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Abstract

Carbon nanotubes (CNT) are incorporated to the polymers to enhance their electrical and 
mechanical properties. All of the samples in this thesis were prepared from the liquid phase 
using the solution casting method. The change in morphological and mechanical properties o f 
PVA based composites with the addition of double walled carbon nanotubes has been studied 
using differential scanning calorimetry (DSC), thermal gravimetric analysis (TGA), differential 
thermal gravimetric analysis (DTGA), dynamic thermal analysis (DMTA), and tensile testing. 
Three different solvents i.e. water, dimethylsulfoxide (DMSO), and N-methylpyrrolidone 
(NMP) have been used for solution based composite formation. It has been found that the 
composite properties are affected not only by the solvent boiling point but also by the polymer 
solubility and, more importantly, the affinity of the carbon nano tubes CNTs for the solvent. The 
data obtained for the NMP solutions is consistent with solvent trapping at the polymer-nanotube 
interface, whereas the DMSO study has shown that the solvent remains trapped more in the 
matrix than at the CNT-PVA interface. Almost no water was found in water based samples. 
Maximum reinforcement was found with the composites prepared using water as the solvent, 
those prepared with DMSO exhibited intermediate reinforcement, while NMP composites 
showed a reduction in mechanical properties compared with their respective polymer only 
samples.

To enhance the mechanical properties of water bom thermoplastic polyurethane (TPU) 
single wall carbon nanotubes (SWCNT), very thin and thick multiwall carbon nanotubes 
(MWCNT) were added as fillers. The mechanical reinforcement imparted by the various CNTs 
was found to be in the order of their external diameters. The stiffness o f the (low stress and 
stiffness) plateau (strain) region was enhanced significantly by the incorporation of 2.5 wt% 
MWCNTs. The stiffness was increased up to the level o f the stiffness in the strain induce 
crystallisation/strain hardening region without a loss in ductility. It was found that at high mass 
fractions (mf) CNTs form networks around the polymer particles. Thus at high mf CNT-CNT 
interaction is dominant rather than CNT-polymer interactions. In TPU work, a novel approach 
of mixed-CNTs was adopted to enhance the CNT dispersions. This increases the loading level 
and subsequently improves the mechanical properties. The mixed-CNT samples were prepared 
by mixing the polyethyleneglycol-SWCNTs with very thin and thick MWCNTs. At 7 wt% 
loading mix-CNT samples exhibited an increase of a factor of 8 in the Young’s modulus.

The mechanical properties o f TPU were enhanced by the incorporation of three different 
types of funtionalised SWCNTs, each of different solubility. To understand the reinforcement 
mechanism in depth. Scanning electron microscopy (SEM), DSC, DMTA and cyclic/mechanical 
testing were carried out. The DSC study revealed the enhancements o f hard and soft segment HS 
and SS crystallinity with water soluble and THF soluble CNTs respectively. Results from the 
DMTA study were consistent with those obtained by DSC. The best increase in Young’s 
modulus (x 23) was observed with polyethyleneglycol PEG-SWCNTs (20 wt%). The plateau 
region was also enhanced significantly with each increment o f CNTs. To avoid formation of 
CNT networks around the polymer particles, the polymer was dissolved in THF. 
Octadecylamine functionalised single wall carbon nanotubes (ODA-SWCNT) were then 
incorporated into it. For -0.12 wt% CNT loading, strength and toughness increased by a factor 2 
and 4 respectively. In these composites the mechanical properties surprisingly did not decline, 
but saturated at high mf. Studies revealed that ODA-SWCNTs interact with the hard segment 
and water soluble CNTs with the soft segment o f TPU.



Chapter 1
Introduction to composite materials

1.1 Background and motivation

Generally speaking, composites are materials consisting o f  m ultiphase components 

o f  different physical or chemical characteristics [1]. The constituents in a composite are 

combined in such a way that the individual materials are clearly distinguishable. Usually 

composites are composed o f  a matrix e.g. polymers, metals, clay etc and one or more 

fillers e.g. glass fibres, carbon fibres, CNT [2], Com posites can be divided into many 

classes on the basis o f  matrix, filler [3]ox preparation technique e.g. ceramics, polymeric, 

m etallic, fibrous, particle filled, melt processed, laminated, solution based composites etc. 

These kinds o f  m aterials, in which a strong and stiff material (filler) are held by an 

substance (m atrix), have been known to mankind since prehistoric times. Examples evident 

in nature include tree trunks, skeletal bones and also muscles which are reinforced by 

fibres/ligaments.

Although com posites can be fabricated for a variety o f purposes, it should be noted 

that, in this thesis, composites are described mainly in term s o f structural materials.

The need for composite materials arises due to the fact that in many cases 

conventional m aterials do not have the required properties. The endeavour for such 

m aterials with improved properties led mankind to the invention o f  artificial composite 

materials. Such artificial composites can be traced back to 4000 BC, when straw and mud 

were mixed to form bricks for building construction [4], In m odem  tim es, the mud-straw 

bricks o f  old have been replaced by steel reinforced concrete composites.

For many years the main structural materials were derived from natural sources like 

wood, metals, alloys and natural rubber etc. With the dawn o f  the industrial revolution it



was realized that, due to huge production demands, natural resources alone were not 

sufficient. Limitations on the availability o f natural materials caused problems however, the 

difficult and tim e consuming processing conditions o f  these materials were even more 

problem atic. This led scientists to seek out alternative synthetic materials. In the quest for 

such a synthetic material, Leo Baekeland prepared the first synthetic polymer in 1907 [5], 

This opened the door for a whole new range o f  materials. Soon, with the invention o f  glass 

fibres, polymers started to be used as the matrix for modern composite materials. Various 

fillers ranging from nano-particles [6 ]  to fibres [7 ]  in combination with various matrices 

e.g. therm oplastics/Sy and therm oset [9 ]  have been used for composite preparations.

The aim o f  modem age composites is to make stiffer, stronger, tougher or 

conductive materials, whilst at the same tim e m aking these materials lighter. The beauty o f  

polym eric composite m aterials is that, in most cases, these properties can be tuned simply 

by varying the proportions o f  ingredients within a particular composite system.

M odem composite materials are used in automobiles, civil and military aircraft and 

even very advanced high-tech space shuttles [10],  Various parts o f  these vessels are 

subjected to extreme physical and thermal stresses. Traditional strong or stiff m aterials 

simply cannot withstand these extreme stresses or sometimes the densities o f  theses 

materials are too high. Generally, many o f  their parts are fabricated with fibre reinforced 

polymeric composites whose properties are tailored to withstand these extreme stresses 

[10], Another advantage o f  the polymeric composite is its design flexibility, the polymeric 

com posite can be moulded to various complex designs which are normally very difficult or 

even impossible to fabricate in the case o f  traditional materials.

In 1991 lijim a a Japanese scientist discovered carbon nanotubes (CNTs) [13],  Since 

then there has been much research into their use as a filler in polymer matrices [14J. This 

interest in CNTs exists because they potentially have all o f  the properties required for a 

highly efficient filler i.e high stiffness, high strength, flexibility, chemical inertness, heat 

resistance, high electrical conductivity, thermal conductivity, high aspect ratio, high surface 

area and low density as well fl5-18J.'No conventional single filler has all o f  these 

properties simultaneously. There are certain issues involved with CNTs used a filler which 

will be discussed in coming chapter.
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For a good composite there are certain conditions which have to be fulfilled. A high 

length to diam eter ratio (aspect ratio) is very important, it will m axim ise stress transfer to 

the filler [ 11]  and hence, mechanically reinforce composites. The filler m ust be dispersed 

evenly throughout the matrix [ 12]  i.e. little or no aggregation o f  the fillers. O therw ise it 

will result in either poor stress transfer due to the fact that these aggregates are held by van 

der W aal’s forces or inhomogeneous stress in various parts o f  the inhom ogeneous 

composite and hence, poor quality composites will result. There should also be good 

interfacial bonding between the matrix and filler.

1.2 Thesis outline

The work done in this thesis predominantly describes the mechanical properties o f 

solution based CNT composite systems. Various factors affecting these properties are also 

investigated. Carbon nanotubes tend to remain in bundles [ 19]  and achieving good 

dispersions is often not possible with many preparation techniques. Thus, solution based 

composites preparation technique was selected because, very good dispersion o f  the CNTs 

is possible in common solvents and polymers [ 19-24] .  Therefore potentially good quality 

CNTs composites film can be prepared with the solution based technique.

in this thesis various problems associated with the reinforcement o f  polym ers by 

incorporation o f  the CNT were not only identified but tried to be resolved in the following 

work.

Chapter 1 gives an introduction to composite m aterials, motivations and an outline 

o f  the thesis.

Chapter 2 describes the background o f  CNTs and CNT polymeric composites. 

There is also an overview o f  previous work done in the field and mechanical reinforcem ent 

theory.
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Chapter 3 describes the various materials and experimental techniques used for this 

PhD work.

Chapter 4 describes the morphological and mechanical properties o f solution based 

dropcast free standing PVA-DWNT composites. Preparation with three different solvents 

o f different B.P and the different affinity for PVA and CNT is described i.e. water, DMSO 

and NMP. The effect o f solvent choice on the morphological properties and mechanical 

behaviour o f DWCNT-PVA composites is also investigated. Effectively solvent 

PVA/matrix interaction and solvent CNT interaction are investigated within a particular 

composite system using various experimental techniques.

Chapter 5 describes the mechanical properties o f various pristine CNTs- 

thermoplastic polyurethane/water composites. The chapter also describes the novel 

approach o f the composites preparation using a mixture o f pristine and functionalised 

CNTs with in the same matrix.

Chapter 6 reports the work done on the characterisation o f composites prepared 

with functionalised CNTs and thermoplastic polyurethane.

Chapter 7 summaries the work done for the PhD and highlights the significant 

findings and future work.
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Chapter 2

Introduction of materials and literature review.

2.1 Introduction
This chapter will provide a general introduction to the m aterials used 

throughout this work. The different types and properties o f  carbon nanotubes (CNTs) will 

be discussed along with the various methods o f  CNT production. The chapter also 

introduces polym ers and their classification. An overview o f  the mechanical properties o f  

carbon nanotube polym er composites and the theory o f mechanical reinforcem ent will be 

discussed.

2.2 From carbon to carbon nanotubes
The word carbon has been derived from Latin carbo meaning coal or charcoal. 

Carbon is known since the prehistoric era in the form o f  soot, and coal. For centuries 

carbon was considered to have two crystalline allotropic forms, diamond and graphite. 

Diamond is the stiffest and strongest material known to man. The excellent mechanical 

properties o f  diam ond are due to the C-C covalent bonding o f  its 3D structure (Fig. 2.1) 

where each carbon atom is sp^ hybridised (Fig.2.1).

6



Fig. 2.1 3D bonding structure in diamond (www.chm.bris.ac.uic)

Shown in figure 2.2, graphite the other well icnown form o f  carbon, consists o f 

sheets (graphene) o f  hexagonal networks o f  sp^ hybridised carbon atoms. Unlii<.e diamond, 

graphene sheets are held together by weak Van der Waals forces.

Fig.2.2 Structure o f  graphene sheets in graphite (ww w.chm .bris.ac.uk)
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Fig. 2.3 Scanning electron micrograph o f a large graphene flake spanning an array o f 
circular holes I /L/m and 1.5 fJm in diameter. Area 1 shows a hole partially covered by 
graphene, area II is fully covered, and area III is fractured from indentation. Scale bar, 3 
fjm. (B)  Noncontact mode AFM image o f one membrane, 1.5 iJm in diameter. The solid 
blue line is a height profile along the dashed line. The step height at the edge o f the 
membrane is about 2.5 nm. (C) Schematic o f nanoindentation on suspended graphene 
membrane. (D) AFM image o f fractured surface [IJ.

Graphene sheets exhibit very good mechanical properties. In 2007, Frank et a.I was 

able to measure the mechanical properties o f graphene sheets which were a few atomic 

layers thick using AFM. They suspended stacks o f graphene sheets (each less than 5 layers 

thick) over trenches o f a silicon dioxide substrate. They extracted the Young’s modulus of 

~0.5TPa/27 . Using the same AFM technique in 2008, Lee and coworkers were able to 

measure the mechanical properties o f a single atomic layered graphene sheet//7 . They used 

a silicone substrate with holes in it o f diameters = l.l|j,m and depth = 500 nm (Fig 2.3). 

They mechanically deposited the graphite flakes over the holes. They used the nano 

indentation method to measure the mechanical properties o f graphene. Their work reveals 

that the mono atomic layer graphene has a Young’s modulus o f ITPa and intrinsic strength 

o f 130 GPa.

In 1985, Kroto et al. discovered another allotrope o f carbon called the buckyball or 

Ceo [^]- This spherical molecule consists o f 60 carbon atoms arranged in a sphere o f 20

8



hexagons and 12 pentagons (Fig. 2.4). In 1995 their buckyball work was rewarded with a 

Nobel prize.

Fig. 2.4 C60, C70, C80 buckyball model

Research on buckyballs lead scientists to the discovery, that they consist o f  60, 70 or, 80 

molecules; many other sizes o f  buckyballs are also possible. In 1991, while studying the 

soot formed during electric discharge between the two graphite electrodes, Ijima observed 

rolled concentric m ultilayered graphene structures (Fig. 2.4) called multi walled carbon 

nanotubes (M W CNT) (Fig.2.5) [ 4].

Fig. 2.5 Multi wall carbon nanotubes image [ 4]

2.2.1 Types of CNTs
Primarily there are two main types o f  carbon nanotubes. Single walled 

carbon nanotubes (SW CNT) (Fig. 2.6) and multi walled carbon nanotubes (M W CNT) (Fig. 

2.7). A single walled carbon nanotube is a single rolled graphene sheet with a diam eter o f

9



the order o f  one nanom etre and a length o f  up to centimetres. M W CNTs consist o f  tw o or 

m ore concentric rolled graphene sheets like a telescope (Fig. 2.7). Each sheet is separated 

by a distance o f  0.35 nm [4] . Multi walled carbon nanotubes can have diam eters from 2 

nm -100 nm and lengths o f  up to m icrometers/57 . Based on the rolling up pattern o f  

graphene sheet there are three possible types o f  CNTs. Shown in figure 2.6 A,B,C are the 

arm chair, zigzag and chiral CNTs respectively. Generally speaking, in the arm chair 

structure the C-C bond (Fig. 2.6 A) is perpendicular to the tube axis while in zigzag 

structure the C-C bond (Fig. 2.6 b) is parallel to the tube axis. All other arrangem ents in 

which the C-C bond is at an angle to axis is called chiral.

Fig. 2.6 SW CNT A) arm chair,B) zigzag and C) chiral

Fig. 2.7 Shows concentric multilayered MWCNT

10



2.2.2 Mechanical properties of carbon nanotubes
Soon after their discovery, it was expected that CNTs would exhibit superior 

mechanical properties because o f  their analogy to graphite. Graphite has an in plane 

modulus o f  about 1.06 TPa/^57 . Work from Perepelkin on the C-C bond strength had 

suggested that graphite can have a tensile strength o f  130 G?a.[7] . In addition to this in 

1961 Bacon fabricated graphite whiskers, which demonstrated strengths o f  20 G?o.[8]. 

Therefore on the basis o f  previous work it was expected that these miniatures should  

demonstrate superior properties.

Soon after CNTs were discovered, work started to measure their mechanical 

properties [5 ] .  Perhaps the first attempt to measure the mechanical properties o f  CNT was 

made by O vem y et al. His work was based on computer simulations. In his work he 

calculated the Y oung’s modulus o f  SW CNTs to be 1500 G?a..[9] . Later work o f  other 

researcher also suggested that the Y oung’s modulus was in range o f  ITPa/'/Oy . Using the 

amplitude o f  intrinsic thermal vibration o f  carbon nanotubes in their SEM study Tracey et 

al. calculated the modulus to be in the range o f  0.41 to 4 .15T P a/7 /7  .

The first direct mechanical measurement was made by W ong et al. in 1997. In 

their work, they randomly deposited the arch multi wall carbon nanotubes on an M0 S2 

substrate and pinned them with square Si02 pads. They measured the force verses 

displacements via atom ic force m icroscopy (AFM ) along the tube lengths at various 

positions. The work demonstrated that the nanotubes had an average Y oung’s modulus o f  

1.28 TPa. The study also showed that the average bending strength was 14 G ? a [ 12] . In 

another study by Salvetat et al. a solution o f  MW CNTs was dropped on an alumina 

ultrafiltration membrane with a pore size o f  20 nm. Som e o f  the CNTs arranged them selves 

across the pores. The CNTs were bent with an AFM tip. The modulus obtained was in the 

range o f  650-1220 GPa and 10-15GPa for arc-discharge M W CNT and for catalytically 

grown M W CNT respectively/^737 . In 2000 Yu and his co researchers attached both ends o f  

a M W CNT to the cantilever o f  an AFM (Fig.2.8). Under the scanning electron microscope 

(SEM ) they stretched the M W CNT and recorded the actual stress strain curves. Their work 

suggested a MW CNT can be strained up to 12% o f  its original length before failure. The 

work also revealed that failure occurs at the outer layer and the inner tube com es out in the 

form o f  a telescope. From the stress strain curves they obtained the values for the Y oung’s



modulus in the range o f  0.27 to 0.95 GPa. Y oung’s modulus is the stress to strain ratio in 

elastic part o f  stress strain curve. The measured values for the ultimate strength were in the 

range o f  II to 63 GPa. Their work also showed that M W CNTs can have a toughness value 

o f  about 1240 H%.[15] . Toughness is the total energy needed to break a sample and is 

m easured by integrating the total area under the (stress strain) curve.

Some time later, the first attempts to measure the mechanical characteristics o f  

SW CNT were made by Salvetat et a.l in 1999 [16]. They obtained a value o f  ITPa for a 

small bundle o f  SW CNT [16], They also m easured the mechanical properties o f large 

diam eter ropes o f  SW CNTs. Their study demonstrated slippage between the nanotubes in 

the bundles. They recorded the values o f  modulus in the range o f  0.32 to 1.47 GPa. The 

percent strain at break and toughness values were shown to be approximately 5.3% and 770 

J/g respectively/^777 . The same AFM technique and experimental procedure that was used 

for m easuring the mechanical behavior o f M W CNTs was adopted for tensile testing 

SW CNTs .
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Fig. 2.8 (A) Tiie experimental setup showing the attachment o f MWCNT to the AFM tip 

to measure stress strain curve (B) stress strain curve o f a MWCNT stretched using AFM 

[15]

2.2.3 Production of carbon nanotubes
There are three popular techniques in use nowadays for the production o f carbon 

nanotubes, arc discharge, laser ablation and chemical vapor deposition.

Arc discharge:

The first yield o f CNTs in milligrams was produced in 1992 by Ebbsen et al 

using the arc discharge method/^/Sy . This technique pioneered CNTs synthesis. It was with 

this technique in 1991 that Ijimi discovered MWCNTs. In this technique, two graphite 

electrodes, are put in a chamber o f inert atmosphere, usually helium gas at low pressure. A 

high direct current is applied across the graphite electrodes usually between 50 to lOOA 

with a potential difference o f about 20V. The current is kept constant by varying the 

distance between the two electrodes. In practice the distance is varied by moving the 

cathode while keeping the anode static. Under the influence o f high current, carbon atoms
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at the graphite surface are converted to plasma. This plasma condenses on the anode in 

form o f a hard tube with a core o f soot and multiwall carbon nanotubes. In 1993 Bethune et 

al produced single wall carbon nanotubes using the arc discharge method/797 . They bored 

holes in the anode and filled the holes with a Fe, Ni and Co mixture. This was followed by 

vaporizing the mixture by applying a current between the two electrodes in the range o f 95 

to 105 A. Using the arc plasma jet method in 1999 Morio et al. were able to achieve 50% 

yield o f CNTs. Their highest production rate was 1.74g/h [20]. In an endeavor to further 

increase production yields, Liu produced a 30% yield o f SWCNTs at a rate o f 2g/h using 

the arc discharge method in 2000[21] .

Remarkably Zhao and a co-researcher demonstrated the production o f CNTs with a 

yield o f 95%[22J . They were not only able to demonstrate high yield but simultaneously 

demonstrated a production rate o f >45g/h [22J. In their production setup, the arc was 

generated between the anode and the pure graphite cathode at a current o f 60 A in a 400 

Torr static helium atmosphere. The distance between the electrodes was maintained at ~2 

mm by continuously feeding the cathode throughout the arc process. They observed cloth- 

like soot formation on the entire inner wall o f the chamber. In general, an 80 mm anode rod 

can be consumed in 5 min forming 5.3 g o f soot. Cadek et al. were able to produce a 48% 

yield o f MWCNTs with the arc discharge method [23] (Fig. 2.9)
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Fig. 2.9 Schematic diagram o f Arch discharge for CNTs synthesis/247 .

Even though a good yield o f  CNTs can be produced through the arc discharge 

technique, there are a few outstanding issues. There are a lot o f  impurities present in the 

end product and hence the CNTs need purification. Another problem associated with this 

method is the short length o f  the CNTs produced, up to a maximum o f  50 m icro-m eters 

[25].

Laser ablation:

In this technique high purity graphite is mixed together with a catalyst e.g Ni, Co. 

This mixture is then targeted by high power laser beam, generating a very high tem perature 

o f  about 1200 °C . CNT growth is taken place in an inert gas atmosphere, usually argon. 

The nanotubes grow until too many catalyst atom aggregates on their Qwds[26]. The 

tem perature and choice o f  catalyst can effect the quantity and quality o f  the Xubcs[23]. in 

1996 for the first tim e Smalley and co-worker used this technique to produce high yield o f 

SW CNTs in excess o f a 70% yield/277. Although a high yield can be produced with laser 

ablation this technique is not widely used because o f  the slow rate o f  production and high 

costs.
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Fig. 2.10 Laser ablation experimental setup o f CNTs synthesis [28], Middle o f images 

shows the source (graphite) o f CNT, image also shows the collection o f CNTs on copper 

collector at the (extreme rig h t).

Chemical Vapour Deposition (CVD):

The most common technique for the production o f CNTs is chemical vapour 

deposition (CVD). Commonly CVD production setups consist o f a high temperature 

fumace/2Sy. The temperature can be in the range o f 500 to 1100 “C while atmospheric 

pressure is maintained. A hydrocarbon source like methane, acetylene, ethanol etc is 

introduced with a process gas e.g. hydrogen, ammonia, nitrogen. The hydrocarbon 

decomposes and grows over the nano catalyst usually Ni, Fe, Co in the form of CNTs. A 

catalyst can either be used on a substrate or can be introduced in the gaseous phase. CNT 

diameters and lengths can be controlled by changing the catalyst particle size or varying the 

experimental conditions. Biproducts in the CVD process can be amorphous carbon and 

graphite.

The CVD method has been known since 1959 from the work o f Walker/297 • In 

1959 for the first time CVD was used for the deposition o f carbon. The experimental setup 

consisted o f a 600mm long tube with an inner diameter o f 25mm.The temperature was kept 

between 450 and 700 C° and hydrogen was used as the process gas. Carbon monoxide was
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used as a carbon source. The first successful attempt to produce CNTs using the CVU 

method was adopted by Jose et a.l in \993>[30] . CNTs were grown by heating Fe/graphite 

at 700 C°. Then a mixture o f N 2/acetylene was introduced into the system at rate of 150 

cc/minute at atmospheric pressure. Using plasma enhanced chemical vapour deposition, in 

2000 Chris et al. was able to produce MWCNTs perpendicular to the substrate regardless 

o f the tilting angle and surface o f the substrate/^577 . The experimental setup consisted o f a 

6 inch diameter stainless steel cylinder. The system was powered with a microwave power 

o f 2.45 GHz, 5KW. The substrate was sputtered with Co catalyst prior to CVD. The 

chamber temperature was kept at 825 C° in a flowing hydrogen atmosphere at a pressure of 

20 torr. One kW microwave plasma was then turned on. The hydrogen atmosphere was 

replaced by an ammonia/acetylene mixture. MWCNTs were observed growing 

perpendicular to the substrate 10 seconds after the introduction o f the ammonia/acetylene 

mixture. Instead o f using a petroleum based hydrocarbon, in 2007 researchers from Meijo 

university grew CNTs from camphor, purified from camphor tree extracts./327 . They were 

able to grow 1.62 g o f CNTs from 3 g o f camphor in 1 hour. This corresponds to a 

camphor-to-CNT production efficiency -50%  with purity o f over than 88%.

hydrogen (H:)

cylindrical oven quart/, tube

argon (Ar)
subsiraic-

ethanol

Fig. 2.11 CVD experimental set-up [33]

Compared to the arc discharge and laser ablation methods, the CVD technique is 

cost-effective, provides good yields and a good production rate o f up to 50 kg per day [25].
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The issue with this method is that CNTs produced with CVD can have more defects than 

carbon nanotubes produced by either laser ablation or the arch discharge technique. 

Therefore the resultant CNTs from CVD exhibit reduced mechanical and electrical 

properties

2.3 Polymer
The word polymer is derived from the Greek word pelu meaning many and 

meros meaning pavi[34] . Polymers are long chain molecules usually with one or more 

repeating units o f atoms. Polymers can consist o f entangled disordered chains called 

amorphous regions or may be arranged in orderly repeated folded structures called lamellae. 

The ordered part o f the polymer is referred to as crystalline Fig. 2.12.

tie molecules

lamellai' fibiils

Fig.2.12 Illustrative model o f semi crystalline polymer

Below a certain temperature amorphous polymers are hard and glassy or brittle 

because their chains remain coiled, tangled and motionless. But above a certain temperature 

the molecules become free to rotate and slip past each other due to the fact that molecules 

gain sufficient thermal energy to overcome the intermolecular interaction. The temperature 

is called glass transition temperature (Tg). Above the Tg the polymer no longer remains
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hardened, glassy or brittle but converts into a rubbery state. The glass transition 

temperature varies from polymer to polymer.

