA electrospun 

nanofibres to improve their properties. This process demonstrates a strong improvement in the 

mechanical properties on PVA/SWNTs achieved by coagulation spinning.

In the electrospinning study, we used functionalised SWNTs to help the dispersion of 

the nanotubes in highly concentrated PVA solution. Further works would be required to 

evaluate the impact of the functionalised nanotubes on the mechanical properties by using as 

prepared SWNTs instead. In addition, more measurements on single nanofibres using the 

AFM technique would also be needed with various batches of nanotubes to confirm the 

obtained results.
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Finally but not presented in this thesis, electrospun low molecular weight PLLA 

membrane composites have also been produced using various concentration of as prepared 

SWNTs and SWNTs functionalised with octadecylaniine. Morphological mechanical and 

thermal properties o f these membrane composites were achieved. This study was done in 

collaboration with the National Centre for Biomedical Engineering Science (NCBES) in 

Galway (Ireland). The aim was to assess the feasibility o f these materials as scaffolds for 

tissue engineering. However, more research needs to be address in this project. Similarly to 

the presented studies in this thesis, mechanical improvement is achieved with less than 0.5 

wt% of carbon nanotubes. Unfortunately, improving the electrical properties o f the scaffold is 

also required to overall properties of the scaffold for tissue engineering applications. To reach 

an electric percolation threshold more than 5 wt% of CNTs would be needed with such type of 

composites. Therefore more researches need to be addressed to obtain the desired electrical 

and mechanical properties.
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