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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 of
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 nanotubes 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 born 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 of 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 of the stiffness in the strain induce
crystallisation/strain hardening region without a loss in ductility. It was found that at high mass
fractions (my) CNTs form networks around the polymer particles. Thus at high m{ 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 of 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 of 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 of 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 my. Studies revealed that ODA-SWCNTs interact with the hard segment
and water soluble CNTs with the soft segment of TPU.

viii



Chapter 1

Introduction to composite materials

1.1 Background and motivation

Generally speaking, composites are materials consisting of multiphase components
of different physical or chemical characteristics ///. The constituents in a composite are
combined in such a way that the individual materials are clearly distinguishable. Usually
composites are composed of a matrix e.g. polymers, metals, clay etc and one or more
fillers e.g. glass fibres, carbon fibres, CNT /2]/. Composites can be divided into many
classes on the basis of matrix, filler /3/or preparation technique e.g. ceramics, polymeric,
metallic, fibrous, particle filled, melt processed, laminated, solution based composites etc.
These kinds of materials, in which a strong and stiff material (filler) are held by an
substance (matrix), 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 composites can be fabricated for a variety of purposes, it should be noted

that, in this thesis, composites are described mainly in terms of structural materials.

The need for composite materials arises due to the fact that in many cases
conventional materials do not have the required properties. The endeavour for such
materials with improved properties led mankind to the invention of 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 modern times, the mud-straw
bricks of 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 of the industrial revolution it



was realized that, due to huge production demands, natural resources alone were not
sufficient. Limitations on the availability of natural materials caused problems however, the
difficult and time consuming processing conditions of these materials were even more
problematic. 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 of materials. Soon, with the invention of 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. thermoplastics/8/ and thermoset /9] have been used for composite preparations.

The aim of modern age composites is to make stiffer, stronger, tougher or
conductive materials, whilst at the same time making these materials lighter. The beauty of
polymeric composite materials is that, in most cases, these properties can be tuned simply
by varying the proportions of ingredients within a particular composite system.

Modern composite materials are used in automobiles, civil and military aircraft and
even very advanced high-tech space shuttles //0/. Various parts of these vessels are
subjected to extreme physical and thermal stresses. Traditional strong or stiff materials
simply cannot withstand these extreme stresses or sometimes the densities of theses
materials are too high. Generally, many of their parts are fabricated with fibre reinforced
polymeric composites whose properties are tailored to withstand these extreme stresses
[10]. Another advantage of the polymeric composite is its design flexibility, the polymeric
compésite can be moulded to various complex designs which are normally very difficult or
even impossible to fabricate in the case of traditional materials.

In 1991 lijima a Japanese scientist discovered carbon nanotubes (CNTs) /13]. Since
then there has been much research into their use as a filler in polymer matrices //4]. This
interest in CNTs exists because they potentially have all of 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 [/5-18].No conventional single filler has all of these
properties simultaneously. There are certain issues involved with CNTs used a filler which

will be discussed in coming chapter.



For a good composite there are certain conditions which have to be fulfilled. A high
length to diameter ratio (aspect ratio) is very important, it will maximise stress transfer to
the filler /71] and hence, mechanically reinforce composites. The filler must be dispersed
evenly throughout the matrix /72] i.e. little or no aggregation of the fillers. Otherwise it
will result in either poor stress transfer due to the fact that these aggregates are held by van
der Waal’s forces or inhomogeneous stress in various parts of the inhomogeneous
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 of
solution based CNT composite systems. Various factors affecting these properties are also
investigated. Carbon nanotubes tend to remain in bundles /79] and achieving good
dispersions is often not possible with many preparation techniques. Thus, solution based
composites preparation technique was selected because, very good dispersion of the CNTs
is possible in common solvents and polymers [/9-24]. Therefore potentially good quality
CNTs composites film can be prepared with the solution based technique.

In this thesis various problems associated with the reinforcement of polymers by
incorporation of the CNT were not only identified but tried to be resolved in the following

work.

Chapter 1 gives an introduction to composite materials, motivations and an outline

of the thesis.

Chapter 2 describes the background of CNTs and CNT polymeric composites.
There is also an overview of previous work done in the field and mechanical reinforcement

theory.



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

PhD work.

Chapter 4 describes the morphological and mechanical properties of solution based
dropcast free standing PVA-DWNT composites. Preparation with three different solvents
of different B.P and the different affinity for PVA and CNT is described i.e. water, DMSO
and NMP. The effect of solvent choice on the morphological properties and mechanical
behaviour of 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 of various pristine CNTs-
thermoplastic polyurethane/water composites. The chapter also describes the novel
approach of the composites preparation using a mixture of pristine and functionalised

CNTs with in the same matrix.