Usually the glass transition temperature is measured by differential scanning 

calorimetry (DSC) or dynamic mechanical thermal analysis (D M TA ). In the case o f DSC, 

because the heat capacity o f a polymer increases at the Tg, this appears as a step in the DSC 

graph. The midpoint o f the slope in step is usually taken as the Tg. While in D M T A  

analysis, when the ratio o f loss and storage modulus is plotted as function o f temperature, 

the highest peak in the plot is taken at Tg. Static Tg is usually lower compared to the 

dynamic Tg because Tg is strain rate dependent/^ijy. Glass transition temperature o f a 

polymer is decreased due to the trapped solvent in it (Fig.2.13).
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Fig.2.13 Three DSC heat run for SW CNT-PVA composites shows the effect o f trapped 

solvent effect on Tg.
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2.3.1 Types of polymers (on the basis of intermolecular interactions)
Polymers can be classified in many ways i.e., on the basis o f their mechanical 

deformation, their thermal properties, polymerisation or number o f repeating units. Below 

polymers have been classified into two basic types on the basis o f intermolecular 

interactions among the polymer chains.

(1) Thermoplastics and

(2) Thermosets.

Thermoplastic polymers

The class o f polymers in which long chain molecules are held by physical attractive 

forces (Fig.2.14)., and can be made soften from glassy/rigid state to a rubbery state, melt 

and be moulded under the influence o f heat are referred to as thermoplastics. The 

temperature above which the polymer is converted to the rubbery state from glassy state is 

called as glass transition temperature (Tg) Many thermoplastics can be dissolved in organic 

solvents [36-40], These polymers can be used as the matrix for the preparation o f solution 

based and melt process CNT composites [41,42], Thermoplastics can be rigid eg. 

Polyvinylchloride (PVC), flexible e.g. polyethylene (PE) or elastomeric e.g. thermoplastic 

polyurethane TPU.

Fig 2.14 Thermoplastic molecular model shows polymer molecular chains without 

chemical crosslinking.

Thermoset polymers:

As the name implies, the polymer chains are permanently set in a particular form. The 

polymer chains are held together by chemical bonding hence forming a fixed network
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(Fig.2.15). These m olecules can not be heat moulded because o f  the m olecules fixity. These 

polymers can not be dissolved in solvents due to the fixed and giant nature o f  their 

crosslinked structure. Therm oset polymers can be used as a matrix for solution based 

com posites only by m ixing CNTs with m onomer or m onomer solution. They are difficult to 

use as a m atrix for the preparation o f  nanocomposites due the viscosity build-up during the 

polymerisation process which negatively affects dispersion o f  the CNTs.

Fig. 2.15 Therm oset polym er m olecular model shows polymer molecular chains chemically 

crosslinked together (presented by red line).

2.3.2 Mechanical properties of polymers
In general among plastics, therm oset plastics have higher mechanical properties 

than therm oplastic ones (Fig 2.16). Thermoset polymers have higher mechanical properties 

because the polym er chains are held by chemical bonding and need a larger force to deform 

the polymer. Examples o f  therm oset polymers are epoxy, kevlar etc. However this thesis 

deals m ainly with therm oplastic polymers. Low mechanical properties in therm oplastics is 

due to its relatively w eaker physical chain-chain interactions. Among therm oplastics, 

therm oplastic elastom ers are very interesting materials. They can have strength in the range 

o f  rigid plastic and very high toughness in the range o f  kevlar and spider s\\k[43-45] .
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Fig 2.16 Typical stress strain curves for various polymers. A) Therm oset polym er 

(kevlar)/467 B) Thermoplastic polymer (PVA). C) Therm oplastic elastom er (TPU).
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2.3.3 Effect of CNTs and solvent additives on thermal properties of 

polymer: indicator of mechanical properties 

Glass transition temperature

Above Tg polymer molecules can rotate and move freely/^35, 47], Thus any additive 

which will restrict molecular mobility will increase Tg o f the polymer. For a good 

reinforcement, the filler must have good interfacial bonding with the polymer/^5, 48] . If 

the filler binds effectively to the polymer, it will restrict the polymer chains mobility, 

subsequently increasing Tg o f the polymer. Accordingly increases in Tg reflects good 

interfacial boding and indicates the mechanical reinforcement by the filler. On the other 

hand, if a filler interrupts the inter-chain attractive forces and has no effective interfacial 

bonding with them, this could have a negative impact on the overall composite. Reduction 

in Tg can also be due to the degradation o f the polymer because low molecular weight 

polymers have lesser Tg compared to the high molecular counterpart/357 ■ Degradation of a 

polymer also reduces the polymers mechanical properties/^49, 50] . This means a reduction 

in Tg with incorporation o f filler can also be attributed to the degradation o f polymer during 

processing. Again this will result in an overall reduction of mechanical properties o f the 

composite. Composites prepared by solution processing can have some trapped residual 

solvent in them. Due to the plasticising effect, such solvents reduces the Tg [35], hence the 

mechanical properties o f the polymer. The same reasons apply to the reduction in Tg of 

polymer by a solvent apply to the filler. To understand the mechanical reinforcement of 

polymeric composites, Tg measurement can be a good tool to understand the reinforcement 

in polymeric composites

Addition of CNTs to a polymer is usually associated with an increase in the Tg due 

to restriction o f the molecular mobility o f the polymer chains. Ogasawara et al. showed 

that MWCNTs immobilize polymer chains and increases Tg/577 . Increases in Tg have also 

been observed elsewhere/^52y. As mentioned earlier any additive which facilitates chain 

mobility or degrade polymer decreases the TgOf a polymer. Plasticizers are substances with 

small molecules/^5iy which are added to polymers to make them more flexible. The 

introduction o f a plasticizer to a polymer reduces its strength and stiffness but increases its 

strain at break. Plasticizer also reduces the Tg o f the polymer/^537 • Usually trapped solvent 

can have this effect and will be discussed in detail in chapter 3.
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Crystallinity

An increase in the crystallinity o f  a polym er enhances its mechanical properties [54, 

55] .  Thus, introduction o f  filler into a polymer which increases crystallinity would mean an 

increase in mechanical properties o f  the polymer. The addition o f  CNTs not only influences 

the amorphous part o f  a polymer but can significantly alter the polymer crystallinity. h  has 

been found that in many cases CNTs nucleate and increase crystallinity in polymeric 

composites/^52, 56]  [ 54, 55],

The crystallinity o f  a polymer can be measured using a differential scanning

polymer does not change to a rubbery state because o f  its ordered structure. Ordered 

structures are more stable than amorphous ones and pass through thermal transitions at 

higher temperatures.

Therm al stability

In many cases composites are used in high tem perature environments. Even though 

a filler imparts reinforcements to the matrix it can alter thermal stability o f  the polymer. 

Thus the filler effect o f  the thermal stability o f  the polymer must be known.

Other than affecting the Tg and crystallinity (Fig.2.17) o f a polymer, the addition o f  

CNTs can significantly influence its thermal stability/57-607. Polymer crystallinity can be 

measured using DSC which will be discused in chapter 3. In many cases the introduction o f  

CNTs increases the thermal stability o f  the polymer at certain loading levels [ 57-60] .  At 

very high loading, CNTs can have negative effect on polymer thermal stability/^557 (Fig.

calorim eter which will be discussed in detail in chapter 3. At Tg the crystalline phase in the

2.18).
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Fig.2.17 Increase in crystallinity o f  PVA with the introduction ofCNTs/3<57
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The thermal stability o f  a polymer is usually measured by therm ogravim etric 

analysis (TGA). The technique has described in Chapter 3 o f  the thesis.
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F ig .2 .18 Effect o f  CNTs weight fraction (weight o f CNTs /weight o f  CN Ts+polym er ) on

thermal degradation o f  PVA [58]

2.4 Type of CNT composites based on processing
Based on processing, CNT composites can be divided into three types,

(1) Solution based composites

(2) M elt processed composites and 

3) Novel composites.

2.4.1 Solution based
The desire to disperse CNTs efficiently in polymer matrices for mechanical 

reinforcement makes solution based composites the most popular type o f  carbon nanotube 

polymer composite. It has been shown by various research groups that CNTs can also be 

dispersed very efficiently in organic so\\Qx\is[61-65]. Various types o f  CN Ts-polym er can
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be dispersed/dissolved in many solvents [36-40]. A compatible CNT-polymer-solvent 

system can give rise to a homogenous and reinforced nanocomposite. In the solution based 

method, in general CNTs are dispersed in a solvent or in a polymer solution by energetic 

agitation [66]. This is followed by drying o f the sample i.e, controled evaporation of 

solvent, leaving behind a CNTs composite.

In 1998 y\n[42] and co-researchers dispersed arc MWCNTs in chloroform by 

sonication for one hour. The matrix, polyhydroxyaminoether was introduced to the 

dispersion and was further sonicated for one hour. The composite solution was poured into 

a Teflon tray and dried in ambient conditions in a fume hood. The loading level o f CNTs in 

the resultant composite was 50%[42] . In another study, Shaffer et al. dissolved 

polyvinylalcohol (PVA) in water. This was followed by mixing the PVA solution with a 

water MWCNTs dispersion. The dried composite was filled with up to 60 wt% CNTs/^557 • 

In 2000 Qian used the same technique for the preparation o f polymeric CNTs composites, 

using polystyrene as matrix and MWCNTs as a filler/677 . In subsequent years Safadi et al. 

and Valasco used the same method for the fabrication o f CNTs composites/^52, 68] . In 

2004 Cadek prepared CNT/PVA/water composites using solution based techniques/557 . In 

2006 Whitten et al. prepared SWCNT-DNA/distilled water composites with help o f a 

dispersion agent/^Py • In the following year Cong et al. prepared solution based composite 

using brominated poly(2,6-diphenyl-1,4-phenylene oxide) as matrix and chloroform as 

solvent. They used SWCNTs and MWCNTs as a filler to fabricate mechanically strong 

nanocomposite membranes for gas separating purposes/’70/ .

2.4.2 Melt processing
In spite the fact that CNTs disperse well in many solvents and polymer solutions, 

there are still many polymers which are insoluble in solvents. Many industrial 

manufacturing processes are based on melt processing o f polymers. A combination o f these 

factors attracted scientists to investigate the melt processing o f CNT composites. The 

technique utilises the property o f amorphous or semicrystalline polymers that allows them 

to soften and subsequently melt under the influence o f heat. Amorphous polymers are 

processed above their Tg and semi crystalline polymers above their crystalline melt 

temperature (Tm ). In both cases, carbon nanotubes are shear mixed with the polymer/^57 .

26



Using this technique Jen et al. melted polymethylmethacrylate (PMMA) together 

with arc MWCNTs at a loading of 26wt% at 200C° in a lab moulder. The melt was 

compress molded, using a hydraulic press. The SEM images showed good dispersion of 

CNTs even at this high loading \ t \ t \ [ 4 l]  . In following the year Andrew et al demonstrated 

the fabrication o f CVD MWCNTs polymer composites. They used high impact polystyrene 

and acrylonitrile-butadiene-styrene (ABS) polymers for their melt processed 

composites/^777 . They prepared a master batch o f the polymers and CNTs. The master 

batch was diluted to form a lower mass fraction film with melts o f respective polymers and 

shear mixed. The composite films were prepared by compression molding. The same 

technique was also used by a number o f other researchers [37, 72, 73J. Potschke et al. 

prepared a CVD MWCNTs/polycarbonate master batch melt by shear mixing at 260 C° in a 

mir-compounder/7-^7 • They diluted the master batch with polycarbonate polymer in a 

micro-compounder/^747 . They fabricated the composites by extrusion through a circular 

die. Their work revealed that small scale extrusion can be as efficient as large scale. 

Polymer degradation due to the high shear rate was also observed in their work. In 2004 

Russell dry blended SWCNTs and MWCNTs with PMMA and extruded with twin blades 

at 130 C° through a cylindrical d\t[75] . In the same year Meincke et al. mixed polyamide- 

6, poly acrylonitrile butadiene styrene (ABS) and CVD-MWNTs in a twin screw extruder 

at 260 C°. This was followed by the cutting o f the samples into pellets. The sample was 

inject molded to get composites with a good dispersion o f CUTs[76] . In 2006 Ghose dry 

mixed phenylenethyl terminated imides and MWCNTs and inject molded it through 

hydrostatic pressure at 2>1\C°[77] . They demonstrated the fabrication o f polyimide 

nanocomposites containing up to I5w t%  MWCNTs without exceeding the maximum 

tolerable melt viscosity for composite processing. Alig et al fabricated MWCNTs 

composites by heat melting polypropylene (PP) (200-220 C°). They prepared a master 

batch and diluted the master batch further to 2, 3.5, 5 wt % by adding ^?[78] .

2.4.3 Novel method of composites fabrication (very high mass fractions)
High viscosity in melt processing rendering good dispersions o f CNTs and also melt 

blend o f CNTs is difficult to process. In addition melt processing can cause polymer 

degradation [74]. While solution processing o f CNTs is a famous tool for the fabrication
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of CNT composites at higher concentrations, the nanotubes tend to bundle together. This 

causes a reduction in the mechanical properties [5], To minimise these negative effects, a 

novel composite fabrication technique can be used called the buckypaper preparation 

technique i.e. filtration o f a CNT solution through a filter membrane. Generally speaking, 

in this technique the CNTs are dispersed in large volumes o f a solvent or polymer solution. 

The dispersion/solution is then filtered through a micromembrane under vacuum. 

CNTs/composites are deposited on the membrane and after drying a free standing film is 

peeled off the membrane. The CNTs concentration within the dispersion does not increase 

with time as usually happens in the case o f conventional solution based process systems. 

Therefore very high CNTs loaded composite can be achieved with out significant 

aggregations o f  the CNTs. In 2003 Coleman et al[79] in their work they soaked the 

SWCNTs films in polyvinylalcohol (PVA), polyvinyl pyrolidone (PVP) and polystyrene 

(PS) solutions. The films obtained were called Buckypaper/^797- They observed the 

intercalation o f up to 30wt % o f the polymer in the porous CNT network. Intercalation is a 

process in which a polymer solution penetrates into the free volume o f CNTs network by 

capillary action. In the following year Wang and co-researchers fabricated CNTs/epoxy 

composite by Buchner infiltration/5C7. Firstly they prepared a CNT buckypaper. This was 

followed by infiltration o f epoxy solution dissolved in ethanol through it. They noted a very 

good infiltration o f epoxy through out the composite system. To get a thicker film, they 

placed several buckypapers on top of each other and pressed and cured them at 177C°. in 

recent years Blighe et al. (2008) demonstrated the fabrication o f buckypapers with a 

variety o f SWCNTs nanotubes/577 In work they used pristine SWCNTs as well as a 

range o f funtionalised nanotubes. All o f the buckypaper were prepared without the 

incorporation o f any polymer. The CNTs networks in all the buckypapers were held by 

physical interaction between the CNTs. Their work demonstrates that the films mechanical 

properties are dependent on CNTs junction densities i.e increasing number o f CNTs 

junction increases mechanical properties i.e. stiffness and strength. In the same year Blighe 

and CO researchers were able to prepare buckypaper by the filtration o f chemical modified 

SWCNT/polyurethane/water dispersion through a micromembrane. The average diameter 

o f the filtration membrane was 45 micrometer. In the same paper they discussed the 

preparation o f layer by layer buckypaper composites as well. The work was break-through
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in the m echanical reinforcem ent o f  polymers by CNTs. They demonstrated supper high 

increase in Y oung’s m odulus by a factor o f  800 o f  polymer with addition o f  0.75 mass 

fraction o f  CNTs. They also noted sharp decline in UTS and ductility with each increment 

o f  CNTs loading/^S2/. UTS is defined as the maximum observed stress in a stress strain 

curve

2.5 Models for fibre reinforced composites
Adding CNT to polymers increases both the modulus and strength. In order to predict these 

properties a num ber o f  different models have been suggested. Here, some o f  the models 

relevant to this work will be discussed.

2.5.1 Rule of Mixtures
The Y oung’s M odulus (Yc) o f  a composite can be predicted using the “Rule o f 

M ixtures” , if  a num ber o f  conditions are satisfied/4Sy.

>  The stress is perfectly transferred from matrix to fibre i.e. good bonding 

between the two.

>  Fibres are aligned to the applied stress.

>  Under all circum stances, both matrix and fibre are strained equally.

>  Then the Y oung’s modulus o f  the composite is given by:

y, =(y,-y.y,+y. Eq.2.2

where, } /is  the fibre m odulus, Ym is the matrix modulus, Vf\s the fibre volume fraction. 

Equation 2.2 is called the rule o f  m ixtures/^S /.

This model is for ideal conditions, but as the filler is usually much stiffer than the matrix, 

they cannot strain equally. Also, the fibres are usually randomly oriented in the matrix. This 

rule o f  mixtures has been m odified for randomly oriented fibres by Cox[83J using the 

Krenchel expression:

yc=kr>,y,-y.y,+y. Eq.2.3
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where r | o  is the orientation efficiency factor (this has values o f  r | o = l  for aligned fibres, 

t | o= 3 / 8  for fibres aligned in plane and r ] o = l / 5  for randomly oriented fibres/5^7 )> ^nd where 

r|i is the length efficiency factor and given by:

, Tanh(a -I/ D)  „ .  .
1 , = ' ----------7 7 7 —  ̂ Eq2.4

a - l l  D

where / is length and D is diameter o f  fiber and a is given by

a =

Equation (2.2) can be modified to calculate the UTS o f  short fibre reinforced composites 

(cJc).

where t | s = ( l - l c / 2 1 )  and is called the strength efficiency factor, Cf is fibre strength, 1 is the 

fibre length and Ic is the fibre’s critical length. For effective reinforcement in composites 

filled with fibres, the fibres must have a certain minimum length called critical length ( I c ) .  

The critical length is given by

where x is the fiber-matrix interfacial strength, D is the external diameter and Dj is the 

internal diameter o f  the fibre respectively. For SWCNT there is almost no difference 

between the internal and external diameter however for MWCNT the difference depends on

Eq. 2.6
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the num beres o f  CNT walls which for example the internal diam eter for M W CNT can be 

8nm while external diam eter for the same nanotube can be 20nm.

For real reinforcement the fibre length should be more than the critical length.

Critical length

In the case o f  fibre filled composite the filler must have some critical length (lc> for 

effective mechanical reinforcements, which is defined by equation 2 .7 .  For a composite 

filled with fibre have length equal to Ic (l= lc)  then only axial centre o f  the fibre feel the 

m aximum  stress (Fig 2 .1 7  B) while when 1 >lc then the reinforcements become more 

effective and stress transfers to a larger area o f  the fibre (Fig 2 .1 7  C ) .  However, when 1< Ic 

the stress cant be transfer to the fibre (Fig 2 .1 7  A ).  A  fibre having 1 >151c, is called 

continuous fibre and the one have length lesser than 15 Ic is termed as the discontinuous or 

short f\hrc[48]. The matrix filled with short fibres exhibits either no or very slight 

reinforcement because stress does not transfer efficiently to the T\\\qt[48].

Fig 2.19 Illustration o f stress position in fibre (reinforce composites) A) when 1 = Ic, B) 1 > 

Ic, C ) l » l c W

2.5.2 Halpin and Tsai model

This model is based on the work by Hills/^SJy to predict the Y oung’s modulus o f 

aligned short fibre com posites/557 . The Y oung’s modulus is given by:
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K- = K  V \  Eq. 2.8

where ^=2l/D and

YflY.  -1 r\ = ——  ----- Eq. 2.9

By modifying Equation (2.8) :

8
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5
H—

'\  + 2 r j;V /
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1■

1
1

Eq. 2.10

Yf !Y^- \
where n, ------------ Eq. 2.11

Yf!Y„+^

Y f ! Y ^ - \  
and r).,.= ~ ----------- Eq. 2.12r,/y„+2

Equation (2.10) is the Halpin and Tsai equation for randomly oriented fibre composites. 

Halpin and Tsai equation is good for low mass fractions composites while rule o f mixtures 

can be used for high mass fraction composites as well.

2.6 Requirement for effective reinforcement and role of 

funtionalised CNTs.
For effective reinforcement there are certain requirements which should be fulfilled. These 

are as

>  Critical length

>  Alignment o f the filler material

> Good dispersion o f the filler

>  Stress transfer/ interfacial bonding between the filler and the matrix

Critical length
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The critical length has been discussed earlier, the remaining factors will be discussed here.

Alignment

Com posite prepared with aligned fibres exhibit higher mechanical properties than 

composites filled with randomly oriented fibres. The Y oung’s modulus o f  aligned fibre 

composites can be higher by a factor o f  five [5]. These composites can have higher strength 

as well but the down side o f  these composites is anisotropy i.e composites shows good 

reinforcem ent in direction o f alignment only. In the case o f  a fibre (composite) anisotropy 

does not matter.

Dispersion

One o f  the most important parameters for reinforcement in composites is uniform 

dispersion o f  the filler in the matrix. For mechanical reinforcement the effective penetration 

o f  adhesive resin among the filler fibres or particles is essential. In other words, wetting by 

the polym er o f  the maximum number and area o f  filler particles results in the maximum 

reinforcement o f  the composite. This can be achieved by the presence o f  a maximum 

numbers o f  individual CNTs per given volume in the composite system. One way to 

achieve a maximum number o f  individual CNTs and small bundles per given volumes is to 

disperse CNTs in an appropriate solvent. Pristine nanotubes remain in bundles but in 

solvents at very low concentration they can be exfoliate into individual tubes and small 

bundles [65]. At very higher concentrations CNTs do not stay suspended in a solvent and 

fall oui[87]. To achieve good dispersion at high concentration researchers also use 

surfactants to disperse CNTs. Surfactants molecules have two ends one o f  which is 

com patible with solvent while other is phobic to the solvent and attached it se lf to 

C N T/5S/. In this way a number o f molecules (micelle) surrounds the CNT, exfoliate and 

m ake it dispersed in the solvent. On drying these surfactant molecules remain adhered to 

the CNT and form coating around it Due to the coating around the CNTs surfactants can 

have drawbacks in com posites/59, 90] e.g coating around CNTs reduces mechanical and 

electrical properties. Thus pristine CNTs/solvent or pristine CNTs- surfactant/solvent can 

not be used for high mass fraction composite preparation due to aggregation o f  CNTs. In 

recent tim es it has been shown that chemically modified CNTs can be effective disperse in
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various solvents at very high concentrations/'Pi, 92] . Therefore high mass fraction CNTs 

composites with good CNTs dispersion can be prepared with chemically funtionalised 

CNTs.

Stress transfer/ interfaciat bonding

Stress transfer to the filler is vital for composite reinforcement. Stress can be 

transferred to CNTs if there is good interfacial bonding between CNTs and matrix. The 

matrix can bind to CNTs either by physical bonding (Van der Waals forces) or mechanical 

interlocking/Piy • tier Waals forces are the weak attractive forces which exist among 

atoms, molecules, and surfaces. These are the primary bonds which exist between the 

polymer and CNTs in composites. Unlike chemical bonding these bonds are relatively 

weak. Adding to this, CNT bundles are also held by these weaker forces. Thus, in the case 

o f composites applied stress usually does not transfer effectively to CNTs either because o f 

CNT-polymer interface or CNT-CNT bonding. Mechanical interlocking is a process in 

which liquid, molten, solution based matrix is dried/cured in the nano/micro/ patches o f 

filler. Thus the filler is bonded to polymer matrix by mechanical interlocking. In most cases 

CNTs have atomically smooth surfaces hence this kind o f interaction is not possible in 

pristine CNTs. As with the issue of dispersion, again functionalised CNTs can have 

superior interfacial bonding properties to pristine CNTs. Functional groups o f nanotubes 

can entangle with matrix chains. Adding to this, functionalities can form hydrogen bonding 

with matrix moleculesf577 . Attached functional groups can react chemically and form 

chemical bonds and hence very good stress transfer and reinforcement/947 .

In an endeavor for such composites Yang et al. prepared CNTs composites using 

pristine MWCNTs and funtionalised MWCNTs as the filler and p(MMA-co-EMA) as the 

matrix. They did not observe any remarkable difference between funtionalised and 

nonfunctionalised CNTsfPiy . Blak et al. funtionalised CVD MWCNT with polyproylene 

(PP). They fabricated composites by blending PP-CNTs with chlorinated ??[96] . Young’s 

modulus was increased from 0.22 to 0.68 GPa. While strength and toughness was increased 

from 12.5 to 49 MPa and from 24 to 108 J/g respectively. Zhu et al. funtionalised SWNCTs 

with large organic group and blended it with epoxy resin [97, 98]. They covalently bonded 

these SWNCTs to epoxy. They noted an increase in Young modulus from 2.02 to 3.4 GPa
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with a 4 wt%  loading o f  CNTs. This corresponds to dY /dV f~  95 GPa. An increase in 

strength from 83 to 102 MPa was also recorded. They also observed the fracture o f  CNTs. 

This suggests good stress transfer to the CNTs/’97, 98] . Hwang chemically attached 

PMMA molecules to arc M W CNTs. These chemically modified CNTs were dispersed in 

PMMA m&ix\x[99] . The resultant composite were reinforced by adding up to 20 wt% 

CNTs. They were able to significantly increase the modulus o f  composite to 29 GPa from 

2.9 GPa with respect to polymer only sample. They observed enhancement in modulus with 

increase in CNTs loading even until 20 wt%. CNTs failure were observed by the “ sword 

and sheath”  method suggesting good interfacial stress transfer.

2.7 Mechanical properties of CNTs composites
As has been discussed in the previous chapter the primary purpose o f a 

composites material is to prepare stiff, strong and tough yet light materials. To obtain such 

a material the polymer must fulfil the criteria o f  a good matrix.

Here the mechanical reinforcement is compared for work done by various 

researchers in terms o f the increase in Y oung’s modulus o f  polymer per volume fraction 

(Vf) o f  CNTs added. This values are expressed as dV/dVf . Y is the Young’s modulus and 

Vf is volume fraction o f  CNTs. The dY/dVf value can be extracted from experimental data 

o f  a composite or from series o f  composites with various mass fraction o f CNTs (slope o f 

Y vs Vf ). dY/dVf can also be calculated using equation 2.1.

dYc
= 2-1 [5 ]

dV,

where r|o is the orientation efficiency factor. This has values o f  rio=l for aligned fibres, 

rio=3/8 for fibres aligned in plane and t1o=1/5 for randomly oriented fibres [84]

Shaffer was the first to fabricate solution based CNTs/polym er nanocomposites 

and study their mechanical behavior [58]. He prepared solution processed CVD-M W NTs- 

PVA composites with a filler loading level o f 60 wt%. He used DMTA for mechanical
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m easurem ents. His study shows very small increase in the storage m odulus o f the polymer, 

the Y oung’s modulus was increased from 6 GPa to 12 GPa with dY/dVf value ~  4.7 GPa . 

It was found that above the glass transition temperature, the results were even better. In 

another study, Qian et al.[67J studied CVD-M W NT-polystyrene (PS) com posites by 

tensile testing. They used 1 wt%  o f both short (~15|xm) and long (~50|o,m) CVD-M W NTs 

and observed an increase in the Y oung’s modulus from 1.2 GPa to 1.62 GPa and 1.69 GPa 

respectively, with a dY/dVf value o f -7 4  GPa. To understand the reinforcement m echanism  

they cracked the sample while observing it under scanning electron m icroscope 

(SEM ).They noted the craze formation and observed that the crazes were bridged by the 

CNTs. Crazing is the phenom ena o f  fine crack, formation which may extend in a network 

on or under the surface or through a layer o f  plastic material//OOy. When crazes reached 

800 nm CN Ts were either pulled out or fractured. This suggests that the interfacial bonding 

was not uniform or that the CNTs had weak points/defects. Safadi ei a.l[68] also studied 

com posites m ade with CVD-M W NT-PS using tensile testing. Their study showed a 

significant increase in the Y oung’s modulus o f  the composite. Y oung’s modulus increased 

by a factor greater than 2 compared to the polymer with a filler content o f  2.5 vol%  

(dY/dVf ~ 122GPa), the pull out and the fracture o f  CNTs was also observed. W hile in 

another study Watts observed only the pull out o f  arc M W CNT from the matrix but no 

fracture/’/O /y  . These results suggests that CVD M W CNTs have low mechanical properties 

compare to arc M W CNTs. Cadek et al.[39] studied solution based polyvinylcarbazole 

(PVK) and PVA composites produced with arc-discharge MW NT. They found that the 

Y oung’s m odulus o f  the PVA was increased from 7 GPa to 12 .6 GPa with 0.6 vol.%  o f  

M W NTs. For PVK, the Y oung’s modulus was increased from 2 GPa to 5.6 GPa with 4.8 

vol % o f  M W NTs. Their DSC work revealed a linear increase in crystallinity o f  the PVA 

com posite with increased CNT content, no such increase was noted for PVK samples. This 

suggested that the difference in reinforcement in PVA and PVK composites may be due to 

the presence o f  ordered structures at the polymer nanotube interface in PVA samples. 

Frankland also suggested the presence o f  an ordered structure at interface in her SW CNTs 

w o rk f 17] . Coleman et al. observed an increase in Y oung’s modulus from 1.92 to 7.04 GPa 

in PV A-M W CNTS composites with a dY/dVf ~754 G?a[36] . Velasco et al. noted an 

increase in m odulus from 0.71 GPa to 2.34GPa in arc M W CNTs/ m ethylethyl-m ethacrylate
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co-polymer composites at lwt% loading with a dY/dVf value ~212[52] . In another study, 

Ruan et al.[102] observed stress transfer to nanotubes using Raman spectroscopy. They 

used the D-band sensitivity o f nanotubes to strain in the Raman spectra to show that 

significant stress was transferred to the nanotubes. Cadek et al.[56] used SWCNT, 

DWCNT, CVD-MWCNT and arc-MWNT as fillers in a PVA matrix. The outcome o f this 

study was that the Young’s modulus o f the composite was observed to be directly related to 

the matrix-CNTs interfacial area, except for SWNTs. The result for SWCNT was explained 

in terms o f bundle formation. Bundles reduce the interfacial area, and also CNTs in these 

bundles are bonded by weak Van der Waals forces, so the CNTs can slip easily under 

applied stress.

Jin et al.[41] fabricated PMMA-Arc-MWNT composites by melt processing and 

tested them by DTMA. For a filler load o f 17 wt% they observed an increase in Young’s 

modulus from 0.7 GPa to 1.63 GPa. In terms o f dY/dVf this corresponds to 7 GPa, which 

is not significant reinforcement. Gorga et al.[74] studied the mechanical properties of 

polycarbonate-CVD-MWNT composites fabricated by melt processing. They observed a 

very small mechanical reinforcement, with a dY/dVf value o f 2.4 GPa. Zhang et al.[37, 73] 

showed that the Young’s modulus o f polyamide-6 can be increased from 0.4 GPa to 1.24 

GPa on addition o f only 2 wt % CVD-MWNT, corresponding to dY/dVf value ~ 64 GPa.

Many of the thermoset polymers have higher mechanical properties than 

thermoplastics/457 . Also thermosets remain stable at elevated temperatures, while as the 

name indicates, thermoplastics lose their rigid structural integrity at Tg or Tm- Owing to 

their superb mechanical properties and high aspect ratio CNTs are an attractive reinforcing 

filler for thermosets polymers. To understand the behavior of CNTs in a thermoset matrix, 

Ajayan et al.[l03] fabricated and studied nanocomposites with a thermoset binder. In his 

epoxy-nanotubes work, the nanotubes were aligned using force produced by cutting the 

composite with a diamond knife. The values mentioned above are summarized in table 2.1
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N anotube Type Polym er Y Poly

(GPa)

Y,viax

(GPa)

dY/dVf

(GPa)

Reference

CVD-MWCNT PVA -6.3 -12.6 -4.7 [58]

CVD-MWNTs PS 1.2 1.69 -74 [ 67]

CVD-

MWCNTs

PS 1.53 3.4 122 [ 68]

Arc-MWCNT PVA 7 12.6 990 [ 39]

CVD-

MWCNTs

PVA 1.9 7.04 754 [ 36]

Arch-MWCNTs MEMA 0.71 2.3 272 [ 52]

Arc-MWNT PVK 2 5.8 75 [ 39]

CVD_MVCNTs PC 0.8 1.04 2.4 [ 74]

Arc-MWNT PMAA 0.7 1.63 7 [41]

CVD-MWNT PA-6 0.4 1.24 64 [ 37, 73]

Table. 2.1 Summary o f mechanical properties of CNTs composites observed by various 

researchers.

2.8 Conclusion
Carbon nanotubes not only directly reinforce the polymer matrix because their 

excellent mechanical properties [5]  but can indirectly enhance the mechanical properties by 

altering polymer morphology/^54, 55]  . Owing to theses unparallel properties, CNTs would 

be the potential filler for future composites. Having said that, there are certain issues with
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CNTs which have to be addred for their effective utilisations. One issues with CNTs in use 

as filler is, their aggregation and poor dispersion. Although CNTs show very good 

dispersion in certain high boiling point organic solvent but at very low concentration/^65, 

87]. These high boiling point solvent can remain trapped in composite and reduce their 

mechanical properties/'/O^y . At relatively high concentration CNTs tends to aggregate/^(55, 

87] which is again hurdle in the utilising their properties. Bucky paper approach [79] can 

resolve this problem but again this method can not be used as industrial technique due the 

involvement of very large volume of solvent. Another problem with CNTs is their 

atomically smooth surface due to which mechanical interlocking and polymer chains 

entanglement is not possible hence less effective reinforcement. All theses issues can be 

resolved to quite a good extent by use o f functionalised CNTs. Carbon nanotubes can be 

funtionalised with variety o f functional groups which can then dispersed in number of low 

boiling point, high boiling point, organic and aqueous solvents, at high concentrations [91, 

92, 105], The attached functional groups can be \arge[91] enough to entangle with polymer 

chain hence imparting mechanical reinforcement. Functionalisation o f CNTs can create 

defects in CNTs, at one hand this can reduce their mechanical properties of CNTs but at the 

other hand creating sites for mechanical interlocking. Therefore funtionalised CNTs would 

the potential filler o f future composites.
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Chapter 3

Materials and characterisation techniques

3.1 Introduction
This chapter discusses the materials used in this thesis and also outlines the 

characterisation techniques.

3.2 Carbon nanotubes
To understand and improve the mechanical properties o f  CNT nanocom posites, a 

variety o f  CNTs were used. A summary o f their nature and origin is given in Table 3.1.

Description Production

Method

Supplier Functionality

SWCNT-Purified HiPCO www.cnanotech.com N/A

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

SWCNT-PABS (P8) CVD WWW. carbonsoluti on. com Polyaminobenzene Sulfonic 

Acid (PABS)

SWNT-ODA (P5) CVD www.carbonsolution.com Octadecylamine (ODA)

VerythinMWCNT

(9.5nm)y77

CVD w w w. carbonsol uti on. com N/A

ThickMWCNT(25

nm)[2]

CVD www.carbonsolution.com N/A

Table 3.1 Different types o f  nanotubes prepared by high pressure carbon monoxide 

(HiPCO), chemical vapour deposition (CVD) techniques and suppliers.
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3.3 Polymer matrices

Polyvinyl alcohol (PVA)

PVA is a therm oplastic polymer. PVA was used as the matrix in com posites which will be 

discussed in chapter 4. It was supplied by Sigma-Aldrich (Aldrich: product code P-8136). 

PVA is prepared from polyvinyl acetate (PVAc) Figure 3.2. PVA is semi-crystalline 

polymer.

^  OH
I I

 C H ^ H -
n

Fig. 3.1 Polyvinyalcohol ^ V A )
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I

-CH CH CH^
O C O R

I
-C H C H C H j

(H-" o r C H - )

R 'O H

CH
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-CH CH ChHj-

VI a (R C 0 )2 0  a r d  
Formatjcn of RCOCR"

Cd:alvsi s

R

or

OR" OH
— C H f  H CH2- +  H X  ( ac i d)  — CH3 CH CH2- +  R"X

Fig 3.2 Two methods o f  PVA synthesis/^57 .

Polyurethane (PU) water dispersion

This is a new class o f  thermoplastic elastomer, which was supplied in the form o f 

highly viscous dispersion in water. The dispersion consists o f  an average particle size o f  ~  3 

micrometers, it was produced by Hydrosize/^^7 , product code U2-01. TPU is synthesised 

by chem ically reacting a straight chain polyol and diisocyanate/57 . Thermoplastic 

polyurethanes are segment polymers. The polyol in TPU is very soft (with a very low T g) 

and the diisocyanate part is relativity hard (with a high Tg ) and so, these are referred to as 

soft segm ent (SS) and hard segment (HS) respectively. Due to the presence o f  hard and soft 

domains, these m aterials are also called segmented PU. The com bination o f
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thermodynamically incompatible SS and HS gives rise to an interesting material/57 . The 

HS acts like filler and is mainly responsible for determining the stiffness and yield strength 

o f TPU, while the SS accounts for very large deformation o f TPU before break. These 

materials are analogous to spider silk in SS and HS morphology but unlike spider silk they 

have very low stiffness and yield strength because the HS are linked by weak hydrogen 

bonding. Scheme (Fig.3.3) shows TPU synthesis.

O O
I I  I I

0 = C = N - R a - N = C = 0  +  HO-Rb-OH — > - [ - C - N - R b  - N - C - O - R a - O - ]
I

H

Diis ocyanate polyol polyurethane

Fig 3.3 Polyurethane synthesis

3-11 nm

m — O— Q— ( C A

Hard segment

° \  20-22
Softseamem

Fig 3.4 Typical TPU polymer [ 6]
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3.4 Solvents

Depending on the nature o f  CNTs and polymer matrices, different organic 

solvents were used in this thesis. A summary o f  their physical properties are listed in Table 

3.6.

Solvent Formula MW
(g/mol)

boiling
point
(°C)

melting
point
(°C)

density
(g/mL) Supplier

Dimethyl-
formamide
(DMF)

C3H7NO 73.09 153 -61 0.944 ww w.sigm aaldrich.com

Dimethyl sulfoxide 
(DM SO) C2H6OS 78.13 189 18.4 1.092 ww w.sigm aaldrich.com

jV-methyl-2-
pyrrolidinone
(NMP)

CH5H9NO 99.13 202 -24 1.033 ww w.sigm aaldrich.com

Tetrahydrofuran
(THF) C4H8O 72.11 66 -108.4 0.886 ww w.sigm aaldrich.com

W ater H2O 18.02 100.00 0.00 0.998 In house

Table 3.6 Physical properties o f  solvents

3.5 Characterisation techniques

3.5.1 Thermogravimetric analysis (T G A )

All therm ogravim etric analysis in this thesis was done on a Perkin Elmer Pyris 1

TGA .

In this technique, the m ass o f  a sample is monitored as function o f  tem perature and plotted 

as a TGA curve. Figure 3.5A shows a typical TGA curve. In practice, a derivative weight 

loss curve is taken (Fig 3.5 B) which is referred as deferential therm ogravim etric analysis 

(DTGA). Peak at ~  50 °C in the DTGA plot (Fig 3.5 B) corresponds to the evaporation o f

47



trapped solvent in the TPU, while around 376 and 506 arises due to the polymer 

degradations. TGA can be run under a range o f atmospheres e.g oxygen, nitrogen.

This technique can be used for a variety o f purposes e.g. oxidation, decomposition o f 

substances t i c [ 7 ] .

A modem TGA instrument consists o f a number o f common parts. Weight is 

monitored by a sensitive thermo balance. A digital recorder records variation in weight 

during a TGA run. A heating furnace made up o f ceramic material is present to withstand 

high temperatures. Temperature is precisely controlled by a temperature programmer and a 

computer monitor displays the data.

S o lven t p ea k

-  D egradation  onset

P o lym er degradation  
peaks

200 400 600 800

Temperature (C° )

Fig. 3.5 A)TGA and B) DGTA o f TPU shows solvent entrapment in polymer and polymer

degradation temperature.
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TGA can be used to determine a number o f  different properties o f materials. 

Thermal stabilities o f  m aterials can be measured and compared under the required 

atmosphere. Oxidation or reduction o f  materials can be monitored. Solvent residues can 

also be elucidated from the DTGA curve. Life spans o f  materials can be estimated. The 

presence o f  volatile com ponents in a sample can be determined from a TGA curve. TGA 

can also be used for analysing the kinetic features o f  all types o f  weight loss or gain, either 

with a view to predictive studies, or to understand the controlling chemistry. TGA can be 

used in combination with other techniques like mass spectroscopy to get very useful 

information. For example TGA in combination with mass spectrometry gives information 

about the degraded fragments. It can be used to find the presence o f  trapped solvent and the 

effect o f  this solvent on thermal stability o f  samples.

3.5.2 Differential Scanning calorimetry (DSC)
A DSC study was carried out to understand the effects o f  various kinds CNTs and 

CNT loadings on a polymer matrix. It was also used to understand the CNT solvent 

interaction in a given sample. All the DSC experiments were performed using a Perkin 

Elmer Diamond DSC machine. The technique, in which heat flow to materials is recorded 

against the temperature, is referred as differential scanning calorimetry (DSC). Using this 

method, the rate o f  heat flow to a sample and to a reference is independently m easured over 

a range o f  temperature. Data is taken by m onitoring the differential heat fiow as a function 

o f temperature (Fig 3.6).
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Fig. 3.6. Typical DSC curve o f  a polymer shows various thermal transition in polymer i.e. 

glass transition tem perature (Tg), meting tem perature (Tm), crystallisation tem perature (Tc).

N um erous different thermal transitions are evident from DSC curves. It can be used to 

obtain glass transition tem peratures (Tg) o f  amorphous and semicrystalline polymers. 

M elting points o f  m aterials can also be determined using DSC. Another useful application 

o f  DSC is its use in establishing the crystallisation tim e and tem perature (Tm) and also 

percent crystallinity. Heats o f  fusion, reactions, specific heat and heat capacity can be found 

out with DSC. DSC is also used in determination o f  oxidative stability, rate and degree o f  

curing and reaction kinetics.

This thesis mainly describes the Tg, Tm, and crystallinity o f  polymers and polymeric 

nanocom posites.

The heat capacity o f  a liquid is higher than the respective solid, so when an 

am orphous polymer is heated continuously, above its Tg, the polymer becomes rubbery or 

becom es a viscous liquid and the heat capacity suddenly increases. This appears as a step in 

DSC curve. The middle point o f  the step is taken as Tg (Fig 3.4). The Glass transition is 

usually considered as a finger print for a particular polymer.

In the case o f  sem icrystalline polymers, the ordered part/s o f  molecular chains in the 

polym er are more stable than the randomly coiled amorphous region. Extra heat is required 

to maintain a constant tem perature rate as a DSC suddenly increases heat to keep the 

constant tem perature rate until all the crystalline portion melts. This change appears as an 

endotherm ic peak on the DSC graph. Tem perature at a maximum peak height is called Tm
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(Fig 3.6). Integrating the area under the peak gives the change in enthalpy (AH) o f  a 

particular polym er or polymeric composite. The percentage crystallinity is calculated by 

comparing the measured (AH) value o f  a polymer to the theoretical (AH) value o f  the same, 

but 100% crystalline polymer. When a semicrystalline polym er’s melt is cooled (Fig 3.6), 

some m olecules lose a lot o f  energy to form low energy stable crystallites. This appears as a 

(down) exothermic peak in the DSC cooling run. The point o f  maximum dip in the down 

peak is described as the crystallisation temperature (Tc) (Fig 3.6).

3.5.3 Dynamic mechanical thermal analysis (DMTA)
When a polymeric material is strained within its elastic limit, after relaxation it 

should retain the pre-strain position. However, it never goes back to pre-strain position due 

the fact that materials lose some o f their energy due to internal m olecular friction and also 

because o f  dissipation as heat. Therefore a technique is needed to determine the dynamic or 

storage modulus usually denoted by G or £  . Dynamic mechanical thermal analysis 

(DM TA) is used for this purpose. DMTA is a useful technique for characterising the 

properties o f  polymeric materials. The DMTA method normally provides plots o f  dynamic 

or storage modulus (G or E) and loss modulus G "  or E "  versus tem perature (Fig. 3.7). The 

storage modulus, G, decreases with increasing temperature because with an increase in 

tem perature the kinetic energy (KE) o f polymer molecules also increases. This in turn 

decreases intermolecular attractive forces resulting in the polymer becoming less stiff. On 

the other hand, as the KE o f  molecules increases, intermolecular attractive forces decrease, 

subsequently the loss modulus (G ") increases. The loss modulus is a m easure o f  the 

viscous behavior o f  material; therefore a higher loss modulus means a higher viscosity. 

Equation 3.1 relates the loss modulus to the viscosity.

0)

Where r] is viscosity and co is the oscillatory frequency.

If G 'VG is plotted as function o f tem perature, the highest peak will appear at 

(dynamic) Tg o f  a polymer (Fig. 3.8). G 'VG is maximum at Tg because at Tg storage 

modulus remain minimum. As at Tg polymer molecules gain sufficient energy to move
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freely thus the provided mechanical energy mostly utilises to make the polymer molecules 

flow against each other (friction) rather stretching them elastically.

(a)

0.
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ct>o 
i i
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7
H85I

H793
H7086
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10 36 6316 90-72 -44•99
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Fig 3.7 Storage modulus o f series various PU elastomer. H433, H476... are codes for 

various types o f  TPU [8]
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Fig 3.8 Plot ofTanS o f series TPU. H433, H476... are codes for various types o f TPU [8J.
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This is because at Tg polymer molecules gain sufficient kinetic energy to overcome 

intermolecular interactions and are free to move. Above Tg, the polymer will become 

rubbery and most o f the applied stress energy is utilised in irreversible deformation. G '7G  

is often denoted as tan S illustrated in figure 3.9 (Fig).

6 =  90

Fig 3.9 (reproduced from www.perkineimer.com (la ) When a sample is subjected to a 
sinusoidal oscillating stress it responds in a similar strain wave provided the material stays 
within its elastic limits. When the material responds to the applied wave perfectly 
elastically, an in-phase storage, or elastic response is seen, (lb ) while a viscous response 
gives an out-of-phase loss, or viscous response, (Ic) Viscoelastic materials fall in between 
these two extremes (as shown in d). For the real sample in (d), the phase angle, 5, and the 
amplitude at peak, k, are the values used for the calculation o f modulus, viscosity, damping, 
and other properties. Where o is the stress and e is the strain produced under the influence 
o f applied stress.

3.5.4 Tensile testing (TT)
Tensile testing is the most widely used tool to investigate the mechanical properties 

o f materials. Mechanical properties were measured using Zwick Roell tensile tester with 

100 N load cell. In this thesis we have monitored stress-strain behavior o f various CNTs 

polymeric composites. A sample is clamped in the jaws/head o f a tensile tester. One o f  the 

jaws moves continuously against a static jaw  to stretch the sample (until break). Applied 

force/stress is plotted as a function o f strain. Such a plot is termed as stress-strain curve. 

Strain (e) is given by equations 3.2 and 3.3.
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Or

L \ - L o
s  -  — ----- Eq (3.2)

Lo

where AL = -  Lq

s  = ^  E q(3 .3 )
Lo

W here Lo is the initial length while Z/ is the final length o f  a sample.

Stress (o) at a point is defined as the applied force per cross sectional area and given by 

equation 3.4.

Force „
a  = ---------  Eq (3.4)

A

where A is cross sectional area and in case o f  a film sample, is given

2i% A = W x T ,  Eq (3.5)

W is width o f  sample and 7* is thickness o f  sample.

Shown in Fig. 3.10 are the various regions in the stress-strain plot which are characteristic 

for various materials.

I) The initial part o f  stress-strain curve is usually linear ( Fig 3.9). This part

o f  the curve is generally known as the elastic or proportional region. During stretching o f  

a sample the inter atom ic/m olecular bonding distance slightly increases elastically. 

Therefore, the Y oung’s modulus is a measure o f  inter atom ic/m olecular forces. The 

linearity in a stress-strain curve also represents the degree o f  order in a material which is 

why crystalline solids have linear elastic regions compared to amorphous solids. In some 

cases, the initial elastic part o f  a stress-strain curve may not be linear (see Fig 3.9) because 

o f  lower inter atom ic/m olecular attractive forces and lesser or no order. For this behavior 

the secant modulus is usually used. A secant is drawn from the origin to some point o f
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stress-strain curve and the slope is taken as secant modulus. In the elastic region, stress is 

increasing proportionally with increased strain or vice versa. This is because o f  constant 

strain o f  the polymer chain and filler in this part. The deformation in this region is 

reversible. The slope o f  the linear region is called Y oung’s modulus. This is a parameter 

for m easuring a m aterial’s stiffness. The area under the elastic region o f  the stress strain 

curve is usually termed as the resilience.

2) The point at which stress-strain curve no longer rem ains linear and an

increase in strain occurs without an increase in stress is called the yield point and the 

stress at that point is called the yield point stress or yield stress [ 9] .

3) As stress is further increased beyond the elastic limit, the material starts to 

deform irreversibly. The region can be relatively flat (depending on the material). This part 

o f  the curve is called the viscous or plastic part. It continues until the material breaks. The 

strain at which the material breaks is termed as the strain at break (sb ) and stress at that 

point is known as the strength at break and denoted as (o b ) The highest stress value in 

stress-strain curve is called the ultimate tensile strength (UTS). Strength at break (8b ) and 

UTS may or may not be the same. If a material breaks at the UTS point both UTS and ob 

will be the same, while if  a material breaks at a lower stress value than UTS the UTS and 

Ob will be different (see Fig 3.9). The total area under the stress-strain curve is called strain 

energy or toughness o f a material.
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Fig. 3.10 Typical stress-strain curves.
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Chapter 4

The effect of solvent choice on the mechanical 

properties of carbon nanotube-polymer composites.

4.1 Introduction
Due to their superior mechanical properties, carbon nanotubes (CNTs) have long 

been mooted as the ultimate reinforcing filler in polymer based composites. However, the 

effective utilization o f the mechanical properties o f nanotubes composites depends on the 

quality o f their dispersion and the level o f polymer-nanotube interfacial bonding [I, 2], A 

common technique for producing polymer-nanotube composites has been solution 

processing. In this technique, nanotubes and polymer are mixed in a common solvent. 

Nanotube dispersion relies on the interaction o f the nanotubes with the polymer dispersant 

[3J. In general, solvent choice is motivated by the requirement that the polymer dispersant 

should be soluble in the solvent. Polyvinylalcohol (PVA) has been extensively used as a 

matrix for nanocomposites because of its solubility in a range o f solvents including water 

[4-8], In addition PVA is known to be a good dispersant o f nanotubes [5-7], In most o f the 

CNTs-PVA studies water has been used as solvent [4-6, 5-707-However, in recent times 

alternative solvents such as dimethylsulfoxide (DMSO) have been gaining popularity for 

fabrication o f  solution based composites [11, 12]. However, PVA is soluble in a wide range 

o f solvents such as DMSO, N-methyl-2-pyrrolidone (NMP) and ethylene glycol [12-15]. 

The solvent choice can have significant effects on the morphology o f the resultant solution 

cast polymer films. For example, the polymer crystallinity can vary greatly depending on 

whether the solvent used is a good or bad solvent for PVA [14]. Such solvent related 

effects are likely to have significant impact on the mechanical properties of solution 

processed polymer-nanotube films. In addition it has recently been shown that carbon
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nanotubes can be dispersed in certain solvents without the need for polymer dispersants 

[ 16-19]  . One o f the most effective solvents studied was NMP [ 16, 18, 20], This is 

significant as NMP is also a solvent for PVA. Thus, one would expect that PVA-CNTs 

formation in NMP would result in efficient nanotube dispersion resulting in very good 

quality composites.

The aim of the present study was to understand the effect o f solvent choice on the 

mechanical properties o f solution processed CNTs-polymer composites. This subject is 

poorly understood with the only study having been carried out on epoxy nanotube 

composites [21].  Three different solvents with different solubility parameters for PVA 

were used for fabrication and characterization o f DCWNT-PVA composites. The resultant 

composites were found to have mechanical properties that depended significantly on 

solvent choice.