Chapter 6 reports the work done on the characterisation of 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 materials used
throughout this work. The different types and properties of carbon nanotubes (CNTs) will
be discussed along with the various methods of CNT production. The chapter also
introduces polymers and their classification. An overview of the mechanical properties of
carbon nanotube polymer composites and the theory of mechanical reinforcement 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 of 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 of diamond are due to the C-C covalent bonding of its 3D structure (Fig. 2.1)

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



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

Shown in figure 2.2, graphite the other well known form of carbon, consists of
sheets (graphene) of hexagonal networks of sp” hybridised carbon atoms. Unlike diamond,

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

Fig.2.2 Structure of graphene sheets in graphite (www.chm.bris.ac.uk)



Fig. 2.3 Scanning electron micrograph of a large graphene flake spanning an array of
circular holes 1 gm and 1.5 gm in diameter. Area I shows a hole partially covered by
graphene, area Il is fully covered, and area IlI is fractured from indentation. Scale bar, 3
pm. (B) Noncontact mode AFM image of one membrane,1.5 gm in diameter. The solid
blue line is a height profile along the dashed line. The step height at the edge of the
membrane is about 2.5 nm. (C) Schematic of nanoindentation on suspended graphene
membrane. (D) AFM image of fractured surface /1].

Graphene sheets exhibit very good mechanical properties. In 2007, Frank et a./ was
able to measure the mechanical properties of graphene sheets which were a few atomic
layers thick using AFM. They suspended stacks of graphene sheets (each less than 5 layers
thick) over trenches of a silicon dioxide substrate. They extracted the Young’s modulus of
~0.5TPa/2] . Using the same AFM technique in 2008, Lee and coworkers were able to
measure the mechanical properties of a single atomic layered graphene sheet/// . They used
a silicone substrate with holes in it of diameters = 1.1um 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 of graphene. Their work reveals
that the mono atomic layer graphene has a Young’s modulus of 1TPa and intrinsic strength

of 130 GPa.

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

Ceo /3]. This spherical molecule consists of 60 carbon atoms arranged in a sphere of 20



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 of 60, 70 or, 80
molecules; many other sizes of buckyballs are also possible. In 1991, while studying the
soot formed during electric discharge between the two graphite electrodes, Ijima observed
rolled concentric multilayered graphene structures (Fig. 2.4) called multi walled carbon
nanotubes (MWCNT) (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 of carbon nanotubes. Single walled
carbon nanotubes (SWCNT) (Fig. 2.6) and multi walled carbon nanotubes (MWCNT) (Fig.

2.7). A single walled carbon nanotube is a single rolled graphene sheet with a diameter of



the order of one nanometre and a length of up to centimetres. MWCNTSs consist of two or
more concentric rolled graphene sheets like a telescope (Fig. 2.7). Each sheet is separated
by a distance of 0.35 nm/4] . Multi walled carbon nanotubes can have diameters from 2
nm-100 nm and lengths of up to micrometers/5/ . Based on the rolling up pattern of
graphene sheet there are three possible types of CNTs. Shown in figure 2.6 A,B,C are the
armchair, zigzag and chiral CNTs respectively. Generally speaking, in the armchair
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 arrangements in

which the C-C bond is at an angle to axis is called chiral.
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Fig. 2.7 Shows concentric multilayered MWCNT
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2.2.2 Mechanical properties of carbon nanotubes

Soon after their discovery, it was expected that CNTs would exhibit superior
mechanical properties because of their analogy to graphite. Graphite has an in plane
modulus of about 1.06 TPa/6/ . Work from Perepelkin on the C-C bond strength had
suggested that graphite can have a tensile strength of 130 GPa/7/ . In addition to this in
1961 Bacon fabricated graphite whiskers, which demonstrated strengths of 20 GPa/§].
Therefore on the basis of 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 of CNT was
made by Overny et al. His work was based on computer simulations. In his work he
calculated the Young’s modulus of SWCNTs to be 1500 GPa./9] . Later work of other
researcher also suggested that the Young’s modulus was in range of 1TPa//0] . Using the
amplitude of intrinsic thermal vibration of carbon nanotubes in their SEM study Tracey et
al. calculated the modulus to be in the range of 0.41 to 4.15TPa/11] .