4.2 Sample preparation.
The double-walled nanotubes (DWCNTs) used here were grown by CVD with a 

nominal purity of 90% and purchased from Nanocyl (www.nanocyl.be; Nanocyl ®-2100). 

They had a mean diameter o f 3.5 nm with lengths between 1-10 micron. Due to their large 

diameter they have very low density o f ~750 kg/m^. These particular nanotubes contain 

small amounts (<10%) metal oxide impurity. Polyvinyl alcohol was purchased from 

Aldrich (Aldrich: product code P-8136). The water used was deionised in-house while the 

NMP and DMSO solvents were spectroscopic grade (Aldrich). Solutions o f 

polyvinylalcohol (PVA) were prepared using water, dimethylsulfoxide (DMSO) and N- 

methyI-2-pyrrolidone (NMP) as solvents, by sonication in a low power sonic bath (Ney 

Ultrasonik) for 4 hours. Each solution was divided in two and 0.25 wt % double walled 

nanotubes (DWCNTs) added to one o f the portions to give a composite dispersion. Each 

composite dispersion was sonicated for 10 minutes using a high power ultrasonic tip 

processor, (model GEX600, I20W, 60kHz) followed by 2 hours in a sonic bath and again 

for 10 minutes under the sonic tip. These dispersions were then left undisturbed for 24 

hours to allow any large nanotube aggregates or impurities to sediment out. Indeed, for 

each solvent, miniscule amounts of sediment (compared to the volume of nanotubes added
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to each solu tion) could be observed after settling , suggesting  that a very  sm all fraction  o f  

the nanotube m aterial had fallen out o f  solution. This sedim ent w as then rem oved by 

decantation to  ano ther vial. Polym er only  so lu tions and the C N T s-po lym er d ispersions 

w ere then drop cast into (40m m  x 40m m  x 10mm) T eflon trays. Film s w ere then  form ed by 

drying in a vacuum  oven at 60 °C. Tw o sets o f  freestanding  film s w ere ob tained  for each 

so lvent-polym er and so lvent-polym er-C N T s com bination; (a ) w ith one day dry ing  tim e at 

60 °C  under vacuum  and a second set (b ) w ith 5 days dry ing  under vacuum  at the sam e 

tem perature. A fter dry ing  the film s w ere stored for approxim ately  2 days in am bient 

conditions. This resulted  in a sm all am ount o f  w ater uptake by the polym er. T he com posite  

film s had m ass fractions o f  slightly  less than 0.25 w t% . T aking the densities o f  PV A and 

D W C N T s to be 1300 and 750 kg/m^, th is results in volum e fractions o f  Vf~0.4vol% .

A sam ple labeling schem e has been em ployed . T his schem e is in th ree parts: The 

first part o f  the sam ple nam e can be “a ” or “b ” depending  on w hether the dry ing  tim e was I 

day (a) or 5 days (b), the second part denotes the solvent, w hile the third part could  be “ p ” 

or “c” depending  on w hether the sam ple was po lym er o r com posite  respectively . Thus 

“aD M S O p ” denotes a po lym er sam ple dried for 1 day, m ade using D M SO  as solvent.

4.3 Characterisation techniques
Therm o gravim etric analysis (TG A ) m easurem ents w ere carried  out for all the 

sam ples using a Perkin E lm er Pyris I T G A  with a tem perature scan rate o f  10 °C /m inute. In 

general TGA is used to  m onito r sam ple ox idation. H ow ever, in th is case it is used to 

ascertain  the level o f  solvent en trapm ent in the sam ples after drying. To assess the 

m orphological properties o f  the sam ples. D ifferential Scanning C alorim etry  (D SC ) was 

perform ed using a Perkin E lm er D iam ond DSC. T hree heat runs w ere recorded for each 

sam ple by repeatedly  heating  from  0°C to 230°C  at 40°C /m in . B etw een each heating scan a 

coo ling  run from  230°C  to  0°C at 40°C /m in  w as also  m onitored. In each case, after the first 

heat run, the tem peratu re w as held at 230 °C for th ree m inutes in an attem pt to evaporate  

the trapped solvent. D ynam ic M echanical T herm al A nalysis (D T M A ) tests w ere perform ed 

on Perkin E lm er D iam ond D M A . U niform  strips o f  d im ension  2.5m m  x 3m m  x ~0 .05m m , 

cut by m eans o f  a die cu tter w ere used. Film  th icknesses w ere m easured using a digital 

m icrom eter. T hese experim ents w ere run at tem perature range from  -3 0  °C to  170 °C w ith
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a frequency o f  IHz. Tensile testing (TT) measurements were carried out using the same 

instrument as used for DMTA. Each reading for TT is the average o f three individual 

measurements.

4.4 Results and discussion 

4.4.1 TGA analysis
Thermo gravimetric analysis curves(sec 3.5.1, Fig 3.5) are plotted as derivative TGA 

curves (-dM/dT) in figure 4.1. In this format, the mass loss due to oxidization/evaporation 

o f  a given species appears as a peak. In the curves representing both polymer and 

composite samples, peaks in the region o f  350 °C to 500 °C were observed. These are due 

to decomposition o f  PVA through elimination o f  water and pyrolysis [22, 2 3 ]  while no 

peak was observed for CNT oxidation because o f  the extremely small quantities o f  CNTs in 

the samples. The peaks observed at approximately 190°C, 175 °C and 100 °C in figure 4.1. 

a, b and c respectively are due to the evaporation o f  residual solvent left over from the 

sample preparation. These peaks are reasonably close to the positions o f  the solvent boiling 

points (BP) o f  202 °C, 189 °C and 100 °C for NMP, DMSO and H2O respectively. The 

amount o f  trapped solvent was determined by calculating the area under each solvent peak. 

In addition, for the DMSO and NMP samples the small peak at 100°C represents water that 

has diffused into the films from the atmosphere after film formation. It should be pointed 

out that for these samples, the mass o f  trapped solvent does not include this water content. 

Trapped solvent masses as a fraction o f  the total film mass are given in table 4.1 for all 

samples.
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Fig. 4.1. Derivative TGA graphs o f solution based DWCNT-PVA composites and polymer 

only samples. In each case the arrow highlights the solvent evaporation peak. Note that in 

all cases the y axis is presented logarithmically.

As shown in table 4.1, very little solvent remained trapped in the water samples. In 

all cases the water based samples retained less than 2% water. The amount o f trapped water 

did not appear to correlate either with drying time or sample type (polymer/composite). It is

61



likely that m ost o f  the water actually evaporated during drying and the water observed by 

TGA is actually due to diffusion o f  water into the films after drying. This is supported by 

the fact that small quantities o f  water can be observed in the TGA curves for the DMSO 

and NM P based samples.

Significant quantities o f  solvent remained trapped in both DMSO and NM P based 

samples. In both cases the amount o f  trapped solvent was reduced for the longer drying 

time. However, in each case a factor o f five increase in drying tim e resulted in less than a 

factor o f  two decrease in trapped solvent. In addition more solvent remained trapped in the 

N M P based samples than the DMSO based samples in keeping with N M P’s higher boiling 

point.

Solvent Sample Solvent

content

(%)

Tg “C (static) Tg °C 

(dynamic)ist

run

2nd

run

3rd

run

H2O a p 0.8 71 73 73 80

a c 1.6 72 73 73 -

b p 1.2 71 73 73 81

b c 0.8 71 73 73 82

DMSO a p 5.1 41 65 67 66

a c 5.1 43 65 69 70

b p 3.5 47 65 70 69

b c 3.6 49 69 73 71

NM P a p 7.2 37 70 72 67

a c 7.1 46 70 71 63

b p 3.8 47 70 72 77

b c 3.7 55 71 72 75

Tab. 4.1. Trapped solvent content and both static (at first, second, third heat run) and 

dynamic glass transition tem perature Tg o f  solution based DW CNTs-PVA composites and 

polym er only samples
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4.4.2 DSC study
Differential scanning calorimetry measurements (sec 3.5.2, Fig 3.6) were carried out 

on all samples in both heating and cooling mode. In all cases, a glass transition (figure 4.2) 

was observed between 35 °C and 75 °C depending on the sample and measurement mode. 

A t higher temperatures (figure 4.1), phase transitions representing melting or crystallization 

were observed for heating or cooling cycles respectively. In the next section, we w ill 

consider the glass transition while in subsequent sections we w ill discuss the 

melting/crystallisation phase transitions.
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Fig. 4.2. Tg o f solution based CNT composites and polymer only samples as function o f 

solvent content, suggesting plasticizing effect o f trapped solvent. The dotted line separates 

the results o f the static and dynamic measurements.
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Fig.4.3. Low temperature portion of DSC curve for all three heat runs (first, second and 

third) for each sample. In each set o f (three) lines the solid line represents the first heat run, 

the dashed line represents second heat run and the doted line represents the third heat run.
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The Glass Transition

Shown in figure 4.3 are low temperature portions o f the DSC curves relating to the 

glass transition for all samples. This transition occurs for polymers as the temperature is 

raised through the glass transition temperature and involves the onset o f thermally induced 

chain segment motion and bond rotation. In each section the graphs have been shifted 

vertically into groups representing polymer-a sample, polymer-b sample, composite-a 

sample and composite-b sample. For each of these subsets the DSC curves for first, second 

and third heats have been superimposed.

In all cases the glass transition temperature, Tg, was measured as the midpoint o f the 

region o f increasing heat flow and is presented in table 4.1. We estimate that the quoted 

values o f Tg are accurate to with ±2°C. It was observed that the Tg for all the water samples 

remained almost the same (71 °C- 73 °C) in all three heat runs. This is because, as TGA 

showed, very little water remained trapped in these samples (see figure 4.1). The presence 

of small molecules in general and trapped solvent in particular, in polymer films tends to 

facilitate chain segment/side chain motion by disrupting inter-polymer interactions. This 

so-called plasticizing effect acts to lower Tg compared to that which would be expected for 

the pure polymer. This phenomenon is illustrated in figure 4.2, which shows the Tg 

measured during the first heat for all solvents plotted as a function o f solvent content as 

measured by TGA. In general the Tg tends to decrease with increasing solvent content.

As can be seen in table 4.1, in all four cases the Tgof DMSO samples increased 

from first to third heat run. This reduction in plasticisation clearly shows a reduction in 

trapped solvent with successive heat runs due to solvent evaporation on heating. For the 

bDMSOc sample the Tg was measured to be 73 °C during the third heat run. This is the 

same value as measured for the water samples on the third heat run suggesting that this is 

close to the glass transition temperature for this type o f PVA in its dry state.

It was also found that Tg o f DMSO samples increased from polymer to composites 

by few degrees Celsius as has been observed by other authors [24]. This is probably due to 

bonding between polymer and CNTs which tends to restrict chain mobility, again resulting 

in an increase in Tg for the composite samples/^25y. The second and third Tg o f aDMSO and 

the second Tg o f bDMSO samples were lower than the second and third Tg o f water and
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NMP samples which suggest the presence of residual DMSO even after the first heat run 

(see Tab. 4.1).

The glass transition temperature of all the NMP samples also increased from first to 

third heat run (see figure 4.3) because o f evaporation o f solvent, which reduced plasticizing 

effect. In all cases the Tg was 71 °C-72 °C on the third heat run which is very close to the 

value o f 73 °C observed for the water samples and the bDMSOc sample. This suggests that 

almost all o f the NMP has evaporated by the third heat run.

As measured on the first heat run the Tg o f the NMP polymer samples was lower 

than that for the DMSO polymer samples in agreement with the fact that less solvent 

remained in the DMSO based samples. However, this is not the case for the composite 

samples where the Tg for the NMP based samples exceeds that for the DMSO samples. 

This is despite the fact that less solvent remains trapped in the DMSO compared to the 

NMP samples. These facts are difficult to reconcile with the general rule that Tg decreases 

with increasing solvent content. These results can be explained however if we assume that 

the NMP is mobile in the polymer during the drying phase (60”C) but tends to get 

sequestered at low-energy sites on the nanotubes surface on cooling. Evidence supporting 

the mobility o f the NMP at 60°C will be discussed in section 4.3.1. This effect results in 

trapping o f  NMP at the polymer-nanotube interface. It should be pointed out that NMP is a 

good dispersant for nanotubes largely due to its high binding energy to the nanotube 

sidewall [20], This suggests that any NMP molecules which come into contact with the 

polymer-nanotube interface may not be able to escape from these interfacial sites during the 

drying conditions used here.

Interfacial trapping o f the NMP would reduce the amount o f NMP trapped in the 

matrix polymer for a given total residual NMP content. If we assume that only matrix NMP 

can act as a plasticizing agent then we would expect a reduction in plactisization as a result 

o f trapping o f NMP at the interface. This is supported by the fact that the TgS for the NMP 

based composite samples are much higher than their respective polymer only samples. This 

difference is much greater than the equivalent difference for the DMSO based samples. 

This suggests that the NMP based composites are drier than their respective composites 

even though the solvent contents are similar. Again this can be explained if we assume that 

significant quantities o f NMP remain at the polymer-nanotube interface, leaving less
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solvent in the bulk polymer. This interfacial N M P would be expected to reduce polymer- 

nanotube binding. This would result in greater than normal chain m obility at the nanotube 

interface. Thus, chain restriction is unlikely to play a significant role in the increase in Tg 

for the NM P based samples. The solvent segregation at the interface is likely to be the 

dominant effect. This trapped interfacial NM P has an enormous impact on the mechanical 

properties o f  NM P based composites as will be discussed below.

Solvent Sample A H (J/g) 

(error:±0.5J/g)

%

Crystallinity

(x)

Tn,

H2O a p 30.8±0.5 22.2±0A 196

a c 33.4±0.5 24.1±0.4 195

b p 33.3±0.5 24.0+0.4 195

b c 32.6±0.5 23.5±0.4 190

Tab. 4.2 DSC data for first heat run for water based composites and polym er only samples. 

Crystallinity measurements on the first heat

Shown in figure 4.4 are the high tem perature portions o f  the DSC curves as m easured on 

the first heat run. It is important to note that the first heat run probes the morphology o f  the 

material, as it exists immediately after film formation from solution. In all cases a melt 

peak is observed in the region o f  180 °C - 210 °C. The enthalpy o f  m elting (AHm) was 

found out by numerically integrating the area under the melt peak. The fractional 

crystallinity (x) was calculated assuming the enthalpy o f  melting o f  100% crystalline PVA 

to be 138.6 J/g [26], All enthalpy and crystallinity data for the first heat runs are presented 

in table 4.2. The crystallinity o f  the aH 20p  polymer sample was measured to be 22%. The 

crystallinity o f  the aH 20c composite sample was marginally higher at 24%  as observed in 

other studies [4-6]. This represents an increase, normalized to nanotube content o f 

dx/dVt~4.8. This value is similar to values reported for CVD-M W NT based composites but 

significantly lower than those reported for DW CNTs based composites [5], The difference
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is probably related to different sample preparation conditions. However in the case o f the 

samples with longer drying time the crystallinity o f bH2 0 p was virtually identical to the 

bH20c sample. It is not clear at present why this is the case. The crystallinity was difficu lt 

to estimate in the DMSO and NMP based sample because, as TGA revealed, the residual 

solvents evaporate in the melt range o f PVA preventing accurate measurement o f the 

enthalpy o f melting.
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Fig. 4.4. High temperature portion o f the DSC curves measured on the first heat for all 

samples.
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Crystallinity measurements on cooling

After the first and second heat run, cooling runs were carried out for all samples as 

shown in figure 4.5. In addition subsequent heating and cooling cycles were measured. 

However we will only discuss crystallinity as measured from the recrystallisation phase 

transition observed during the cooling cycles. This is because cold crystallization was 

observed on the second and third heating cycles prior to melting. This cold crystallization 

peak tends to partially obscure the melt peak making enthalpy calculations difficult.

In all cases a recrystallisation peak is observed at high temperature followed by a glass 

transition at temperatures similar to these measured for the second heat. In all cases the 

crystallinity after re-crystallisation was measured from the area under the curve. These 

values are presented in table 4.3. In all cases the crystallinity was lower in the composites 

compared to the polymer only samples, possibly due to the hindering o f the formation of 

PVA lamellae by the nanotubes. This reduction in crystallinity has previously been 

observed for PVA [8]  and other polymers and has been attributed to nanotube enhanced 

thermal degradation o f the polymer [8], It should be pointed out that this is contrary to 

observations made both in this paper and in the literature for crystallinity measurements 

made on the first heat run [5-7]. This difference is not surprising as, for solution processed 

samples, the melt transition in first heat run measures melting o f ordered structures formed 

during the solution drying phase. In contrast, the recrystallisation transition measured in the 

first cool (or the melt transition measured in the second heat) probes structures that are 

related to the melt phase o f the polymer.
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Fig. 4.5. First and second DSC cooling curves for each sample. Solid lines 

represent the first cooling step while dotted lines represent the second cooling step.

The cooling data also revealed that DMSO samples were much more crystalline 

compared to the water and NM P based samples. The data also indicated that DMSO  

samples re-crystallized at approximately 140 °C while water and NM P both re-crystallize at 

approximately 100 °C. One difference between the DMSO based samples and the others is

70



that, as revealed by the DSC study; sm all quantities o f  the solvent m ay rem ain  even afte r a 

second heating cycle. T rapped D M SO  m olecules m ay act as nucleation sites for polym er 

crysta lliza tion  in the sam e w ay that som e dyes nucleate crysta llin ity  in po lym ers [ 27] .  The 

other reason m ay be som e chem ical reaction has been taken place betw een D M SO  and 

PVA, w hich brought abou t chem ical changes. T he chem ical changes in po lym er m atrix  o f  

solution based nanocom posites is due to the presence o f  residual so lvent has previously  

been investigated previously  as well [ 21] .

4.4.3 DMTA
For all sam ples dynam ic m echanical therm al analysis (D M T A ) w as also  carried  

out. H ow ever, the aH 2 0 c  sam ple proved to be too  brittle to  obtain good resu lts. D M TA  is 

an oscillatory  technique w hich gives the real and im aginary com ponen ts o f  the elastic 

m odulus as a function o f  tem perature. T he real part o f  the elastic m odulus, usually  called 

the storage m odulus is show n for the N M P and D M SO  based sam ples in figure 4.6.

A s m entioned above, D M TA  results w ere not ob tained  for the aH 2 0 c  sam ple. H ow ever, 

the room  tem perature storage m oduli for both w ater based polym er sam ples w ere sim ilar, 

as expected, given the sm all deviation in trapped w ater content. T he storage m odulus o f  the 

bH 2 0 c sam ple w as significantly  h igher than  that o f  the equivalen t po lym er show ing 

effective re inforcem ent as has been previously  observed for w ater based PV A -N T 

com posites.

As expected, an increase in storage m odulus from  polym er to  com posite  w as 

observed for the D M SO  sam ples. T he order o f  increase w as aD M S O c > bD M S O c > 

aD M S O p > bD M S O p. T his order holds true for all tem peratures exam ined.
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Solvent

Sample AH. (J/g) 

(error;±0.5J/g)

%Crystallinity (x) Tc

0 0 0 2"Vool P* cool l*‘ cool 2"‘‘cool

H2O a p 6.5 3.8 4.7±0.4 101 -

a c 5.5 2.3 3.9±0.4 101 -

b p 5.6 4.2 4.0±0.4 101 -

b c 3.7 1.8 2.6+0.4 100 100

DMSO a p 23.0 18.5 16.510.4 141 130

a c 20.0 17.2 I4.4±0.4 141 126

b p 22.6 18.9 16.210.4 141 126

b c 17.8 14 12.810.4 139 124

NMP a p 4.7 - 3.410.4 98 90

a c 2.5 - 1.710.4 97 91

b p 6.9 - 510.4 100 93

b c 5.5 23 410.4 99 92

Tab. 4.3 DSC data o f cooling run for solution based composites and polymer only samples.
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Fig. 4.6. Storage modulus as function o f temperature o f solution based DWCNT-PVA

composites and polymer only samples.

Contrary to the behavior observed in the DMSO based samples, the storage 

modulus measured at room temperature decreased from polymer to composite in all NMP 

samples. This behavior is unexpected. NMP is known to be both a good solvent for PVA 

[15 ] and a good dispersant o f nanotubes [20], As a result is had been expected that use o f 

NMP as a solvent would result in a very good dispersion, resulting in excellent mechanical 

properties. The absence o f reinforcement, in the presence o f a good dispersion must mean 

that stress is not being transferred from polymer matrix to nanotube fille r [1, 2], However, 

PVA is known to bond well to nanotubes, resulting in good stress transfer [6 ]  . This means 

some other factor must reduce the stress transfer in NMP based composites. This is almost
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certainly due to entrapment o f NMP at CNT-PVA interface as discussed above. The 

presence o f trapped solvent must disrupt the polymer-nanotube bonding thus limiting the 

interfacial stress transfer. This is an important result. One might imagine that solvents such 

as NMP that tend to disperse nanotubes [20] would be good solvents to use in composite 

formation. However, such solvents are good dispersants for nanotubes precisely because 

they bind well to nanotubes [20]. This factor, however, results in solvent trapping at the 

polymer nanotube interface and the disruption o f interfacial stress transfer.

However, it is interesting to note that the storage modulus o f NMP based composites 

crosses over that o f the respective polymer only samples at temperatures o f -25  °C and 

~42°C for aNMP and bNMP samples respectively as shown in figure 4.6. This suggests 

that at elevated temperature the trapped NMP begins to desorb from the interface and 

become mobile in the polymer matrix. This allows the interfacial polymer to bind 

efficiently to the nanotube and allows the effective transfer o f stress from polymer to 

nanotube.

The dynamic glass transition temperature

The energy dissipation during dynamic mechanical measurements is proportional to 

the ratio o f the real and imaginary parts of the elastic modulus/25y. Better know as Tan5, 

the energy dissipation tends to peak at the glass transition temperature, Tg. Shown in figure 

4.7 is TanS as a function o f temperature for all DMSO and NMP based samples. In all 

cases, a peak was observed indicating the presence o f a glass transition. The glass transition 

temperatures measured using this dynamic technique is presented in table 4.1. In all cases 

these dynamic glass transition temperatures are greater than those measured by static means 

(DSC). This is due to the fact that, for viscoelastic materials in general, dynamic Tg is 

dependent on the strain rate. The dynamic TgS are plotted in figure 4.3 as a function o f 

solvent content. It can be seen clearly that, as was the case for the static TgS, the dynamic 

glass transition temperature tends to fall as the solvent content increases.

The dynamic TgOf the bHiO samples increased slightly from polymer to composites. 

This trend has also been reported in many other studies as discussed above/S, 24], In the 

DMSO based samples Tg also increased from polymer to composites for both aDMSO and 

bDMSO samples.
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Fig. 4.7 Dynamic Tg o f composites and polymer only samples.

In the case of the NM P based samples however, the results were less straightforward. 

For these samples the composites Tg were slightly lower than their respective polymer only 

samples, which is unexpected. This is in stark contrast to the static Tg results as measured 

by DSC. The static Tg results could be explained by the presence o f trapped NM P at the 

polymer-nanotube interface. The main difference between the static (DSC) and dynamic 

(D M T A ) measurements is that the dynamic TgS tend to be significantly larger than their 

static counterparts as mentioned previously. However, as suggested by the storage modulus 

results, the NM P begins to desorb from the nanotube surface and become mobile at 

temperatures in the range between 25-42 °C. This suggests that at the higher temperatures 

(>63°C) where we observe the dynamic Tg significant quantities o f NM P may have
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desorbed from the interface into the polymer matrix. If enough NMP desorbs, then the 

NMP content in the polymer matrix could exceed the NMP content in the polymer only 

samples resulting in a lower dynamic Tg in the composite samples as is observed.

4.4.4 Tensile testing
Stress-strain measurements were made on all samples to investigate the static 

mechanical response. Representative stress-strain curves for each sample are shown in 

figure 4.8. It is immediately clear that the strain at break is lowest in the water based 

samples (table 4.4). This is consistent with the fact that the water based samples contained 

significantly less solvent compared to the other samples. Less residual water means less 

plasticization, resulting in more brittle materials and so lower strain at break. From these 

curves were extracted values for the Youngs modulus, the ultimate tensile strength and the 

strain at break. These values are presented in table 4.4. It should be pointed out that in all 

cases the Youngs moduli measured by static means were lower that the storage moduli at 

room temperature measured dynamically. This phenomenon has been observed in previous 

studies [29],
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Fig. 4.8 Stress-strain curves for solution based composites and polymer only samples. Note 

that in all three graphs, the strain axis is plotted logarithmically.

For the water based samples, increases in both Young’s modulus and strength were 

observed on the addition o f nanotubes. However, these increases were much more 

significant for the aH20 samples. Interestingly, the aH20 samples also displayed an 

increase in crystallinity on the introduction o f nanotubes. It has previously been suggested 

that nanotubes nucleate the formation o f crystallinity in solution based PVA-CNT 

composites and that this nucleated crystallinity can act as an additional component o f 

reinforcement [1, 4, 6, 10, iO/.The reinforcement o f modulus [1 ], as quantified by dY/dVf, 

was -240 and -105 GPa for the aH20 and bH20 samples respectively. The value o f 

dY/dVt~240 GPa for the aH20 samples is lower than previous measurements for DWCNT- 

PVA samples where nanotube induced crystallinity is present [5J. This is however
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consistent with the fact that the rate o f increase o f crystailinity with volume fraction 

(dx/dVf) measured here is lower than that quoted in ref [5]  resulting in less induced- 

crystallinity based reinforcement. However, for the bH20 sample no nanotube induced 

crystailinity is present [ 1]  and so the modulus reinforcement can only be due to the 

presence o f nanotubes. Thus, the measured value o f dY/dVf -105 GPa is unexpectedly 

high. The reinforcement o f strength, as quantified by dcr/dVf, was~3.I GPa for the aH20 

sample. This is relatively low compared to the literature value o f da/dVf -40  GPa for 

MWCNT in PVA [6], consistent with the low value o f d^/dVf in the aH20 sample. No 

strength enhancement was observed within error for the bH20 sample. This may be 

correlated with the lack o f nanotube-nucleated crystailinity in this sample.