The first direct mechanical measurement was made by Wong et al. in 1997. In
their work, they randomly deposited the arch multi wall carbon nanotubes on an MoS,
substrate and pinned them with square SiO, pads. They measured the force verses
displacements via atomic force microscopy (AFM) along the tube lengths at various
positions. The work demonstrated that the nanotubes had an average Young’s modulus of
1.28 TPa. The study also showed that the average bending strength was 14 GPa/12] . In
another study by Salvetat et al. a solution of MWCNTs was dropped on an alumina
ultrafiltration membrane with a pore size of 20 nm. Some of the CNTs arranged themselves
across the pores. The CNTs were bent with an AFM tip. The modulus obtained was in the
range of 650-1220 GPa and 10-15GPa for arc-discharge MWCNT and for catalytically
grown MWCNT respectively//3] . In 2000 Yu and his co researchers attached both ends of
a MWCNT to the cantilever of an AFM (Fig.2.8). Under the scanning electron microscope
(SEM) they stretched the MWCNT and recorded the actual stress strain curves. Their work
suggested a MWCNT can be strained up to 12% of its original length before failure. The
work also revealed that failure occurs at the outer layer and the inner tube comes out in the

form of a telescope. From the stress strain curves they obtained the values for the Young’s

11



modulus in the range of 0.27 to 0.95 GPa. Young’s modulus is the stress to strain ratio in
elastic part of stress strain curve. The measured values for the ultimate strength were in the
range of 11 to 63 GPa. Their work also showed that MWCNTs can have a toughness value
of about 1240 J/g./15] . Toughness is the total energy needed to break a sample and is
measured by integrating the total area under the (stress strain) curve.

Some time later, the first attempts to measure the mechanical characteristics of
SWCNT were made by Salvetat ef a./ in 1999 [16]. They obtained a value of 1TPa for a
small bundle of SWCNT /16]. They also measured the mechanical properties of large
diameter ropes of SWCNTs. Their study demonstrated slippage between the nanotubes in
the bundles. They recorded the values of modulus in the range of 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/17] . The same AFM technique and experimental procedure that was used
for measuring the mechanical behavior of MWCNTs was adopted for tensile testing

SWCNTs .
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Fig. 2.8 (A) The experimental setup showing the attachment of MWCNT to the AFM tip
to measure stress strain curve (B) stress strain curve of a MWCNT stretched using AFM
[15]
2.2.3 Production of carbon nanotubes

There are three popular techniques in use nowadays for the production of carbon

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

Arc discharge:

The first yield of CNTs in milligrams was produced in 1992 by Ebbsen et al
using the arc discharge method//8]/ . 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 of inert atmosphere, usually helium gas at low pressure. A
high direct current is applied across the graphite electrodes usually between 50 to 100A
with a potential difference of 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 of high current, carbon atoms
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at the graphite surface are converted to plasma. This plasma condenses on the anode in
form of a hard tube with a core of soot and multiwall carbon nanotubes. In 1993 Bethune et
al produced single wall carbon nanotubes using the arc discharge method//9/ . 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 of 95
to 105 A. Using the arc plasma jet method in 1999 Morio ef al. were able to achieve 50%
yield of CNTs. Their highest production rate was 1.74g/h /20]. In an endeavor to further
increase production yields, Liu produced a 30% yield of SWCNTs at a rate of 2g/h using
the arc discharge method in 2000/21] .

Remarkably Zhao and a co-researcher demonstrated the production of CNTs with a
yield of 95%/22] . They were not only able to demonstrate high yield but simultaneously
demonstrated a production rate of >45g/h [22]. In their production setup, the arc was
generated between the anode and the pure graphite cathode at a current of 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 of the chamber. In general, an 80 mm anode rod
can be consumed in 5 min forming 5.3 g of soot. Cadek et al. were able to produce a 48%
yield of MWCNTs with the arc discharge method /23] (Fig. 2.9)
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Fig. 2.9 Schematic diagram of Arch discharge for CNTs synthesis/24] .

Even though a good yield of CNTs can be produced through the arc discharge
technique, there are a few outstanding issues. There are a lot of impurities present in the
end product and hence the CNTs need purification. Another problem associated with this
method is the short length of the CNTs produced, up to a maximum of 50 micro-meters
125F
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 temperature
of 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 ends/26/. The
temperature and choice of catalyst can effect the quantity and quality of the tubes/23/. In
1996 for the first time Smalley and co-worker used this technique to produce high yield of
SWCNTs in excess of a 70% yield/27]. Although a high yield can be produced with laser
ablation this technique is not widely used because of the slow rate of production and high

costs.
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Fig. 2.10 Laser ablation experimental setup of CNTs synthesis /28/. Middle of images
shows the source (graphite) of CNT, image also shows the collection of CNTs on copper

collector at the (extreme right ).