In the case of the DMSO based samples, both moduli and strength values were 

significantly lower compared to the water based samples. Furthermore the strain at break 

was much higher than the water based samples. These effects are due to the plasticizing 

effect o f trapped solvent. No increase in modulus within error was observed for the 

aDMSO samples on addition o f nanotubes. However, a significant increase in strength of 

da/dVf -5  GPa was observed. For the drier bDMSO samples, a significant increase in 

modulus was observed corresponding to dY/dVf -105 GPa. This value is very similar to 

that measured for the bH20 samples, in the absence o f induced crystallinity. The presence 

o f induced crystallintiy could not be measured for the DMSO samples as the solvent 

evaporation masked the PVA melting peak in the crystallinity. However, we can speculate 

that the similarity in modulus reinforcement between the bH20 and bDMSO samples 

suggests that this figure represents the value appropriate to that for PVA with no 

contribution from nanotube induced crystallinity.

For the NMP based samples, both modulus and strength were lower in the composite 

samples compared to the polymer samples. This exactly the same trend observed for the 

room temperature storage modulus results again confirming the lack o f stress transfer in the 

NMP based composites. We must reiterate that this is almost certainly due to the presence 

o f interfacial NMP (see figure 4.9) whose presence is due to the strong affinity o f NMP for 

carbon nanotubes. This underlines that fact that while NMP tends to successfully disperse 

nanotubes, its use in composite formation is ill advised unless care is taken to completely 

remove it from the sample.
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Solvent Sample Y-modulus

(GPa)

Strain at 

break

UTS

(MPa)

Storage

modulus

(GPa)

H2O ap 1.28 ±0.1 0.18 54 ±0.0 2.0

a c 1.85 ±0.01 0.09 78 ±0.0 -

bp 1.18 - 0.10 42 - 2.05

b c 1.43 ±0.03 0.19 49 ± 15 3.10

DMSO ap 0.41 ±0.01 0.51 29 ±0.5 2.85

a c 0.50 ±0.05 0.63 35 ±2 4.57

bp 0.65 ±0.05 0.91 44 ± 1 1.96

b c 0.90 ±0.0 1.1 38 ± 1 3.90

NMP a p 0.35 ±0.05 1.2 32 ± 1 3.18

a c 0.24 ±0.02 0.85 25 ± 1 2.92

bp 0.78 ±0.02 0.85 39 ±3 4.00

b c 0.46 ±0.01 0.72 37±4 2.49

Tab.4.4. Mechanical properties of DWCNT-PVA composites and polymer only 

samples.

One possible solution to this problem would be to use nanotube-like fillers whose walls 

are not smooth on the atomic scale. One example of such structures are coiled nanotubes as 

prepared by Lau et al [ 31]. These structures have graphite like surface so should be 

dispersible in NMP. However their curved surface should allow mechanical interlocking 

with the polymer matrix resulting in improved stress-transfer. The summery of solvent 

entrapment can be seen in animated figure 4.9.
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Fig 4.9 illustration solvent entrapment in matrix and at CNT-polymer interface (anim ated 

image)

4.5 Conclusion
Composites based on polyvinylalcohol as a matrix and double walled nanotubes as a 

filler have been produced by solution processing. Both polymer only films and polymer- 

nanotube composites were fabricated using three different solvents; water, DMSO and 

NM P. Thermo gravimetric measurements show that, after film formation, the am ount o f  

trapped solvent varied significantly with solvent type, drying tim e and presence or absence 

o f  nanotubes. Differential scanning calorimetry measurements show that to a first 

approximation the glass transition temperature decreases as residual solvent content 

increases. However, deviations from this behavior suggest that significant quantities o f  

NM P are trapped at the polymer-nanotube interface. As was the case for the DM SO 

samples, both moduli and strength values for the NM P based samples were significantly 

lower compared to the water based samples. For both aNM P and bNM P samples, a 

significant reduction in both modulus and strength was observed on the addition o f  

nanotubes. This is in direct correlation with the storage modulus m easurem ents made at 

room temperature. This reduction in modulus and strength is most likely due to a complete 

lack o f  polymer-nanotube stress transfer. This is further evidence for the hypothesis o f  the 

presence o f  trapped NM P at the polymer-nanotube interface. Dynamical mechanical 

measurem ents show mechanical reinforcement on addition o f  nanotubes for w ater and 

DMSO based systems. Significantly, both modulus and strength were reduced at room
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temperature on addition o f nanotubes in NMP based systems. This is consistent with 

trapped interfacial NMP eliminating polymer-nanotube stress transfer. At higher 

temperatures the composite storage modulus surpassed the polymer modulus suggesting 

thermally induced desorption o f NMP from the interface. Static mechanical measurements 

show increases in both strength and modulus on addition o f nanotubes to water and DMSO 

based systems. However, as in the dynamic measurements, reductions in both modulus and 

strength were observed on introduction o f nanotubes in the NMP based systems. Finally, 

increases in both modulus and strength appear to correlate with the presence o f nanotube 

induced crystallinity in the water based composite systems. This study clearly shows that 

care must be taken when choosing solvents for polymer-nanotube composite formation.

4.6 References
[1] J. N. Coleman, U. Khan, W. J. Blau, Y. K. Gun'ko, Corbon 2006 , 44, 1624.
[2] J. N. Coleman, U. Khan, Y. K. Gun'ko, Advanced Materials 2006 , 18, 689.
[3] R. Murphy, J. N. Coleman, M. Cadek, B. McCarthy, M. Bent, A. Drury, R. C.

Barklie, W. J. Blau, J. Phys. Chem. B 2002 , 106, 3087.
[4] M. Cadek, J. N. Coleman, V. Barron, K. Hedicke, W. J. Blau, Applied Physics 

Letters
2002,57,5123.

[5] M. Cadek, J. N. Coleman, K. P. Ryan, V. Nicolosi, G. Bister, A. Fonseca, J. B. 
Nagy,
K. Szostak, F. Beguin, W. J. Blau, Nano Lett. 2004, 4, 353.

[6] J. N. Coleman, M. Cadek, R. Blake, V. Nicolosi, K. P. Ryan, C. Belton, A. Fonseca,
J. B. Nagy, Y. K. Gun'ko, W. J. Blau, in Advanced Functional Materials, Vol. 14, 
2004 , 791.

[7] J. F. B. E. Kilbride and J. N. Coleman , P. Fournet, M. Cadek, A. Drury, and S.
Hutzler, S. Roth ,W.J.BIau, Journal O f applied Physics 2002 , 92, 4024.

[8] O. Probst, E. M. Moore, D. E. Resasco, B. P. Grady, Polymer 2004 , 45, 4437.
[9] A. B. Dalton, S. Collins, E. Munoz, J. M. Razal, V. H. Ebron, J. P. Ferraris, J. N.

Coleman, B. G. Kim, R. H. Baughman, Nature 2003 , 423, 703.
[10] P. Miaudet, S. Badaire, M. Maugey, A. Derre, V. Pichot, P. Launois, P. Poulin, C.

Zakri, Nano Lett. 2005 , 5, 2212.
[11] X. Zhang, T. Liu, T. V. Sreekumar, S. Kumar, X. Hu, K. Smith, Polymer 2004, 45, 

8801.
[12] Y. Bin, M. Mine, A. Koganemaru, X. Jiang, M. Matsuo, Polymer 2006 , 47, 1308.
[13] Po-Da Hong, J.-H. C. H.-L. Wu, Journal o f  Applied Polymer Science 1998, 69,

2477.
[14] P.-D. Hong, C.-M. Chou, C.-H. He, Polymer 2001 , - 42, 6105.
[15] Paresh P, FerdinandR, a. George, Journal o f  Applied Polymer Science 1979 , 23,

2335.

81



K. D. Ausman, R. Finer, O. Lourie, R. S. Ruoff, M. Korobov, J. Phys. Chem. B 
2000 ,
104, 8911.
J. L. Bahr, E. T. Mickelson, M. J. Bronikowski, R. E. Smalley, J. M. Tour, 
Chemical
Communications 2001, 193.
C. A. Furtado, U. J. Kim, H. R. Gutierrez, L. Pan, E. C. Dickey, P. C. Eklund, J. 
Am.
Chem. Soc. 2004, 126, 6095.
J. Cao, Q. Wang, M. Rolandi, H. Dai, Physical Review Letters 2004, 93, 216803.
S. Giordani, S. D. Bergin, V. Nicolosi, S. Lebedkin, M. M. Kappes, W. J. Blau, J. 
N.
Coleman, J. Phys. Chem. 5  2006, 110, 15708.
K.-t. Lau, M. Lu, Chun-ki Lam, H.-y. Cheung, F.-L. Sheng, H.-L. Li, Composites 
Science and Technology 2005, 65, 719.
B.J. Holland, J. N. Hay, Polymer 200\, 42, 6775.
[23] Jeffrey W. Gilmanl, David L. VanderHart, T. Kashiwagi’, American 
Chemical Society 
1995, 161.
C. Velasco-Santos, A. L. Martinez-Hernandez, F. Fisher, R. Ruoff, V. M. Castano, 
Journal o f  Physics D-Applied Physics 2003, 36, 1423.
L. H. Sperling, Introduction to Physical Polymer Science., Wiley, 2001.
N. A., Peppas, P. J. Hansen, Journal o f  Applied Polymer Science 1982, 27, 4787.
Z. L. T. Hatakeyama, Handbook o f  thermal analysis, John Wiley & sons Ltd, 1998. 
I. Ward, a. J. Sweeney, The Mechanical Properties o f  Solid Polymers, Wiley, 2004. 
A. Dufresne, M. Paillet, J. L. Putaux, R. Canet, F. Carmona, P. Delhaes, S. Cui, 
Journal o f  Materials Science 2002, 37, 3915.
J. N. Coleman, M. Cadek, K. P. Ryan, A. Fonseca, J. B. Nagy, W. J. Blau, M. S. 
Ferreira, Polymer 2006, 47, 8556.
K. T. Lau, M. Lu, D. Hui, Composites Part B: Engineering2006, 37, 437.



Chapter 5

Mechanical reinforcement of thermoplastic 

polyurethane by functionalised SWCNTs

5.1 Introduction
Carbon nanotubes have excellent mechanical, electrical and thermal properties [ 1- 

7]  Due to their unmatched properties, CNTs have been the subject o f interest for use in 

composite materials since their discovery [8]. Numerous efforts have been made to utilise 

these properties in the fabrication o f rigid plastic matrix composites/9-/27 . The problem 

with plastic matrices is that at high volume/mass fractions they lose ductility and this may 

be accompanied by the reduction o f other mechanical properties as well [ 13]. An 

alternative to rigid plastic matrices is elastomers. Among elastomers thermoplastic 

polyurethane (TPU) is on the versatile matrix. Thermoplastic polyurethane has a very high 

ductility. Another feature o f TPU is its stress-strain recovery [ 14], Unlike plastics, when 

they are stretched beyond the elastic limit, they can regain their shape on relaxation [ 15], 

The shape recovery is due the presence o f hard segment (HS) which acts as molecular 

spring for continuous soft segment (SS). The polyol or amine in TPU is very soft (with a 

very low Tg ) and long chains while the diisocyanate part is relativity hard and short 

molecule (with a high Tg ) and so, these are referred to as soft segment (SS) and hard 

segment (HS) respectively. The problem with TPU is its low stiffness and low stress in the 

plateau region o f stress strain curves. TPU can be reinforced by addition o f CNTs [16-20].

One important parameter in composite reinforcement is good dispersion o f the filler 

[21]. Pristine nanotubes can be dispersed very efficiently in solvents at very low 

concentration but at higher concentration they tend form bundles/22, 23]  . These bundles 

are held by weak physical interactions and therefore create weak points in the composite
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and result overall in weak composites. However this problem can be overcome by the use 

o f functionalised CNTs. Very good dispersions of the functionalised CNTs can be achieved 

even at a very high concentrations compared with pristine CNTs [24-27], Another 

requirement for good mechanical reinforcement is good stress transfer and interfacial 

bonding [21]. Strong interfacial bonding between a filler and matrix can be defined by 

mechanical interlocking or chemical reaction between them. Usually the CNTs are 

chemically inert and have an atomically smooth surface, this means mechanical 

interlocking and CNT-matrix reaction is rare. Again the functionalised CNTs have an 

advantage here due to the funtionalised groups attached to the CNTs. A polymer matrix can 

either entangle or chemically bond with the attached functional groups. Adding to this 

functionalisation o f the CNTs creates defect in the CNTs, making them rough thus 

rendering them favourable for mechanical interlocking as well [ 18]. Functionalisation may 

weaken the CNTs but they are still strong enough to be used as filler for mechanical 

reinforcements.

Another very important aspect o f choosing functionalised CNTs as filler for 

segmented TPU lies in its segmented nature. Hard and soft segments are 

thermodynamically incompatible/277 • The HS and SS within thermoplastic polyurethanes 

have different polarities [28-31]. Generally speaking the HS is hydrophilic while the SS is 

hydrophobic [29], This strongly suggests that by selecting appropriate funtionalised CNTs, 

either HS or SS can be used to mechanically reinforce for a specific application. Recently 

Liff et al. have demonstrated the fabrication of nanoclay-TPU composites by restricting 

the nano filler to hard segment only [29].  Adding to this, both the hard and soft segment’s 

mechanical properties can be tuned by mix CNTs approach which will be discussed in 

detail in Chapter 6. Hence, an efficient and compatible CNT- TPU solution based 

composite can be prepared on the basis o f matching the solubility parameters o f all three 

components, i.e. matrix, filler, and solvent [32].

In the present work, keeping in mind the difference in hydrophobicities o f HS and 

SS, three different types o f functionalised-SWCNTs were used in two different solvents, 

water and THF to fabricate composites. All three composites exhibited different properties. 

These composites can be used as actuators/artificial muscles/'/^, 33]  , extremely flexible 

electrodes [34]  and sensors/357 .
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PABS

SWNT-PABS

PEG -OH
SWNT-PEG

SVVNT “ C SWNT
OH

Fig. 5.1 Synthesis o f functionalised SWCNTs [24]  A) PABS-SWCNTs B)PEG-SWCNTs 

both o f which are dispersible in water at high concentration. [24]  C) ODA-SWCNTs are 

soluble in organic solvents at high concentration [26]  .

5.2 Sample preparation
Thermoplastic polyurethane/H20 (product code U2-01.) emulsion was provided 

by Hydrosize® [36]  with an average particle size ~ 3 fim. The dispersion was diluted to 50 

mg/ml in deionised water. PEG-SWCNTs, PABS-SWCNTs and ODA-SWCNTs were 

purchased from Carbon Solutions, Inc. (Fig 5.1) [ 37].  Each o f the PEG-SWCNTs and 

PABS-SWCNTs were dispersed in 10 ml o f deionised water. Dispersions were made by 

energetic agitation o f CNTS/H2 O using an ultrasonic sonic tip (GEX600, 700W, 20%, 120 

kHz) for 10 minutes. This was followed by 4 hours o f sonication in an ultrasonic bath 

(Branson 1510 MT). Each o f  the CNT dispersions was then mixed with a prepared 

TPU/H 2 O emulsion using the same ultrasonic tip (5 minutes). These were the stock
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solutions for the further work. Each o f  the stock composite solutions were diluted into a 

series o f  solutions. Each o f  these dilutions was sonicated for five m inutes under the 

ultrasonic tip, followed by further sonication for 4 hours in the ultrasonic bath.

For the ODA-SW CNT system, the supplied TPU was dried at 60 °C for 3 days in 

Petri dishes. The dried TPU was cut into small pieces. A 50mg/ml TPU/THF solution was 

prepared at room tem perature by magnetic stirring. The THF was purchased from Sigma 

Aldrich. The rest o f  the ODA-SW CNT composite solutions preparation procedure was the 

same as that which was carried out for water based systems .The only difference was that 

ultrasonication was undertaken in an ice beaker to avoid evaporation o f  the low boiling 

point THF. Com posite and polymer only solutions were dropcast in 40 x 40 mm Teflon 

trays. The water-based solutions were dried at 60 °C in an oven for 12 hours, while the 

THF-based solutions were dried at room temperature for 12 hours followed by further 

heating at 60 °C for 2 hours. Free standing films were obtained. These films were cooled in 

ambient condition to stabilise them. Films were cut into strips using a die cutter with a 

fixed spacing o f  2.25 mm. Thicknesses o f the films were measured using a m icrometer 

screw.

5.3 Results and discussion

5.3.1 Thermogravimetric analysis (TGA) analysis
Therm ogravim etric analysis (TGA) was carried out using a Perkin Elmer Pyris 1 

TGA. The tem perature range was from 25 - 900 °C with scan o f  10 °C /minute. TGA was 

carried out to assess the solvent entrapment in the sample and also to determine the onset o f  

polym er degradations. The polymer TGA analysis study shows the presence o f  trapped 

solvent in the polymer. The TGA analysis also revealed that TPU starts degrading above 

230 °C (Fig. 5.2). Once the degradation temperature was known, for all o f  the other thermal 

studies (DSC and DM TA) the maximum tem perature was kept below 230 °C to avoid 

polym er degradation.
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Temperature (C° )

Fig. 5.2 A) TGA B) DTGA o f  PU/H 2O sample, shows water entrapment and polymer 

degradation onset temperature.

5.3.2 DSC characterisation
DSC was carried out with a Perkin Elmer Diamond DSC with a heating scan rate o f  

20 °C/minute. For all samples the glass transition tem perature ( — 25 °C) was very broad 

(Fig. 5.3). In all cases, no real difference was observed among composites and polym er 

only samples Tg.
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Fig. 5.3 DSC curves o f TPU and functionalised SWCNTS composites.Tmi is soft segment 

melting peak and Tm2 corresponds to HS melting nucleated by ODA-SWCNTs. Note: the 

plot on the top left is the derivative o f Tg part o f DSC curve.

In all samples a crystalline melting peak Tmi was observed at ~ 41 °C corresponding 

to the TPU soft segment melting (Fig.5.3). SS melting in the same temperature range has 

also been observed by various other researchers [14, 18, 20, 28, 39-41], No difference o f 

melting enthalpies was recorded between the ODA-SWCNT composites and the polymer 

only sample. The melting enthalpies o f water dispersed PABS-SWCNT and PEG-SWCNT 

composites were higher than polymer only sample but with a lot o f scatter (Fig. 5.4). This 

may be due to the evaporation o f trapped/absorbed water (discussed in the next section) 

during the DSC heating run. The presence o f trapped water has been revealed by TGA

88



(figure 5.2) as w ell. Another possibility is for higher enthalpies in water based com posites 

compared to the respective polymer only samples. This may be due to the nucleation effect 

o f  these water dispersed CNTs. This infers the interaction o f  water dispersed CNTs with the 

SS.

16
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■§■ 10-  

£
S 8 -

I  •
I  6-
S  ■

0.00

m l

A PEG-SWCNTs 
■ PABS-SWCNTs 
•  ODASWCNTs

0.01 0.02 0.03
SWCNTs

Fig 5.4 M elting enthalpy o f  functionalised SW CNT com posites

The DSC study also revealed a second endothermic peak (Tm2) at 114 °C in O DA - 

SW CNT com posites, w hile no such peak was observed in water-based com posites. In the 

same temperature range in their TPU work, L iff et al. [2 9 ]  observed a melting peak 

associated to the hard segm ent melting transition. The new peak may have arisen due to the 

nucleation o f  polydispersed HS crystallites by CNTs. Nucleation effects o f  CN Ts in 

polymers have been reported elsew here also [42 -44] ,  This underlines the strong interaction 

o f  O D A -SW C N Ts with the HS o f  TPU. Tm2 (second melting peak) started to appear at 2.5 

wt % o f  CNTs. This second endothermic peak’s enthalpies increased linearly with volum e  

fraction o f  CNTs due to the increase in nucleation sites (Fig. 5.5). A linear increase in 

enthalpies has also been observed in other CNT-polym er work [45] .
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Fig. 5.5 DSC linear increase in melting enthalpies o f TPU hard segment with introduction 

ofODA-SW CNTs.

Cyclic DSC
DSC was also performed on cyclically strained samples to find out the CNTs 

effect on strain induced crystallinity. In all strained samples, Tmi was observed at the same 

temperature as was observed for non-strained samples, but the melting enthalpies were 

greatly reduced compared to their unstrained counterparts. The reduction was more 

pronounced in TPU/H2O samples compared to TPU/THF. Also, melting enthalpies were 

decreased slightly in successive cycles. The decrease in enthalpies can be associated with 

three reasons;

1) During cyclic deformation, internal friction o f molecules generates heat 

energy which could melt relatively low melting point SS crystallites (Tmi).

2) Crystallites may be mechanically deformed and hence destroyed during the 

cyclic deformation o f samples.

3) During cyclic deformation, due to the heating o f the samples, evaporation o f 

trapped water (associated to Tmi crystallites) may occur.
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The first two reasons seem less contributory, as can be seen in figure 5.6, as there is 

only a very slight difference in melting enthalpies o f  successive cycles within a sample. 

Also there is little difference between non-strained and cyclically deform ed TPU/THF 

samples. Therefore, the third reason needs to be investigated in detail. If, the 

trapped/absorbed water is bonded to Tmi crystallites and evaporates in the same 

tem perature range, then this will contribute to overall (pseudo/apparent) crystallinity and 

vice versa. Cyclically strained samples can be relatively dried compare to non strained ones 

and that might be the reason that strained samples show low crystallinity. To investigate the 

actual reason for higher crystallinity in non-strained samples compared with cyclically 

strained samples, further experiments were carried out. DSC was conducted under the same 

experimental conditions as previously described. All non-strained water-based samples 

were further dried under vacuum at room tem perature to avoid crystallites melting (Tmi). 

Similar to other non-vacuum ed dried water samples, Tmi appeared at around 41 °C for all 

samples. However, for the vacuum dried samples, Tmi melting enthalpies were greatly 

reduced compared with the non-dried non-strained counterparts. For the polymer only 

sample, the melt enthalpy reduced from non-dried 7 J/g to 2.2 J/g (Vac dried). For the 

PABS and PEG-SW CNTs composite (1.55 vol%), the melt enthalpy reduced from non- 

dried 13.4 and 8 J/g to 4.8 and 3.3 J/g (Vac. dried) respectively. Enthalpies o f  the vacuum 

(Vac.) dried samples are also very close to the strained samples melting enthalpies (at third 

cycle) ~2.02-4.8 J/g i.e for the polymer and composites respectively (for comparison see 

tab 5.1). This reveals that the cyclically strained samples exhibit low crystalline melting 

enthalpies not because o f  heat melting o f  crystallites or mechanical deform ation, but mainly 

because the samples contain less water due to the evaporating o f water by heat generated 

during cyclic deformation. This also clearly indicates that absorbed/trapped water interferes 

with the Tmi enthalpy.
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Fig 5.6 Melting enthalpies (Tmi) o f cyclically deformed TPU and composites

TPU/H 2O polymer only Tmi melting enthalpy was around 2 J/g from the third to the 

tenth cycle. Tmi for 1.55 vol% (2.5 wt %) PEG-SWCNT and PABS-SWCNT composites 

for the same cycles were in the range o f 4.1- 4.8 J/g. These values are almost identical to 

the non strained Vac dried samples at the same vol% (CNTs), polymer =2.2, PEG-SWCNT 

=3.3, PABS =4.8 (see table 5.1). This strongly suggests that the composites were much 

more crystalline than pure polymer only samples in all cycles and the high crystallinity in 

composites is not associated with the trapped water. As has been underlined in the earlier 

paragraph, water can interfere with the Tmi melting peaks and hence can give rise to 

(pseudo/apparent) high crystallinity . These water based hydrophilic CNT composites/^-// 

can absorb and hold more water from the solution phase and from the atmosphere 

(compared to polymer only samples). However, non-strained vacuum dried samples 

(polymer and composites) have almost the same melting enthalpies as their strained 

counterparts (see table 5.1).Thus these results not only imply that water dispersed CNTs 

nucleate and increase crystallinity o f SSf20, 40] , but during cyclic deformation the 

crystallites remain unaffected. In TPU/THF strained samples, analogous to water samples, 

Tmi was observed at ~41 °C. Unlike the water samples, there was no large difference 

between the melting enthalpies o f the polymer only sample and the ODA-SWCNT
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composites. At tiie cycle, the composite with 2.5 wt%  OD A-SW CN T Tmi melting 

enthalpy was 6.88 J/g and for the polymer sample it was 6.6 J/g. This shows that the ODA- 

SW CNTs do not interact with the SS and hence there is no increase in SS crystal Unity.

Fig. 5.7 M elting enthalpy (Tms) o f  cyclically strained functionalised SW CT-TPU

A dditionally to Tmi, another melting peak (Tm3) was observed at higher 

tem perature, -1 8 0  °C in cyclically strained composites samples (Fig 5.8). The reason for 

the appearance o f  the new peak is not clear at this point. This could either be due to the 

strain induced crystallization (SIC) or may be due to the degradation o f  the polymer.

Sample Non-dried 

AH (J/g)

Vac. Dried 

AH (J/g)

Cyc #3 
deform ed 
AH (J/g)

Tmi

PU-H 2O (0 wt %) 7 2.2 2 41

PEG-SW CNTs 1.55 vol% 
(2.5 wt %)

8 3.3 4.7 41

PABS-SW CNTs 1.55 vol% 
(2.5 wt %)

13.4 4.8 4.8 41

Tab. 5.1 M elting enthalpies o f  water based TPU com posites
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Black dashed=3rd cycle 
Blue dots= 6th cycle 
Red Cont line=10th cycle
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Fig. 5.8 DSC curves for cyclically  deform ed TPU  and 1.55 vol%  functionalised  SW C N Ts 

com posites show  the em ergence o f  a new  endotherm ic peak, Tm3

5.3.3 Dynamic mechanical analysis
D ynam ic therm al m echanical tests w ere carried out using a Perkin E lm er D iam ond 

DM A. All the  experim ents w ere run in the tem perature range from  -6 0  °C to  170 °C w ith a 

frequency o f  1 Hertz.
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Fig. 5.9 Increase in storage modulus of TPU and composites fabricated with functionalised 

SWCNTs.

Interestingly, at low temperatures the storage moduli of all the composites were 

lower than their respective polymer only samples, as shown in figure 5.9. But at a certain 

temperature (-15 °C to -30 °C), the storage moduli of all composites increased sharply. This 

sharp increase of storage modulus in composites underlines the strain thickening effect of 

CNTs [46], This is due to the fact that near Tg, polymer molecules get sufficient energy to 

move relatively freely and behave like a viscous fluid and hence can interact with the filler. 

For PABS-SWCNT composites, the storage modulus increased from 41 to 111 MPa, while 

for PEG-SWCNT composites it reached 102 MPa, both at 3.1 vol% (5 wt%) loading level.
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This shows good interaction of CNTs with the polymer and stress transfer to the CNTs. For 

the same 3.1 vol% (5 wt%) ODA-SWCNT composite, the storage modulus was increased 

from 79 to ll2MPa (compared to polymer). The higher storage modulus increase in the 

water based composites compared to the THF based composites might be because the PEG- 

SWCNT and PABS-SWCNT not only interact with the soft segment of TPU, but due to the 

presence of acidic (OH) functional groups, can form hydrogen bonds with the hard segment 

as well [20]  which imparts extra reinforcement. This gives rise to the higher storage 

modulus compared to the THF based composite which shows a strong interaction with only 

the HS. For all composites, the storage modulus remains high compared to polymer only at 

all the temperature ranges. This suggests high temperature uses for these materials.

O D A - S W C N T

0. 4  -

3 . 1  v o l %  
0 . 1  v o l %  
P U - T H F

P A B S - S W C N T s

3 . 1  v o l %  
0 . 1 v o ! %

—  P U - w a t e r

P E G  S W C N T s

3 . 1  v o l %  
0 . 1  v o l %

-  P U - w a t e r

- 5 0 0 50 1 0 0  1 5 0
Te rnpera tu re  (C)

Fig. 5.10 Tan 8 shows shifting of Tg to higher temperature with the addition o f water 

dispersible CNTs. This indicates SS interaction with these CNTs.
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Shown in figure 5.10 Tan 5, is the ratio o f the loss modulus to the storage 

modulus and when plotted as a function of temperature the highest peak in such a plot is 

referred to as Tg (Dynamic). In general, the glass transition temperatures measured using 

DMTA are usually higher than those measured by the static method (DSC). This is because 

Tg is strain rate dependent [38]. For plastics, the difference between the Tg measured by the 

two thermal techniques is usually in range o f 10 - 20 °C [47]. In the case o f  segmented 

elastomers, the difference in Tg measured by the two techniques can be even larger, in the 

range 30 - 50 °C [48, 49], The reason for this is that segmented elastomers have a very 

complicated morphology. Such a polymer consists o f soft and hard segments. These two 

segments are thermodynamically incompatible [31] and have two different TgS [31]. The 

matter is further complicated by the presence o f soft and hard segment crystalline domains 

in the polymer which also affect the Tg o f the polymer. DSC is less sensitive compared to 

DMTA in resolving all these transitions. Thus DSC usually probes only the transition o f the 

most abundant constituent o f PU. This large difference between dynamic and static TgS has 

been observed in other PU work as well. Darren et al. prepared polyurethanes with varying 

amounts o f SS and HS and his work revealed the difference in Tg measured with DSC and 

DMTA was ~ 30 °C [48], While in TPU/PVC blends such a difference in Tg for one o f the 

samples was ~ 44 °C [49],

For low volume fractions PEG-SWCNT and PABS-SWCNT composites, a small 

difference in Tg (-11 -  14 °C) was recorded compared to TPU. In this work, the glass 

transition temperature for higher volume fraction composites fabricated with PEG- 

SWCNTs and PABS-SWCNTs was higher than their respective polymer only samples (Fig. 

5.10). For PEG-SWCNTs 1.55 vol% (2.5 wt%) composites, the Tg was increased by 6 °C, 

while for PABS-SWCNTs composites the Tg was increased by 8 °C. However, for the 

ODA-SWCNTs the Tg was unaffected by the introduction of CNTs. The bulk o f TPU 

consists o f soft segments [40], hence any filler which interacts strongly with the polymer 

(soft segment) will increase the Tg o f the system [38, 47, 50] . Water dispersed CNTs may 

physically bond to the SS, hence restricting their mobility and causing an increase in Tg. 

Therefore, like the storage modulus, the Tg also strongly indicates that the water dispersed 

CNTs show strong interactions with the soft segment at higher volume fractions.
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5.3.4 Cyclic mechanical testing

All composites and polymer only samples were subjected to cyclic mechanical 

deformation tests to assess the effect o f the CNTs on stress-strain recovery behavior. All 

samples were stretched to a preset strain (300 %) at a rate of 50mm/min. Samples were 

stabilised at this preset strain for 1 min followed by a relaxation at the same strain rate. This 

same step was repeated for a further 9 cycles. All the experiments were done at room 

temperature. Figure 5 .11 shows a typical cyclic test.

-50 0 50 100 150 200 250 300 350
Strain (%)

Fig. 5 .11 Representative graph for the cyclic deformation o f a TPU-THF sample.

Many o f the materials when stretched to less than the breaking strain and beyond 

yield stress remain permanently deformed. However elastomers such as TPU, upon 

relaxation can more or less go back to the pre-strained position which is called strain 

recovery. In all samples, the first cycle was different to the rest o f the cycles because o f the 

deformation o f the material beyond the elastic region. Strain recovery was measured in 

terms o f recovered length per elongated length [49] using equation 5.1.

1.5 PU-THF S

Strain recovery = £̂  - s ^ /  £̂  Eq 5 .1 

Where £i is preset strain, and Sn strain at the nth of cycle shown in (Fig 5.11)
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After the first cycle, the other cycles were almost identical to each other. In polymer only 

and low volume fraction samples, good strain recovery was observed (Fig. 5.12), but higher 

volume fraction composites did not recover fully. At 6.2 vol% (10 wt%) PEG-SWCNTs, 

the composites recover 56.7 % o f the preset strain at the ninth cycle and PABS-SWCNT 

composites recover to 70 % at the same vol% and cycle. This suggests that the PABS- 

SWCNTs has a stronger interaction with the SS compared to the PEG-SWCNTs which 

prevent the return o f the SS. ODA-SWCNT composites showed very good strain recovery 

as well. At 7 wt % these composites recovered to 71% of the preset strain after the 9th 

cycle.
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Fig. 5.12 Effect o f CNTs type and loading on strain recovery behavior o f TPU.
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When TPU is stretched to less than the breaking strain, upon relaxation it can go 

back (to some extent) to the prestrain position. If the once stretched sample is stretched 

again it exhibits another yield point at lower stress value compared to the first cycle. This 

recovery is known as stress recovery (Eq 5.2). Stress recovery in successive cycles at 

particular strain value can be found out using equation 5.2.

Stress recovery = cr, / cr„ Eq 5.2

Where oi is the stress at 1®' cycle and is the stress at n*'’ number cycle at 10 % strain. 

Stress values were taken at 10 % strain for the cycles. Stress recovery in TPU polymer only 

and low volume fraction composite samples were almost identical (Fig 5.13) and this has 

also been observed in another related work [28]. In all cases at the 10* cycle for high 

volume fractions, the composite samples lost more than 70 % of their initial stress at 10% 

strain. In general there was not much difference in stress recovery among all three types of 

composites. However, PABS-SWCNT composites showed slightly higher stress recovery, 

when compared to PEG-SWCNT and ODA-SWCNT at low Vf. At 3.1 vol% PABS- 

SWCNTs and PEG-SWCNTs the stress loss was 65% and 80% respectively. While for 3.1 

vol%, ODA-SWCNT composite loss was 72%.
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Fig. 5.13 Effect o f CNT type and loading on the stress recovery behavior o f TPU
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Fig 5.14 Stress recovery as function o f Vf at 10'*’ cycle.

Shown in figure 5.15 is the decrease in toughness (toughness has been defined in 

chapter 3.5.4) due to cyclic deformation. On the basis o f the stress-strain results at each 

cycle, one would expect better toughness for ODA-SWCNT composites compared to the 

water based composites. Interestingly, the ODA-SWCNT composites have a lower 

toughness than water based composites. It must be noted that the toughness o f TPU is 

mainly influenced by the slope o f the plateau and strain hardening parts of the stress-strain 

curve. The slope o f these two regions is mainly controlled by the SS mobility and the HS 

rotation ( see figure 5.16). Thus, good toughness in water based composites is due to their 

relatively higher sloped curves, which is because o f the SS interaction with the water 

dispersed CNTs. A lower slope at these regions o f the stress-strain curve accounts for lower 

toughness. Therefore, the lower toughness o f the ODA-SWCNT composites indicates that 

these CNTs may facilitate SS mobility and HS rotation i.e. they do not restrict the SS 

mobility. The slope of the stress-strain curve at plateau region is shown in figure 5.17.
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Fig 5.16. Shows TPU hard and soft segment domain.
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Fig. 5.17 C om parison o f  the plateau region in the stress-strain  curve o f  TPU com posites.

5.3.5 Mechanical
Show n in figure 5.18 are the representa tive stress-strain  curves for the segm ented 

TPU  and com posites, w hich can be divided into th ree parts [ 29 , 40]  .

1) Initial elastic deform ation  region up to  the yield stress (see figure 5.19). 

Y oung’s m odulus in th is part is associa ted  w ith the constrained stretch ing , w hile the 

poin t w here the linear stress-strain  behav io r stops is referred to as the yield poin t (or 

y ield  stress).

2) T his is follow ed by the p lateau region w hich starts from  yield point and is

associated  w ith  the stretch ing  o f  the SS and the rotation and a lignm ent o f  the HS

segm ent.

3) T he p lateau region is fo llow ed by a steep part w hich arises due to  strain

hardening  (SH ) and strain induced crystallisation  (SIC) o f  the SS.
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Fig. 5.18 Representative stress-strain curves o f TPU and its composites made with  

functionalised SW CNTs.
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Fig. 5.19. Mechanical deformation mechanism in TPU (hard and soft segment). A-B shows 

the elastic deformation, B-C represents the elongation o f SS, HS rotation and alignment in 

the direction o f applied force. C-D infers further stretching o f SS and alignment o f SS and 

HS (SH/SIC). D Shows the UTS o f TPU.

Young's modulus

For all three CNT types the Young’ s moduli o f the composites were significantly 

increased compared to the value 12.58 MPa for polymer. PEG-SWCNT composites showed 

the largest increase in Young's modulus o f all the composites. For PEG-CNTs 12.4 vol% 

(20 wt%) the Young’ s modulus was increased to almost 23 times the polymer only sample 

to 286 (MPa). A t the same volume fraction PABS-CNTs composites exhibited an increase 

o f 13 times. For ODA-SWCNTs, the samples' Young modulus (73.5 MPa) for the 8.2 vol% 

(13 wt%) composite had increased by 11.6 times compared to the polymer (6.32MPa). The 

Young’ s modulus then saturated at this value. The Young's modulus for the TPU polymer
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is lower because these samples were prepared using THF as solvent instead o f water. The 

relatively small values o f Young’s modulus for TPU/THF samples compared to the 

TPU/H2O samples suggest some morphological changes may have occurred or the THF 

may be trapped in the samples which then may act as plasticiser.

Usually elastomer reinforcement in term of Young’s modulus is described by Guth's 

rule [51] as given in equation 5.3. Assuming the SWCNT aspect ratio as 300/22, 27] the 

Guth's rule does not agree with the experimental Young’s modulus data. The same trend 

have been observed elsewhere [14], Blighe et al also suggest that their data does not 

follow Guth’s rule for a known CNTs aspect ratio/^527. However interestingly by assuming 

aspect ratios o f ODA-SWCNT = 26, PABS-SWCNT = 28 and 40 all the samples measured 

here initially follow Guth’s rule for the increase in Young’s modulus (see figure 5.20) but 

deviate from Guth’s rule for the volume fraction above 10 vol %. Likewise, in the work on 

TPU nanocomposites by Liff al. the mechanical data follows Guth’s rule at low Wf[29] 

This maybe due the aggregation o f CNTs at high volume fractions. Another reason may lie 

in the segmented nature o f TPU and the presence o f functional groups on the CNTs. All the 

data presented here reveals that attached functional groups predominantly interact either 

with the HS or SS. Thus a particular type o f functionalised CNT would predominantly 

reinforce either HS or SS not both the domains simultaneously and equally hence the data 

does not follow Guths rule.

= YiciaĴ  + 0.067/i Vf + 1.62A^ V/ ) [51] Eq. 5.3

Where Yc and ^Eias are the composite and elastomer moduli, A is the filler aspect ratio and 

Ff is the volume fraction.
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Fig. 5.20 Impact of functionalised SWCNTs on A) Young's modulus o f TPU

The reinforcements measured here are significantly higher than in other similar work 

done with functionalised CNTs-PU. Buffa et al. fabricated functionalised-SWCNT- 

polyurethane composites. In their work they achieved an increase of ~ 3 times in Young's 

modulus at 20 wt% loading [52]. In another attempt, Gopal et al. [20] demonstrated an 

increase in Young's modulus o f 7.4 times at this same CNT loading. They used 

functionalised MWCNTs in their polyurethane work, but the ductility was greatly reduced 

by a factor o f 7. In a recent work L iff et al. achieved high reinforcement in their TPU- 

nanoclay work by restricting the nanoclay to the HS. This work suggests that by restricting 

nano filler to the HS, significant reinforcement can be achieved without sacrificing ductility 

at high filler loading [29]. Another contributory factor in the achievement o f good 

reinforcement can be the enhancement in the crystallinity [53, 54], as revealed by DSC and 

discussed earlier.

Plateau region

The initial part of this region corresponds to the yield stress. The yield stress (Fig. 

5.21) for the water based composites is much higher than for the ODA-CNT composites.
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For comparison reasons the stress at yield point is taken as the stress at 50% strain. The 

yield stress keeps increasing with the introduction of CNTs and it increases sharply in 

water-based composites for Vf > 1.5 %. For TPU/THF composites no such sharp increase 

was observed. For the PEG-SWCNTs composites 12.4 vol%, (20 wt %) the yield stress 

increased by 8.6 times compared to TPU (1.9 MPa), while at the same volume fraction for 

PABS- and ODA-SWCNT composites, the yield stress was increased by 5 and 3 times 

respectively. The high increase in yield stress in water-based composites may be due to the 

fact that the water dispersible CMTs are not only associated to the SS but these CNTs also 

have hydroxyl groups which can form hydrogen bonds with the HS [ 20, 52] .  Therefore 

they can physically bond to the SS and HS and hence impart relatively more reinforcement 

to the sample. Another reason is that water-based TPU is not a solution but is a dispersion 

of micron sized TPU in water. During film formation in the free volume of the film, the 

water dispersed CNTs may form a network which could increase with increasing volume 

fraction and hence give a continuous increase in the Young's modulus and yield stress/^/iy .
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Fig. 5.21 Increase in yield stress o f TPU with incorporation of CNTs

Stress throughout the second region (plateau region) o f the stress-strain curve is 

much higher for the water-based composites (Fig 5.22). The stress keeps increasing with 

the addition of more water-dispersed CNTs. Interestingly, the ODA-SWCNT composites
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remain flat for V f>  0.1 % composites compared to the ODA-SWCNTs composites. As has 

been discussed already, this region is associated with the stretching o f the SS accompanied 

by the rotation and alignment o f the HS and CNTs. Water dispersible CNTs are mainly 

interacting with the SS. Therefore each addition o f CNTs increases the bridging or physical 

crosslinking among the SS chains and thus not only decreases the SS mobility but also 

stiffens the soft segments and hence increases the slope o f this region. The ODA-SWCNTs 

mainly restrict the HS and forms no bonding/bridging among the SS chains and therefore 

these regions are flat and there is less o f an increase with the introduction o f CNTs.
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Fig. 5.22 Impact o f functionalised SWCNTs on plateau region.
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Strain induced crystallisation/strain hardening

Generally speaking, in TPU stress-strain curves the steepest region, which is 

followed by yield stress and soft segment straining region, is usually termed as the strain 

induced crystallisation or strain hardening region [29, 40], The reason is, crystallites 

formed due to the strain act like a fille r and hence increase the slope. Therefore the 

increased slope means more strain induced crystallites. The water based composite 

demonstrates enhanced SIC/SH compare to the ODA-SWCNTs composites. The highest 

SIC/SH slopes were observed in the case o f PABS-SWCNTs composites (Fig. 5.23). Thus 

the mechanical results also point to the fact that PABS-SWCNTs and PEG-SWCNT 

enhance the strain induced crystallisation compared to ODA-SWCNTs. No significant 

change in SIC/SH slope were observed in TPU with the incorporation o f ODA-SWCNTs. 

These results again infer the strong interaction o f water dispersed CNTs with the SS. 

Higher slopes due to smaller diameter silicate particles in TPU-silicate nanocomposites 

can also be seen in Finnigan et a.I [55],
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Fig. 5.23 Slopes o f SIC/SH in all three types o f composites shows effect o f CNTs type on 
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Ultimate Tensile Strength

In ODA-SWCNT composites, the strength at ultimate failure increases significantly, by 

0.1 vol % (0.12 wt%), but then falls o ff slightly for V f > 1 vol% and saturates at around 55 

MPa. While in the case o f PEG-SWCNTs and PABS-SWCNTs the strength is slightly 

enhanced, but rapidly decreases for V f>  1.5. However, interestingly for ODA-SWCNTs 

composites strength does not collapse even at 20 wt% (12.4 vol%) compared to the 

polymer only sample. In all cases the composites with around 0.4 vol% CNTs showed the 

maximum UTS (Fig. 5.24).
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Fig. 5.24 Effect o f functionalised CNTs on plateau region o f the stress-strain curve o f TPU. 

A continuous increase in stress implies the interaction o f the water dispersed CNTs with the 

soft segment.

In these TPUs, the UTS occurs in the strain hardening region o f the stress-strain 

curve. This part is dominated by the breakdown o f the HS and SIC, SS stretching and 

breaking. The hard segment is brittle and breaks at low deformations because o f local 

stresses [40 ], therefore a fille r which can impart reinforcement to the HS, w ill increase the

112



ultimate tensile strength. Thus the UTS data strongly infers that up to 0.4 vol%  all the 

CNTs remain embedded in and reinforce the HS, but above 0.4 vol%  the CNTs start to 

influence the SS. This is also supported by the sharp increase in Young's modulus and yield 

stress above 0.4 vol%. The UTS data further supports the argument that the ODA-SW CNTs 

mainly interact with the HS because they do not show a sharp decrease in UTS but rather 

saturation at high volume fractions.

Strain at break

In general, the low volume fraction composites and polymer only samples exhibited 

high strain at break values in excess o f  400% , which is typical for a segmented PU [ 18, 29 , 

40, 56], Compared to the polymer only, ODA-SW CNT composites exhibit significantly 

higher strain at break values (8b ), saturating around 650%. Usually Sb decreases sharply at 

high CNT filler loadings [ 18, 20],  but surprisingly 8b remained high here, > 600% , even at 

very high volume fractions 12. 4 vol% (20 w't%) for the ODA-SW CNTs. The strain at 

break in segmented TPU remains high if  the nano filler remains in or interacts only with the 

HS [29],  This suggests the restriction o f  these CNTs to the HS and more importantly the 

plasticising effect o f  these CNTs which facilitate the m obility o f the SS and hence high 

ductility. In water based composites, with each increment in volume fraction o f  CNTs 

above 1 vol%  a sharp reduction in strain at break was recorded. Large strains before 

breaking in polyurethane are due to SS stretching. Therefore any feature in the polymer 

which binds to the SS not only reinforces the sample by restricting the SS mobility, but has 

negative impact on the strain at break value. Thus a sharp decline in 8b is associated with 

CNT interactions with the SS. If  the argum ents o f the HS and SS interaction are valid, then 

the higher volume fraction water based composite should have a higher Tg while the ODA- 

SW CNT higher volume fraction composite samples should have the same (dynamic) Tg 

compared to their polymer only samples, which is exactly the case (see figure 5.11). This 

assum ption is further supported by the SIC/SH data plot (Fig 5.23). Slopes in the strain 

hardening region o f  the water based composites are much higher than for the ODA- 

SW CNTs due to the stiffness imparted by the filler bonding to the SS. Am ong water 

samples at higher volume fractions, PABS-SW CNT composites showed a sharper decline 

in 8b value compared to PEG-SW CNTs. Again the same reason can be assigned, as the
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PABS-SWCNTs tend to interact with the SS more strongly than the PEG-SWCNTs. Also, 

the PABS-SWCNTs show higher SIC or strain hardening than the PEG-SWCNTs as 

revealed by the slope in the SIC or strain hardening region o f the stress strain plot (Fig. 

5.25). This makes the PABS-SWCNTs stiffer and less ductile (in SIC or SH region) than 

the PEG-SWCNTs composites.
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Fig. 5.25 Effect o f functionalised SWCNTs loading on strain at break.
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Fig. 5.26 Representative stress-strain curves o f PABS-SWCNTs composites. 

Toughness

Tiie stiffness, yield strength, plateau region slope, and the stiffness o f the strain 

crystallisation region can slightly influence the toughness within a particular TPU 

composites system, but the main contributors are the strain at break and UTS values. As the 

strain at break and UTS values are in the order, ODA-SWCNT>PEG-SWCNT/PABS- 

SWCNT composites so w ill be the toughness.
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Fig. 5.27 Toughnesses o f composites prepared with functionalised SWCNTs.

P U -H 2 0  
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Fig. 5.28 Representative stress-strain curves o f PEG-SWCNTs composites.

A t low volume fractions, the ODA-SWCNT composites exhibited significantly 

higher toughness compared to the polymer only samples. For these composites the 

toughness in itia lly increased sharply by a factor o f 4.2, from 36 MJ/m^ (0 wt%) to 151 

MJ/m^ (0.12 wt% or 0.1 vol%). The increase in the ODA-SWCNT samples' toughness
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saturated around 80 MJ/m^, while in the water based composites at low volume fractions, a 

relatively lower increase in toughness was observed. However, no saturation was observed, 

unlike for the ODA-SWCNT samples, and the toughness sharply decreased at high volume 

fractions. For the PEG-SWCNT composites, the toughness increased from 85.4 MJ/m^ (0 

vol/wt%) to a maximum o f 113 MJ/m^ and then decreased to 1.5 MJ/m^ (20.5 vol%  or 33 

wt%) and for the PABS-SWCNTs the maximum was 117 MJ/m^ and it then decreased to 

0.5 MJ/m^ (20.5 vol% or 33 wt%). The same reasons account for the increases or decreases 

in toughness as were already discussed for the strain at break.

 P U ‘ T H F
0.024  vol%  
0 .048  vol%  
0.1 vol%  
0.4 vol%  
0.78 vol%  
1.55  vo/%
3.1 vol%
8.2 vol%
4 vol%

O D A - S W C N T s

Strain (%)

Fig. 5.29 Representative stress-strain curves o f ODA-SWCNT composites.

5.4 Conclusion
Generally, the introduction o f high volume fractions o f CNTs to TPU is 

accompanied by a loss in mechanical properties due to the CNTs interactions w ith the TPU 

soft segments [ 18, 20] .  In this work we were able to prepare very high volume fraction 

composites that exhibit excellent mechanical reinforcement. Importantly, even at very high 

volume fractions the stiffness, strength, and ductility were not decreased (for the ODA- 

SWCNT composites). This is because those functionalised CNTs, ODA-SWCNTs, mainly 

interact with the HS o f the TPU. This shows that TPU can be significantly reinforced with
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the appropriate CNTs at high loading o f  functionalised CNTs. The Y oung’s modulus was 

increased by 22 times (for PEG-SW CNTs), the UTS doubled (for ODA-SW CNTs) and the 

toughness was improved by 4 times (for ODA-SW CNTs). It was also demonstrated that all 

three parts o f  the TPU stress-strain curve can me modified by the appropriate choice o f 

CNTs.

Crystalline SS

Hard segment
R -  O— C—N - R—

HS-HS hydi ogen bondmg
R - O — C - N -  RSoft segment

HS-funtionalised-CNT hydrogen bondmg

Functional groupR— 6

Fig 5.30 Schematic diagram illustrating hydrogen bonding among HS -H S  and HS- water 

dispersed SW CNTs. The figure also shows water dispersed CNTs interaction with SS. This 

might be the reason for the water based composites high stiffness and yield stress compared 

to the O D A-SW CN T composites.

The increase in crystallinity o f  the SS on the introduction o f water dispersed CNTs 

to TPU implies their affinity towards the SS. However, for ODA-SW CNT samples, no 

change in SS crystallinity is observed, while the nucleation o f  the HS polydispersed 

crystallites in the ODA-SW CNT composites indicates that these CNTs have a higher 

affinity towards the HS compared to the SS. DSC also shows the strain induced 

crystallisation in the water based samples. DSC on cyclic deformed samples reveals water 

association with the SS crystallites. The DSC study also indicates that the SS crystallites do 

not get destroyed during cyclic straining.



Cyclic mechanical deformation o f  the ODA-SW CNTs samples reveal good strain 

and stress recovery compared to the water based composites. By stretching TPU samples 

beyond their yield stress, CNTs and HS are rotated and try to align in the direction o f  the 

applied strain. Subsequently, on relaxation, the stress-strain recovery can be restricted by 

these aligned CNTs and HS and if  the CNTs have any kind o f  bonding with the SS, this 

will also restrict recovery o f  the polymer. Thus, less stress and strain recovery in the water 

based composites indicates the interaction o f  these CNTs with the SS and vice versa for the 

ODA-CNTs.

Enhancem ent in the storage modulus o f  composites indicates good stress transfer. A 

higher increase in the storage modulus o f  water based composites compared to the THF 

based composites may be due to hydrogen bonding between HS and CNTs. The higher 

dynamic Tg o f  the composites compared to the polymer, in the water based samples, 

suggests the restriction o f  molecular mobility due to the CNTs bonding to the SS (Fig. 

5.30) Also, the higher Tg in the water based composites infer that the m ajority o f  these 

CNTs must be embedded within the polymer (during the polymer particles fusion in the 

drying process). While no change in T gof the ODA-CNT composites underlines that there 

is no interaction between the SS and the ODA-SW CNTs.

The mechanical properties data is consistent with water dispersed CNTs interacting 

with the SS and the ODA-CNTs interacting with the HS. The water-based and THF-based 

composites show alm ost equivalent mechanical reinforcement up to 0.4 vol %, which 

suggests the presence o f  CNTs in the HS. The stress in the second (plateau) region o f  the 

stress-strain curve is much higher for the water samples, and keeps increasing with volume 

fraction o f  CNTs. For the ODA-SW CNTs, this region is lower and flat which reveals that 

these ODA-SW CNTs do not affect the soft-domain (as this region o f  the stress-strain curve 

is associated with SS stretching). The sharp decrease in the ductility and UTS and the sharp 

and continuous increase in the Young's modulus and yield stress (above I vol% CNTs) in 

the water-based samples indicates that the PEG-SW CNTs and PABS-SW CNTs have very 

strong interactions with the SS for Vf >1% , but at low volume fractions they can have 

interactions with the HS. The interaction with the hard segment may be due to the presence 

o f  hydroxyl groups in the water dispersible CNTs. W ater based TPU is not a solution but is
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a dispersion o f micron sized TPU particles in water. Therefore, the sharp increase in 

Young's modulus, yield stress and the sharp decline in UTS and strain at break could be due 

to the network formation of water dispersed CNTs within the free volume o f polymer [13].

The saturation in the composite mechanical properties implies that the ODA- 

SWCNTs do not interact with the soft segment. The mechanical reinforcement in ODA- 

SWCNT composites is due to the HS interaction with the CNTs. Also, the ODA-SWCNTs 

are dispersed in TPU/THF and thus embedded within the polymer. Therefore no CNT 

network formation can occur and hence no sharp decline in the mechanical properties.

The reason that water dispersed CNTs show great affinity towards the soft segment is 

because PEG itself can be a soft segment in water born polyurethane, and in polyurethane 

in general [57, 58], and hence, it is compatible with the PU soft segment. The alkyl groups 

in PABS can also have strong interactions with SS. The interaction o f the ODA-SWCNTs 

with the HS is not clear.

It has been discussed earlier that TPU has hard and soft segment domains with 

different polarities. Both these segments have different affinities for various chemical 

groups. Therefore by changing the functionality of CNTs, mechanical properties can be 

altered as well. Therefore theses results suggest that a tuneable composite can achieved by 

the use o f appropriate functionalised CNT.
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Chapter 6
Preparation of thermoplastic polyurethane 

composites with pristine and functionalised 

mixed carbon nanotubes

6.1 Introduction
Many studies have been devoted towards the goal o f achieving strong, stiff, yet 

tough composite materials. Among natural materials, spider silk is the most extraordinary 

material, with a strength o f up to 1.7 GPa and still a strain at failure ~ 70-1000 % [ 1, 2], 

thus it has an extraordinarily high toughness [3], Despite this, spider silk still has a lower 

density than steel by a factor o f ~ 6 [4]. These amazing mechanical properties o f spider silk 

are due to the morphological arrangement of its (protein) block copolymer chains/7y. 

Spider silk has two distinct regions: a hard nanocrystalline region that is embedded in a soft 

rubbery segment [5]. The combination of the hard segments (HS) and the soft segments 

(SS) gives rise to the morphology o f a composite material, resembling an elastomer loaded 

with stiff and strong nano filler. The nanocrystalline part acts like a molecular spring and 

needs a lot o f force to deform to failure [6]. This molecular spring like character o f the HS 

is also responsible for the stress-strain recovery in spider silk.

The understanding o f the molecular architecture o f spider silk, and hence the 

reinforcement mechanism, has recently attracted scientists to the use o f thermoplastic 

polyurethane (TPU) because of its analogy to spider silk. TPU also consists o f both hard 

and soft segments [ 7]. The hard segments form small crystalline domains in the polymer 

and they are physically cross-linked [8], TPU is usually a very ductile polymer which 

needs a large energy to break, like spider silk. Though TPU resembles spider silk in 

toughness [3]  and with its soft segment and hard segment morphology, the drawback with 

TPU is, unlike spider silk, the stiffness and yield point are usually low due to the weak 

physical interactions among crystallites o f the hard segments and the continuous soft
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segments. The hard segments determine the stiffness and yield stress o f  the TPU. Increases 

in the hard segment content increase the stiffness at the expense o f  the ductility and 

ultimate tensile strength [ 8, 9]  due to the extensive cross-linking o f  the polym er which 

hinders the SS mobility.

To increase the stiffness and yield stress o f  TPU without increasing the hard 

segment content and hence sacrificing ductility, nano fillers are usually incorporated into 

the system [ 10] .  Carbon nanotubes would be the ideal choice due to their superior 

mechanical properties. Num erous other studies have been made to utilise CNTs as efficient 

fillers in polymers [ 11-14]  . Work also has been done using therm oset elastomers as the 

matrix with CNTs as the filler [ 15-17]  . The problem with thermoset composite systems is 

continuous viscosity build-up, poor dispersion and difficulties in processing due to the 

continuous cross-linking chemical reactions.

In this work, TPU was mechanically reinforced by incorporating different types o f  

pristine CNTs. A maximum loading limit for each pristine CNT type was always reached, 

lim iting the reinforcement possible due to the coating o f  CNTs around polymer particles. 

To increase the maximum loading a novel approach was tried. Functionalised CNTs were 

mixed with the pristine CNTs, which enhanced the overall CNTs dispersion, increased the 

maximum loading limit and as a result enhanced the mechanical properties.

6.2 Sample preparation
For this study, therm oplastic polyurethane/H20 (product code U 2-01.) emulsion was 

provided by Hydrosize® [ 18]  with an average particle size o f  ~ 3 |jm . Polyethyleneglycol 

functionalised single wall carbon nanotubes (PEG-SW CNT) were purchased from Carbon 

Solutions, Inc (Fig. 6.1) [ 19] ,  Pristine HiPCO SW CNTs were purchased from Carbon 

Nanotechnologies Inc [ 20] .  Very thin multiwall carbon nanotubes (VthinM W CNTs) and 

thick multiwall carbon nanotubes (ThickM W CNTs) were provided by Nanocyl [ 21].  

Basically, four types o f  composites solutions were fabricated, 1) with pristine SW CNTs 2) 

with pristine VthinM W CNTs 3) with pristine M W CNTs and 4) with mixture o f  pristine 

V thinM W CNTs, ThickM W CNTs and PEG-SW CNTs in equal mass fractions. The 

TPU/H 2 O dispersion was diluted to 40 mg/ml in deionised water. The CNTs were added to 

TPU/H 2 O, and the composite solutions were made by energetic agitation o f  CNTS/H2 O
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using an ultrasonic sonic tip (GEX600, 700W, 20%, 120 kHz) for 10 m inutes. The 

dispersion was further sonicated for 4 hours in a low energy ultrasonic bath (Branson 1510 

MT). These were used as the stock solutions for the composite preparation. This stock 

solution was then diluted into a series o f  solutions using the ultrasonic tip (5 m inutes) 

between dilutions. This was again followed by a 4 hour ultrasonic bath sonication. The 

prepared solutions were then dropcast into 40 X 40 mm teflon trays and dried in an oven 

for 12 hours at 60 °C. Free standing films were obtained and used for further 

characterisation. Film thicknesses were measured using a micrometer screw.

PEG ■OH

SWNT-PEG

Fig. 6.1 Chemical synthesis and proposed structure o f  PEG-SW CNTs/227 .

6.3 Results and discussion
Three different kinds o f  composite were fabricated with pristine SW CNT, 

VthinM W CNT, and thick M W CNTs and tested for mechanical reinforcem ents. The 

volume fraction o f  CNT in each film was calculated from the mass fraction using the 

densities, p =  1100 kg/m^ for , p = 1500 kg/m^ for SWCNT/^237 , p  = 1750 kg/m^

for VthinM W CNT and p  = 2150 kg/m^ Thick M W NT/247 for. The external diam eter o f 

these tubes previously measured, are in the order o f  SW CNT (~ lnm ) and less than 

VthinM W CNT (9.5 nm)[21]  and ThickM W CNT (25 nm)[25] .

As has been mentioned in the previous chapter, the stress-strain curve for a typical 

segmented therm oplastic TPU can be divided into three main parts [26, 27],

1) Initial part - corresponds to stiffness o f  the material

2) Plateau part

3) The plateau part is followed by a steep part which corresponds to

strain hardening and strain induced crystallisation.
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The mechanical properties are discussed in terms o f reinforcement in the stated three

parts.

Young's modulus of pristine nanotubes

Representative stress-strain curves for the SWCNTs are shown in figure 6.2.With 

each addition o f SWCNTs to the polymer, the Young's modulus increases more or less 

linearly. The maximum Young's modulus for the SW CNT composites was 68.5 MPa at 3.6 

vol% (5 wt%) compared to the polymer only sample value of 18.1 MPa. This is an increase 

of 3.8 times compared to the polymer. Beyond 3.6 vol% (5 wt%), the films show very poor 

dispersion o f the CNTs and no continuous composites were achievable.
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Fig. 6.2 Representative stress-strain curves for the pristine SW CNT composites shows 

enhancement o f the mechanical properties in all three parts.

Shown in figure 6.3 are representative stress-strain curves for the very thin multiwall 

(VthinMW CNTs) composites. These follow almost the same trend as the SWCNTs, i.e the 

Young's modulus increases with increasing volume fraction o f CNTs (Fig. 6.5). The 

composites loaded with 3.1 vol% (5 wt%) VthinMW CNTs exhibits the highest increase of
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4 times the Young's modulus o f the polymer only sample (from 18.1 to 73.7 MPa). 

However, unlike the SWCNTs, it was possible to obtain a relatively well dispersed and 

slightly higher volume fraction film , with 4.37 vol% (7 wt%) CNT loading. The Young's 

modulus at 4.37 vol% (7 wt%) loading was 82.25 MPa. Above 4.37 vol%, it was not 

possible to fabricate continuous and well dispersed composites loaded with 

VthinMWCNTs.

VthinMWCNTs

0 150 300 450 600 750

Strain (%)

Fig. 6.3 Representative stress-strain curves for very thin multiwall carbon 

nanotubes.

Representative stress-strain curves for the ThickMWCNTs are shown in figure 6.4. 

For the thick multiwall carbon nanotubes (ThickMWCNTs), the maximum Young's (93.75 

MPa) modulus was observed for the composite loaded with 7 wt% (3.36 vol%) CNTs. A t 

3.36 vol% (7 wt%), the Young's modulus was increased by a factor o f 5 from the polymer 

only sample Young's modulus o f 18.1 MPa. The increase in Young's modulus with 

increasing CNTs loading follows almost the same trends as were observed in the SWCNTs
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and the VthinMWCNTs. It was possible to fabricate 4.8 vol% (10 wt% ) MWCNT 

composites, but the Young's modulus was slightly decreased.

ThickMWCNTs

0 150 300 450 600 750
Strain (%)

Fig 6.4 Representative stress-strain curves for Thick multi wall carbon nanotubes.

The elastomer reinforcement is usually predicted by Guth's rule [28], as given in 

equation 5.1.

(l + 0.067A V,- + 1.62A^ V / ) Eq. 5 .1

where Yc and Teias are the composite and elastomer moduli, A is the filler aspect ratio and 

Ff is the volume fraction.

From the previous measurements carried out in the same group in Trinity College, 

the aspect ratios of the SWCNTs have been measured to be ~ 900 using TEM and 

AFM /^97 and for the MWCNTs 100-200 [30 ] . Assuming the SWCNT aspect ratio as 900 

and for a MWCNT aspect ratio as, 100 the, Guth's equation only agrees at low CNTs 

loading levels and does not agree with the experimental data at high loading (Fig 6.5). 

SWCNTs starts to deviate from Guth’s rule for vol > 0.01 vol % (0.12 wt%).
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VthinMWCNT at 0.78 vol% (1.25 wt%) and ThickMWCNT 2.5 wt% (1.2 vol%) (Fig. 

6.5). This suggest that up to these CNT VfS the CNTs may remain embedded in the 

polymer with no CNT network formation. Therefore composites can be defined by filler- 

polymer interactions.
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Fig. 6.5. Young's moduli o f composites fabricated with various kind of CNTs. Note: the 

hollow symbols represents the experimental Young’s modulus, while the dotted line 

represents the Young’s modulus predicted by Guth’s rule.

Other equations which can also be used for estimating the mechanical properties of 

the fibre reinforced composites are the rule of mixtures (equation 5.2) and the Halpin-Tsai 

equations (mentioned in chapter 2). The Halpin-Tsai equation is has been shown to work 

well for low volume fraction samples [31], The composites fabricated in this work were 

loaded with relatively high volume fractions of CNTs. Thus, we use the rule of mixtures 

equation in terms of dY/dVf values (Eq.5.2 and 5.3).

Mix CNTs

SWCNTs

VthinMWCNTs

ThickMWCNTs

129



y,- = k ' ; , ! ' ,  - b  + y .  Eq 5.2 fJ2. 33] 

where r|o is the orientation efficiency factor. This has values o f r|o=l for aligned fibres, 

rio=3/8 for fibres aligned in plane and r|o = l/5  for randomly oriented fibres [34] 

or

^  = n . r i , y , - r ,  5.3 [31]

For the SWCNT samples, the experimental dY/dVfvalue obtained by a linear fit to the data 

in figure 6.5 is -1 .3  GPa. For single wall carbon nanotubes, the Young's modulus can be in 

the range o f 320-1000 GPa/^55, 36] . Therefore, for SWCNT composites, the dV/dVf value 

should correspond to ~120-375 GPa. The experimental dV/dVf value obtained here for the 

SWCNTs is significantly lower than the theoretical values. However, in similar work Chen 

et al. fabricated SWCNTs-polyurethane composites and achieved a reasonably similar 

dV/dVf value to our work i.e. -1 .9  GPa [37]. In another work, Fabian et al. showed an 

increase in Young's modulus from -  140 to 210MPa with a 2.5 wt% SWCNTs loading in 

polyurethane [38], This corresponds to a 1.5 times increase in the Young's modulus. Their 

dY/dVf value is ~ 4 GPa, which is close to the value presented in this work, but is also 

significantly lower than the theoretical values. Xia et al. also prepared SWCNTs-PU 

composites [39], They were able to increase the Young's modulus o f polyurethane from 

7.94 to 11.77 MPa. This is equivalent to a dY /dV f- 0.8 GPa. In the same paper they have 

also discussed the fabrication o f the SWCNTs-grafted polyurethane composites. The 

reinforcement they got for the SWCNT-grafted-PU was slightly better than for non-grafted 

composites. The Young's modulus for the 0.7 wt% grafted-SWCNTs (chemically bonded to 

the polymer backbone) composite was 22.1 MPa [39], This corresponds to dY/dVf o f 2.8 

MPa, again close to the dY/dVf value for SWCNTs measured here and still far below than 

the theoretically predicted values. Haddon et al. prepared a SWCNT-PU composite 

membrane by the fibre electrospinning technique/^^0/ . The maximum Young's modulus 

which they achieved in their work was -  26 MPa (for I wt% SWCNT loading) compared to 

the polymer only membrane modulus o f 6 MPa [40]. The dY/dVf value corresponds to -  

2.8 GPa which is again close to our dY/dVf value. Thus the Rule o f mixtures [32, 33] does 

not fit to the SWCNTs data. Again this may be due to the formation o f CNT networks.
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The dY/dVf values extracted from the linear fit to the VthinMWCNTs-TPU 

composites data is -1 .6  GPa (Fig. 6.5). In the case o f ThickMWCNTs-TPU samples, it is 

2.3 GPa (Fig 6.5). If we consider the MWCNT's Young's modulus to be in the range o f 10- 

500 GPa [41], then according to the rule o f mixtures, the dY/dVf value should be in the 

range o f ~ 3.75 -  187 GPa. Therefore, if the majority o f the MWCNTs Young's modulus 

are in the lower range, 10 GPa, then the MWCNTs experimental dY/dVf value is close to 

the rule o f mixtures value. The dY/dVf presented in this work does not significantly differ 

from those reported in the literature. Sahoo et al. showed a large enhancement in the 

Young's modulus in their MWCNT-PU work. They observed an increase in Young's 

modulus by a factor o f 7.4, compared to the polymer only sample o f 50 MPa, at 20 wt % 

CNT loading [16]. The dY/dVf value extracted from their work is -3 .6  GPa. Chen and 

coworkers reinforced PU with MWCNTs. They observed a linear increase in the Young's 

modulus with increasing volume fraction o f the CNTs. Their work gives a dY/dVf value of 

-  1.3 GPa.

The fact that the SWCNTs show a lower increase in Young's modulus may be 

because the SWCNTs tend to form bundles at higher concentrations and thus it may be 

related to poor dispersion o f the SWCNTs [29, 42], However, in the MWCNT composite 

samples, at high volume fractions the ThickMWCNTs show a higher Young's modulus 

compared to the VthinMWCNTs. This is surprising because Cadek et al. in their CNT-PVA 

work showed that the mechanical properties o f MWCNT composites were directly 

proportional to the surface area o f the CNTs [14]. Again, dispersion might be an issue here 

or the difference may be due to the nature o f the polymer used in their work.

M aximum loading limit for pristine composite.

In each type o f pristine carbon nanotube, (SWCNT, VthinMWCNT, 

ThickMWCNT) there was always a maximum limit beyond which the fabrication o f good 

continuous composites was not possible. This may be due to CNT network formation and 

poor dispersion. For the SWCNT composites, the highest volume fraction composite 

prepared was 3.6 vol% (5 wt%). In the case o f the VthinMWCNTs, the limit was 4.37 vol% 

(7 wt% ) and for the ThickMWCNTs the maximum achievable loading was 4.8 vol% 1(0 

wt%). This suggests that the maximum loading limit scales with the diameter o f the CNTs.
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One reason for the maximum loading limit may be the aggregation o f  CNTs at high 

volum e fractions [31]. The other more convincing reason lies in the nature o f  TPU used. 

The polym er used in this work was in the form o f  micron sized particles dispersed in water. 

During the drying/curing process these particles fuse together to form a continuous polymer 

film. During the sonication process o f  the CNT-TPU composite in water solution, the 

hydrophobic CNTs [43] form a network around the hydrophobic polymer particles, which 

is illustrated in the figure 6.6. During the drying/curing process the dispersions with the low 

volum e fractions o f  CNTs partially encapsulate the polymer particles, thus leaving 

uncovered areas on the polym er particles. These uncovered areas can touch between 

neighboring particles and can fuse together into a single mass. Therefore, at low volume 

fraction, the CNTs are engulfed in the polymer particles and become well embedded in the 

composite. With the increase in CNT volume fraction, the CNT coating around the polymer 

particles also increases. Subsequently, there comes the stage when most o f  the polym er 

particles' surface area becomes encapsulated by the CNTs (Fig 6.7). Therefore, the particles 

can not fuse with the neighboring particles and hence they can not form a good, continuous 

film. This CNT network formation has also been proposed by Blighe et al. in their CNT- 

TPU study [44].

W aler CNT on polymer particle surfacePolymer particle CNT CNT embedded in polymer

Fig. 6.6 A) Shows the low volume fraction CNT dispersion in TPU/H2O before 

sonication.

B) Adsorption o f  CNTs on the TPU particles due the hydrophobic nature o f  CNTs 

and TPU particles.

C) CNT-TPU composite after drying, shows the engulfing o f  the CNTs by polym er 

particles due to their fusion into a single mass.
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CNT on polym er particle su rface CNT covering  polym er su rfaceP o lym er particle CNT

Fig 6.7. A) Siiows the high volum e fraction C N T  dispersion in T P U /H 2O before 

sonication.

B) A dsorp tion  o f  C N T s on the TPU particles due the hydrophobic nature o f  CNTs. 

This diagram  illustrates that at high concentrations po lym er-polym er interaction are 

not possib le  due to the presence o f  C N T netw orks around the po lym er particles. The 

C N T netw orks prevent po lym er partic les fusing together.

The phenom ena are also ev ident from  Y oung’s m odulus data w here the G u th ’s rule 

is valid for the very low  fraction volum e fractions sam ples (see Fig. 6.5). The data  reveals 

that, at very low volum e fractions, the C N T s rem ain em bedded  in the po lym er and the 

m echanical properties can be defined by the p o ly m er-C N T  interactions. W hile at the h igher 

volum e fractions the C N T s form  a netw ork  in the polym er and hence the m echanical 

properties can not be defined by G u th ’s R ule for the filler-polym er in teractions. The 

Y oung’s m odulus experim ental data  for both types o f  the M W C N Ts follow s the G u th ’s 

equation , up until re la tively  high volum e fractions values, in com parison  w ith  SW C N Ts. 

This is consisten t w ith the fact that, at a  given volum e fraction, the SW C N T s cover m ore 

surface o f  the po lym er partic le/s in com parison  w ith the M W C N Ts.

To confirm  the C N T  netw ork form ation phenom ena around the po lym er partic les an 

experim ent w as carried  out. A high volum e fraction 18.7 vol%  (30 w t% ) o f  

V th inM W C N T s-T P U /w ater com posite  solution w as sonicated. A fter 5 m inutes o f
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sonication, all the CNTs-TPU were observed to be in large single lumps in a, more or less, 

clear water solution (see Fig 6.8). This reveals that, due to the hydrophobic nature o f  the 

CNTs, they tend to adhere to the hydrophobic polym er [45] particles, rather than rem aining 

dispersed in water, and encapsulate the polymer particles. Therefore, at high volume 

fractions, the polym er particles can not touch and fuse to each other and the particles are 

primarily held together by CNT-CNT interactions, as illustrated in figure 6.7. Thus we can 

not get a composite film at the higher volume fractions but instead get beads o f  polymer 

coated with CNTs. However, at low concentrations there can be bare/uncovered areas on 

the polym er particle surface which can make contact to neighboring particles and fuse 

together (Fig 6.6).

SIS' /I I
v-f- ^  \

J/i  ̂ \)7k 
0 '0 ^

Fig 6.8 From right, first sample is TPU/water, 2 '’‘* is 0.039 vol% ,3'̂ ‘* is 0.0078 vol% and 

4th is 18.7 vol%  VthinM W CT composite solutions. The figure reveals the complete 

encapsulation o f  polymer particles by VthinM W CNTs.

The fact that small diameters SW CNT and VthinM W CNT have relatively low 

maximum loading limits compare to the ThickM W CNT. This can be explained in terms o f  

1) Small diameters o f  the SW CNT and VthinM W CNT
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2) Bad dispersion o f  the relatively small diam eter CNTs compared with 

ThickM W CNTs.

3) Because o f  the large diam eter at a given volume fraction, there should be 

larger diam eter pores (uncovered surface o f  the polymer) in the network formed by 

M W CNTs than for SW CNTs. Therefore, polym er particles encapsulated with M W CNTs 

should have greater uncovered surface area to touch each and fuse together to form the 

composite film compare SW CNTs.

4) The poor dispersions associated with both types o f the small diam eter CNTs 

(com pare to the large diam eter ThickM W CNTs) can be a major factor in limiting the 

maximum loading. Poor dispersion o f the CNTs in the polymer matrix creates aggregates 

which in turn are responsible for weak sites and inhomogeneous composites. More 

importantly, as has been mentioned earlier, at high volume fractions the properties o f  theses 

composites are dom inated by the CNT-CNT interaction hence any factor that affects the 

CNT-CNT network must influence the overall composite properties. Therefore a poor 

dispersion also gives rise to a weaker CNTs network and hence a w eaker composite. This is 

because mechanical properties o f  a CNT-CNT network are proportional to the junction 

density o f  CNTsf46J  . The junction density can be increased by enhancem ent o f  the CNTs 

dispersion. This strongly suggests that the maximum loading limit can be increased by 

enhancem ent o f  the CNTs dispersion.

Effect of CNT diameter on various properties

The (highest) relative increase in Y oung’s modulus and dY/dVf values scale with 

CNT diameters. (Fig 6.9). This further supports the argument that at a given mass fraction 

small diam eter CNTs form larger thicker networks due to high num ber densities compared 

to the large diam eter CNTs. This same network formation phenomenon is consistent with 

maximum loading limit (Fig 6.9). The maximum CNT loading limit for all the three types 

o f  CNTs is in the order o f  the CNT diam eter i.e SW CNT<VthinM W CNT<ThickM W CNT 

(5.9). Further the maximum Vf for a particular CNT which follows G uth’s rules also scales 

with CNT diameters. This again suggests intensified CNT network formation from the 

sm aller diam eter CNTs compare with the large diam eter CNTs.
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Fig. 6.9. The effect o f CNT diameter on various properties o f composites.

Role of functionalised CNTs in the preparation of high volume fraction composites

As stated previously, in all the pristine nanotube composites, it was not possible to 

fabricate higher volume fraction composites than 4.8 vol% (10 wt%). One o f the reasons 

for this, can be their poor dispersion, as well as the CNT network formation around the 

polymer particles. Surfactants are usually used to enhance CNTs dispersion in aqueous 

media [ 47-49]  and thus good composites at high volume fractions could be prepared. 

Surfactants are molecules having hydrophobic and hydrophilic parts in the one species. The 

hydrophobic part adheres itself to the CNTs and its hydrophilic part allows it to be 

suspended/dispersed in the water [ 47], Surfactants can also impart unwanted properties to a 

composite/^50, 51]. For example, surfactants can form a coating around the CNTs which 

can prevent CNT-polymer interfacial bonding hence stress transfer. Also, trapped surfactant
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may act like a plasticiser and adversely effect a composite’s mechanical properties. In many 

cases the CNTs are incorporated into the polymer to enhance its thermal and electrical 

conductivity. But owing to the insulating nature o f surfactants, the resultant composite may 

have reduced conductivity. To avoid surfactants in this work, another novel approach was 

tried to facilitate CNTs dispersion, and fabricate higher volume fraction CNT composites. 

The functionalised SWCNTs were used as a dispersing agent. The commercially available 

PEG-SWCNTs have demonstrated very good dispersion in water at high concentrations 

[52], These water dispersible, commercially available PEG-SWCNTs [22]  resemble a 

surfactant, having both hydrophilic and hydrophilic parts (Fig. 6.1). The hydrophobic part 

is the CNT itself and the alkyl group of PEG, while the alcohol group o f PEG (OH) plays 

the role o f the hydrophilic part, which allows the CNTs to disperse in water. By mixing the 

functionalised CNTs with pristine CNTs, the pristine CNTs may attach to the 

functionalised CNTs. This results in the exfoliation o f pristine CNTs from larger bundles to 

smaller bundles and this way can improve the pristine CNTs dispersion (Fig 6.10). Even 

though bundles formation is not desirable but CNT smaller bundles are more acceptable 

than larger bubdles. There are two driving forces for pristine CNT adhesion to the 

functionalised CNTs: 1) a surfactant type o f interaction of CNTs to functionalised-CNTs, 

2) at the nano scale particles tend to adhere to each other. Therefore higher volume 

fractions composites could be fabricated with CNT mixtures (see figure 6.10 for 

illustration).

For the above proposed approach, the two best CNTs, the very thin MWCNTs and 

the thick MWCNTs, were selected from the choice o f pristine CNTs on the basis o f their 

mechanical performance and maximum loading ability (these mechanical results will be 

discussed in detail in the coming sections). Theses two types o f CNTs were mixed with 

PEG-SWCNTs. With this approach it was possible to fabricate higher volume fraction 

composites. In this work, composites o f up to 6.7 vol% (-14 wt%) composites was 

demonstrated. Preparation of volume fractions above 6.7 vol% were not tried because the 

mechanical properties deteriorated sharply.
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Functional g r o u p

Hydropihlic p a r t  o f  th e  
a t t a c h e d  h in c t ion a l  g r o u p

F unctior ia lised  CNT

Fig. 6.10 Proposed diagram o f  functionalised CNTs assisted dispersion o f pristine CNTs. 

The head o f  the functional groups are hydrophilic and responsible for suspending them in 

water, while the CNTs it self and alkyl group o f  PEG is hydrophobic. Possibly the 

hydrophobic pristine CNTs adhere to the hydrophobic part CNT part o f  the functionalised 

nanotube.

Young's modulus of mixed nanotubes composites.

For all the mechanical data at least five samples were tested and the value for each V f is 

presented as an average o f  all the five samples. The error bar in each case is the standard 

deviation. Such relatively large error bars are typical for such type o f  elastomeric materials.

The water dispersible functionalised SW CNTs were mixed with the VthinM W CNTs 

and the ThickM W CNTs to prepare composites. With this mix o f  CNTs (mix-CNTs), it was 

possible to fabricate composites with higher volume fractions. At 3.4 vol% (7 wt%) CN T 

loading the Young's modulus was increased 7.4 times compared to the polymer only 

sample (Fig 6.5 and 5.20). This is the highest relative increase in Young’s modulus am ong 

all the composites prepared in this work. The increase in Young's modulus with the 

incorporation o f  CNTs was not completely linear. The best fit to the data gave the dY/dVf 

value as 2.2 GPa, which is similar to the ThickM W CNT composites value( and higher than 

the SW CNTs and VthinM W CNTs). No work could be found in literature reporting this 

kind o f  mixed nanotubes composite preparation for comparison. Comparisons o f  the 

Young's modulus o f all the com posites prepared in this work are summarized in figure 6.5.
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Fig. 6.11. Representative stress-strain graph o f composites fabricated with mix-CNTs

Ultimate tensile strength

At very low CNTs loading vol% < 1 the UTS increased from ~ 42 to a maximum o f 

-58 MPa (Fig. 6.12). This strongly suggests that at low volume fractions the CNTs are 

engulfed by the fusion o f the polymer particles and remain embedded in the polymer, 

therefore imparting strength to the overall composite. Thus, at low concentrations the CNT- 

polymer interaction is dominant. At low volume fractions, the mix-CNT composites exhibit 

higher strength than the pristine CNT composites. This infers that the mix-CNTs are better 

dispersed than the pristine CNTs. Owing to the solid/viscous nature o f the polymer 

particles dispersed in water, it is unlikely that the nanotubes can penetrate into the polymer 

particles in solution. However, during drying these CNTs are engulfed by polymer 

particles, but due to the solid/viscous nature o f the polymer they may not distribute/disperse 

themselves within the polymer and rather arrested in polymer. Thus the pre-drying 

dispersion o f the CNTs plays a vital role in determining the mechanical strength. That is the
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reason that the well dispersed mix-CNTs display high strengths at low volume fractions. 

The high strength in the mix-CNT composites may be due to the good dispersion because 

o f the functionalised CNTs.

However at high volume fractions, >0.5 vol%, the UTS drops in all the samples. 

This reduction in UTS may be due to the aggregation of the CNTs at high concentration 

and, more pronouncedly, due to the CNTs network formation within the TPU. This 

suggests that at high volume fractions the composite properties are dominated by the CNT- 

CNT interactions.

Another factor should also be taken into consideration in the preparation o f high 

volume fraction composites with mix-CNTs, is the strength o f CNTs network formed. 

Blighe et al.'s work on PEG-SWCNT reveals that the network formed by PEG-SWCNTs is 

much stronger than pristine CNT networks [53J. Thus, PEG-SWCNTs may impart extra 

strength to the overall CNT network and hence, at a given volume fraction, the mixed 

CNTs composite should have greater structural integrity than the pristine CNT composites. 

This factor seems less effective and is not well supported by the mechanical data. If this 

was the case, then at high volume fractions the mix-CNTs composites should have higher 

strengths than those o f the pristine CNTs, which is not the case. This, again should be due 

to the overall good dispersion of mix-CNTs.
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Fig. 6.12. Ultimate tensile strength o f composites as a function of CNT volume fraction. 

Strain at break

In general, up to 1.2 vol % CNT loading, all the samples were very ductile and the 

strains at break (Cb) values were almost identical (>500 %) (Fig 6.13). This is because at 

low volume fractions the CNTs remain embedded within the polymer. Therefore at low 

volume fractions the mechanical properties are dominated by the CNT-polymer and 

polymer-polymer interactions. At high volume fractions, the CNT-CNT interactions are 

dominant due to the CNT network formation [ 44]. In general, compared to the pristine 

nanotubes, the mix-CNT samples exhibited higher ductility. Again this can be associated to 

the good dispersion of the mix-CNTs due to the presence of PEG-SWCNTs. It is also 

possible that, at a given volume fraction, a higher number o f mix-CNTs may be embedded 

within the polymer than for the pristine CNTs. This means there is less CNT-CNT 

interaction and more polymer-CNT interaction, compared to the pristine CNT composites, 

and hence higher ductility. Further, as the mechanical properties are mainly affected by the 

nature of the CNT network, then presence of polyethyleneglycol (PEG) in the network
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must be taken into consideration as well. Blighe et al.'s work revealed that the PEG- 

SW CNT network is much less ductile than the pristine CNTs network [4 6 ]  Thus the 

presence o f PEG should decrease the over all ductility in the mix-CNT composites. 

Therefore, the high ductility in observed in the sample prepared with mix-CNTs may only 

be ascribed to the good dispersion o f the mix-CNTs facilitated by the presence of the water 

dispersible PEG-SWCNTs.
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Fig. 6.13 Strain at break values of various composites.

Toughness

Shown in figure 6.14 are the toughness values for different CNT-TPU composites at 

different volume fractions. In all the samples, the toughness of the low volume fraction 

composites were slightly increased compared to the polymer only samples. The toughness 

dropped at relatively high volume fractions (>1.2 vol%). TPUs usually have high 

toughness, mainly due their very high ductility. Thus, the toughness follows the same trend 

as the strain at break and the same reasons can account for the reduction as has been 

described for the strain at break values.
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Fig 6.14 Toughness o f the various CNT-TPU composites as a function o f volume 

fraction.

Yield Stress

Stress at 50% strain is considered as the yield stress for consistency and comparison. 

It must be noted that the volume fraction presented here for the pristine CNTs are the 

highest which were achievable. Stress at 50% strain for the SWCNT composites increased 

by a factor o f 2, from 2.7 MPa to 5.4 MPa at 3.6 vol% (5 wt%). Again, the MW CNT 

composites show a high increase in the stress at the yield point compared to the SWCNT 

composites (Fig 6.15). For the VthinMWCNTs, the stress was increased to 7.1 MPa at 4.3 

vol% (7 wt%) loading and this corresponds to an increase by a factor o f 2.6. However, for 

the ThickMW CNT composites the stress was enhanced by a factor o f 3 compared to the 

polymer only sample at 4.8 vol% (10 wt%). The mix-CNTs composites at 4.8 vol% (10 

wt%) had their yield stress increased to 8.3 MPa, (from 2.1 MPa) over the polymer only 

sample. This corresponds to a 4 times increase. Within the elastic lim it, all the components 

o f a composite should strain together under an applied force, i.e. no phase separation or 

detachment w ill take place. A departure from the elastic linearity indicates the
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separation/detachment of some components, which occurs at the yield stress. Various 

interactions amongst the components of the TPU matrix can influence the linear elastic 

behavior. These include HS-HS, SS-HS and SS-SS physical interactions. Within the elastic 

limit the HS-HS interaction is contributes less because the HS domain is unlikely to deform 

due to its rigid nature [27]. Thus, the SS-SS and SS-HS physical interactions determine the 

yield stress. Pristine nanotubes are highly hydrophobic and preferentially should interact 

with the hydrophobic soft segment [ 54]  of TPU, hence enhancing the yield stress. 

Therefore, the reason that the mix-CNTs exhibit significantly larger increases in yield stress 

may be because the functionalised CNTs have polar hydroxyl groups which can form 

hydrogen bonds with the HS of the TPU/iS, 55]  . Hydrogen bonding can impart extra 

reinforcement to the mix-CNT composites, compared to the pristine CNTs. Improved 

dispersion of the mix-CNTs could be another reason for the relatively high yield point of 

the mix-CNT composites.
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Fig. 6.15. Yield stress of the various CNT composites as volume fraction of CNTs

Plateau part of the stress-strain curve

TPU elastomer has quite a good strength, in the range of rigid plastics like PVC and 

PVA [56],  a high ductility >400% and hence a high toughness ~100MJ/m^, in the range of 

spider silk and Kevlar (>50 MJ/m^ )[3]  . The big difference is, that both the spider silk and
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and kevlar have high toughnesses at low strain values. The main problem with TPU which 

makes it less favorable for structural purposes is its low stiffness and low yield stress, i.e 

plastic deformation takes place at very low stresses. One way to increase the stiffness and 

yield stress of polyurethane is to increase the hard segment content, but an increase in the 

HS is associated with a loss in ductility because of the rigid nature of the HS [ 8, 9]. To 

avoid HS increase, and hence low ductility, another approach to increase the yield stress, 

and the flat region stress, is to incorporate nano fillers in the elastomer. Therefore the aim is 

to prepare materials which do not only have a high yield stress but at the same time phase 

separation occurs at a higher yield and hence the material has a high ductility. This 

essentially means we need to enhance, 1) stiffness 2) yield stress and 3) flat region.
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Fig.6.16. The figure shows the significant enhancement in the plateau part o f stress- 

strain curve with incorporation of CNTs.

A very high level of reinforcement in the first two, the stiffness and yield stress, has 

been reported previously by the incorporation of nano fillers into the elastomer [ 44, 55]  . 

The reinforcement of the plateau part is usually not reported in the literature because a high 

increase in stiffness and yield stress is usually associated with the loss of ductility [ 44] [ 55]  

In this work we not only showed significant increases in the stiffness and yield stress, but
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more importantly we were able to prepare composites which showed continuous increases 

in stress in the so called plateau part with each incremental increase of CNT volume 

fraction. The increases in stresses are shown in figure 6.17. In the case of the pristine 

SW CNT composites (3.6 vol% or 5 wt%), the stress was doubled from 3.4 MPa to 7 MPa 

at 100 % strain. For the VerythinMW CNT composites (4.3 vol% or 7 wt %), the stress at 

100 % strain was increased by 2.65 times over the 3.4 MPa for the polymer only sample. 

For the ThickMWCNTs composites (3.3 vol% or 7 wt%), an increase o f 3.4 times in stress 

at 100% strain was observed compared to the polymer only sample. At the same CNT  

loading levels, the mix-CNT composites exhibited an increase of 3.8 times compared to the 

polymer only sample .Compare to the polymer only sample stress 5.3 MPa at 200 %, the 

maximum stress increases for SW CNT= 10.2 MP at Vf 3.6 % (X 1.9) , VthinM W CNT=  

12.8 at V f 4.3% (X 2.4), and ThickM W CNT= 15.3 at Vf 3.36% (X 2.9) figure 6.17. In case 

of mixed CNT (at 200% strain) stress was increased from the polymer only 3.4 MPa to 9.1 

at V f 3.4 ( X 2.7). At the same stated respective V fat 300% strain stress for polymer only 

sample =9.4 MPa, SW CNT= 16MPa, (X 1.7), V thinM W CNT=l 8.7 MPa (X 2), 

ThickM W CNT= 22.1 MPa (X 2.3). In case of mixed CNT composites the stress at 300%  

strain was increased to X 3 at Vf 3.4 % compare to polymer only. Shown in figure 6.17 are 

the plateau part stresses of all the four types of composites as a function of Vf. The figure 

infers that even though high Vfcomposite preparation is achievable with mixed-CNTs this 

gives no improvement in the plateau region (stress) at low volume fraction. However at 

high V f mixed CNTs composites exhibits almost the same increase in stresses at 200 and 

300 % strain as was exhibited by the best ThickM W CNT composite. Overall these results 

reveal significant improvements in the plateau part o f the stress-strain curve. Again, in 

analogy to the stiffness and yield stress data, these results also suggest that with pristine 

nanotubes the reinforcement increases with increasing diameter o f the CNTs. The data also 

reveals that at low Vf the mixed-CNT composites exhibit very low reinforcement in the 

plateau region compared to the pristine CNTs. The reasons for this are not known. It must 

be noted that these results are a step forward toward the fabrication o f stiff but yet tough 

materials by filling elastomers with CNTs. These results also infer that, like the other 

mechanical reinforcement parameters, the stress in the plateau part was higher for the 

higher diameter CNTs (Fig.6.17).
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Fig. 6.17. The continuous increase in stress at various strain values as a function 

o f  polym er fraction o f CNTs.

Strain  induced crystallisation/strain  hardening (SIC/SH)

The plateau part o f  the stress-strain curve is followed by the steep part, usually 

called the strain induced crystallisation/strain hardening (SIC/SH) part. The enhancem ent in 

this part o f  the curve was measured in term s o f  the slope (do/de) at 450 % strain. In general, 

no real differences in the SIC/SH o f  composites and polymers were observed. Am ong the 

pristine nanotube composites, SW CNTs demonstrated slightly higher strain induced 

crystallisation/strain hardening compared to other CNTs (Fig. 6.18). Finnigan et al.'s w ork 

on the silicates-TPU composites reveals that the small silicate particles can enhance the 

SIC/SH more than the larger particles [57], They propose that this may be due to the
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physical entanglement o f these particles with the SS or due to the enhanced nucleation 

effect o f the smaller silicate..
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Fig. 6.18 The figure shows the strain induced crystallisation/strain hardening slope 

for the various CNT composites. The figure indicates the highest SIC/SH in the case o f 

SWCNTs.

As has been discussed, the important goal in TPU reinforcement is to keep the 

ductility intact while increasing the stress o f the plateau part. Remarkably, in the 

ThickMW CNT composites, at a volume fraction o f 1.2 vol% (2.5 wt%) and above, the 

plateau part o f the stress-strain curve has virtually disappeared, as can be observed in figure 

6.4 and 6.19. A t the yield stress, the plateau part becomes linear and the slope was -10 

MPa. This is slightly higher than the slope o f the SIC/SH o f the polymer only sample (see 

figure 6.16). This is a significant achievement. The data shows that by incorporation o f 

CNTs into TPU, the stiffness o f the plateau part o f the stress-strain curve can be enhanced 

to the level o f the SIC/HS stiffness o f the TPU polymer, but at the same time the ductility 

can also remain largely intact.
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Fig. 6.19. Representative stress-strain curves of relatively high volume fraction 

composites fabricated with various pristine CNTs and the mixture o f pristine + 

functionalised-CNTs. The figure not only indicates a significant enhancement in the 

yield/plateau part stress but more importantly the incredible increase in the stiffness of the 

plateau part which becomes equal to the stiffness of the SIC/SH part o f the polymer only 

sample without any loss in ductility.
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Fig. 6.20 Summary of the mechanical properties o f samples exhibited maximum relative 

increase in Young’s modulus i.e 3.6 vol% (5 wt%) SWCNT and 5 wt% (3.1 vol%) 

VthinM W CNT composites and also the 3.3 vol% (7 wt%) composite o f the 

ThickMWCNTs.

6.4 Conclusions
The pristine CNTs show that the mechanical properties generally increase with 

increasing CNT diameter. The low mechanical properties for the small diameter SW CNT  

and VthinM W CNT may be due to the bundle formation. This study also reveals that for the 

pristine CNTs, the maximum CNT loading limits were directly proportional to the CNTs 

diameter (Fig.6.9). This is because the polymer used in the study was in the form o f micron 

sized particles dispersed in water which cannot fuse together during drying to form a film if  

they become completely coated with CNTs in solution. During the energetic mixing 

process the hydrophobic CNTs tends to adhere around the polymer particles (than remained 

disperse in the water) creating a coating around CNTs. At lower volume fractions than this 

maximum limit, the CNTs only partially cover the polymer particles and are engulfed by 

the polymer particles on drying and become imbedded within the polymer. Again, the CNT  

diameter plays a vital role in this maximum CNT loading limit determination, because at a
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given volume fraction, the network formed with larger diameter CNTs should have larger 

pores and also the number of small diameter CNTs will be greater and hence cover a 

greater surface area. Thus, at the same volume fraction smaller diameter CNTs should 

cover more surface area of the polymer particles leading to a lower loading required to 

restrict polymer-polymer fusion.

Remarkably, it was also demonstrated that large diameter CNTs not only increase 

the yield stress but, very importantly, enhance the stress o f the plateau part as well. Even 

more impressively, the slope o f the plateau part o f the ThickMWCNT composites' stress- 

strain curve approaches the slope o f the final SIC/SH part without loosing ductility. 

Therefore, this work is a step forward towards the fabrication o f TPU-CNT stiff, strong and 

yet tough composites.

Another important result o f this study was the mixed-CNTs approach to producing 

composites. The maximum loading limit of CNTs was increased by the novel approach of 

mixing different types o f CNTs and incorporating them into a single matrix. To prepare 

high volume fraction composites, PEG-SWCNTs were used as a dispersing agent. In 

general, the composites prepared with the mix-CNTs showed higher reinforcement than the 

pristine CNT composite samples.

This work reveals the processes o f CNT-polymer and CNT-CNT network formation 

within the polymer matrix. It is suggested that at relatively high volume fractions these 

composites should exhibit improved electrical properties as well as good mechanical 

properties. These composites can be used for the fabrication o f novel materials for use as 

highly flexible electrodes, actuators, artificial muscles, sensing skin etc.
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Chapter 7

Conclusions and future work 

7.1 Conclusion
The aim o f this work was to enhance the mechanical properties o f polymers by 

incorporating carbon nanotubes. This work successful demonstrated the preparation o f  

CNT reinforced com posites by filling a polymer with very low to very high volume/m ass 

fractions o f  CNTs.

In the first attempt, PVA was used as a matrix for the reinforcement with CNTs. A 

lot o f work has already been done with PVA carbon nanotube composites and good 

reinforcement had been reported. Also, CNTs demonstrated good dispersion in PVA. Most 

o f  the work reported in literature had used water as a solvent. However, due to the 

hydrophobic nature o f  the CNTs, they can not be dispersed efficiently in water without the 

use o f  a surfactant. On the other hand, a lot o f work has also been done on the effective 

dispersion o f CNTs in organic solvents. Scientists were able to achieve very good 

dispersions o f  CNTs in high boiling point solvents like DM SO and NM P. These solvents 

can also dissolve PVA. Therefore, a good reinforced composite was expected with these 

three com patible com ponents (CNTs-polymer/solvent). It was expected that an NMP 

composite would have the best mechanical properties due to good dispersion o f  CNTs in it. 

However the NM P com posite exhibited the lowest mechanical properties. One o f  the most 

important outcom es o f  the study was that, due to the high affinity o f  NM P towards the 

CNTs compared to PVA, it accumulated at the CNT-PVA interface and hence no stress 

could transfer to the CNTs from the matrix. This coating o f  the NM P around the CNTs not 

only prevents stress transfer but also negatively affects the mechanical properties due to its

154



plasticising effect. The work also reveals that a high BP solvent can remain trapped with in 

the composites and reduce the overall mechanical properties o f samples.

Based on the knowledge o f  the PVA work, it was desirable to avoid a high BP 

solvent. In another attempt TPU was used, due to its resemblance with spider silk, in an 

attempt to reinforce with CNTs. Spider silk has excellent mechanical properties. These 

excellent mechanical properties lie in its HS and SS morphology. TPU is analogous to the 

spider silk morphology in HS and SS and its toughness, but it has very low stiffness and 

yield stress. The stiffness and yield can be increased to some extent by increasing HS but 

this is associated with loss in ductility. In this work we significantly increased the stiffness 

and yield stress by the incorporation o f the CNTs without losing ductility. Very 

importantly, it was successfully shown that plateau region o f  the stress-strain curve can be 

made as stiff as SIC/SH o f  polymer without sacrificing the ductility o f  the composites. It 

was also shown that at high concentration the mechanical properties o f the composites are 

dominated by the CNT network.

Using a TPU matrix there was a limit for the maximum loading level for pristine 

CNTs due to bad dispersion and CN T network formation within the polymer. Dispersion in 

an aqueous medium is usually improved by use o f the surfactants. In this thesis a novel 

approach for enhancem ent o f  dispersion hence loading was adopted. Functionalised CNTs 

were successfully used for enhancem ent o f  maximum CNT loading. Functionalised CNTs 

were mixed with pristine CNTs. Compared to the pristine CNTs, high mass fraction 

composites were fabricated with mix CNTs approach.

The pristine and mix CNTs-TPU composites work reveals that the introduction o f 

functionalised CNTs increases, not only mechanical properties, but also the maximum  

loading limit. Also high concentration stable dispersions o f  functionalised CNTs have been 

reported in the literature. Therefore functionalised CNTs were used as filler for high mass 

fraction composite fabrication. Another interesting reason for the selection o f 

functionalised CNTs is the very nature o f  TPU. The HS and SS o f  the therm oplastic 

polyurethane have different hydrophlicity/hydrophobicity. Therefore CNTs functionalised 

with either hydrophobic or hydrophilic functional groups influence the mechanical
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properties by interacting either with the SS or HS. Very high loaded composites without 

losing strength and ductility were fabricated. Significant improvement in stiffness, strength 

and toughness were achieved with the funtionalised CNTs.

The overall conclusion is that, functionalised or mixed CNTs would be the future 

filler/s for m odifying properties o f polymers. This is due to their good, stable and high 

concentration dispersion in various solvents, the affinity o f  an attached group towards the 

polymer, comm ercial availability and decreasing cost.

7.2 Future work
As it has been demonstrated in the TPU composites, a particular type o f  

functionalised CNT predominantly interacts with either the hard segment or the soft 

segment domain. Thus, for future work we propose the filling o f  the TPU with a mix o f  two 

or more types o f  functionalised/CNTs with different functional groups and with different 

hydrophlicity/hydrophobicity to reinforce both the hard and soft domain. It would therefore 

be possible to reinforce both the HS and SS simultaneously.

For mechanical reinforcement, in future work, it would also be highly desirable to 

chem ically graft functionalised CNTs into the TPU polymer chain. Hence these CNTs 

would act like the HS o f  spider silk. It can be done using comm ercially available 

funtionalised carbon nanotubes. For example carbon nanotubes functionalised with PEG 

can be chem ically grafted or crosslinked to the PEG matrix using diisocyanate. One o f  the 

important param eters in mechanical reinforcem ent o f  polymer with filler is the interfacial 

bonding between filler and polymer. A chemical bond is stronger than a physical bond and 

requires more energy to break it. Therefore chemical grafting o f  CNT into a polymer 

backbone will result in strong interfacial bonded CNT-polymer; hence mechanically 

reinforced composites.

The polymer m olecules must possess a certain length to entangle with each other; 

the entanglem ent length. Therefore if the functional groups o f  functionalised carbon 

nanotubes were larger than the entanglem ent length the resultant composite should have 

enhanced mechanical properties. This is because the chem ically attached functional group
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to the CNTs would entangle with polymer matrix and stress would be transferred to the 

CNTs from matrix. Thus a systematic study is needed to analyse the dependence o f 

mechanical properties on the length o f the attached functional group.

For many uses the conductivity o f  the composite is also desirable but the 

functionalisation o f  CNTs makes them less conductive. However, the work with pristine 

and functionalised mixed CNTs reveals a significant improvement in the dispersion o f 

CNTs and hence the CNT network. Having said that, unlike traditional surfactants which 

are insulator, these functionalised CNTs are still very conductive. Therefore, their presence 

in pristine CNT networks would not negatively influence the conductivity o f  a composite 

prepared with the mix-CNTs approach. Theses composites should have very high 

conductivity due to the presence o f the proposed CNTs network in the polymer. It is 

proposed to do electrical experiments on the mix-CNTs composites. These composites 

could be used for high technological applications, for example artificial sensing skin, 

muscle/actuators, highly flexible electrode and other sensors.

For all applications good CNTs dispersion is vital. A good dispersion is traditionally 

achieved either by the use o f  surfactants or by the dilution o f  the CNTs in a very large 

amount o f  solvent. Both o f  these methods have their disadvantages. Therefore it would also 

be very interesting, and important, to carry out a systematic study o f the pristine CNTs 

dispersion assisted by the presence o f  functionalised CNTs in the system.
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