Chemical Vapour Deposition (CVD):

The most common technique for the production of CNTs is chemical vapour
deposition (CVD). Commonly CVD production setups consist of a high temperature
furnace/28/. The temperature can be in the range of 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 of Walker/29] . In
1959 for the first time CVD was used for the deposition of carbon. The experimental setup
consisted of a 600mm long tube with an inner diameter of 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 CVD
method was adopted by Jose ez a./ in 1993/30] . CNTs were grown by heating Fe/graphite
at 700 C°. Then a mixture of Ny/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 MWCNTSs perpendicular to the substrate regardless
of the tilting angle and surface of the substrate/37] . The experimental setup consisted of a
6 inch diameter stainless steel cylinder. The system was powered with a microwave power
of 2.45 GHz, SKW. 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 of the ammonia/acetyiene
mixture. Instead of using a petroleum based hydrocarbon, in 2007 researchers from Meijo
university grew CNTs from camphor, purified from camphor tree extracts./32] . They were
able to grow 1.62 g of CNTs from 3 g of camphor in 1 hour. This corresponds to a
camphor-to-CNT production efficiency ~50% with purity of over than 88%.
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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 of 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 part/34]/ . Polymers are long chain molecules usually with one or more
repeating units of atoms. Polymers can consist of entangled disordered chains called
amorphous regions or may be arranged in orderly repeated folded structures called lamellae.

The ordered part of the polymer is referred to as crystalline Fig. 2.12.
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Fig.2.12 Illustrative model of 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 (T,). Above the T, the polymer no longer remains

18



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 (DMTA). In the case of DSC,
because the heat capacity of a polymer increases at the T,, this appears as a step in the DSC
graph. The midpoint of the slope in step is usually taken as the T,. While in DMTA
analysis, when the ratio of loss and storage modulus is plotted as function of temperature,
the highest peak in the plot is taken at T,. Static T, is usually lower compared to the
dynamic Ty because T, is strain rate dependent/35/. Glass transition temperature of 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 SWCNT-PVA composites shows the effect of 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 of their mechanical
deformation, their thermal properties, polymerisation or number of repeating units. Below
polymers have been classified into two basic types on the basis of intermolecular
interactions among the polymer chains.
(1) Thermoplastics and
(2) Thermosets.
Thermoplastic polymers

The class of 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 of 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 (T,) Many thermoplastics can be dissolved in organic
solvents /36-40]. These polymers can be used as the matrix for the preparation of solution
based and melt process CNT composites [47,42]. 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 molecules can not be heat moulded because of the molecules fixity. These
polymers can not be dissolved in solvents due to the fixed and giant nature of their
crosslinked structure. Thermoset polymers can be used as a matrix for solution based
composites only by mixing CNTs with monomer or monomer solution. They are difficult to

use as a matrix for the preparation of nanocomposites due the viscosity build-up during the

polymerisation process which negatively affects dispersion of the CNTs.

Fig. 2.15 Thermoset polymer molecular model shows polymer molecular chains chemically

crosslinked together (presented by red line).

2.3.2 Mechanical properties of polymers

In general among plastics, thermoset plastics have higher mechanical properties
than thermoplastic ones (Fig 2.16). Thermoset polymers have higher mechanical properties
because the polymer chains are held by chemical bonding and need a larger force to deform
the polymer. Examples of thermoset polymers are epoxy, kevlar etc. However this thesis
deals mainly with thermoplastic polymers. Low mechanical properties in thermoplastics is
due to its relatively weaker physical chain-chain interactions. Among thermoplastics,
thermoplastic elastomers are very interesting materials. They can have strength in the range

of rigid plastic and very high toughness in the range of kevlar and spider silk/43-45] .
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Fig 2.16 Typical stress strain curves for various polymers. A) Thermoset polymer

(kevlar)/46] B) Thermoplastic polymer (PVA). C) Thermoplastic elastomer (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 T, polymer molecules can rotate and move freely/35, 47/. Thus any additive
which will restrict molecular mobility will increase T, of 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 T, of the polymer. Accordingly increases in T, 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 Ty can also be due to the degradation of the polymer because low molecular weight
polymers have lesser T, compared to the high molecular counterpart/35/ . Degradation of a
polymer also reduces the polymers mechanical properties/49, 50/ . This means a reduction
in T with incorporation of filler can also be attributed to the degradation of polymer during
processing. Again this will result in an overall reduction of mechanical properties of the
composite. Composites prepared by solution processing can have some trapped residual
solvent in them. Due to the plasticising effect, such solvents reduces the T, /35/, hence the
mechanical properties of the polymer. The same reasons apply to the reduction in T, of
polymer by a solvent apply to the filler. To understand the mechanical reinforcement of
polymeric composites, T, 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 T, due
to restriction of the molecular mobility of the polymer chains. Ogasawara et al. showed
that MWCNTs immobilize polymer chains and increases Tg/51/ . Increases in T, have also
been observed elsewhere/52]. As mentioned earlier any additive which facilitates chain
mobility or degrade polymer decreases the T, of a polymer. Plasticizers are substances with
small molecules/53/ which are added to polymers to make them more flexible. The
introduction of a plasticizer to a polymer reduces its strength and stiffness but increases its
strain at break. Plasticizer also reduces the T, of the polymer/53/ . 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 of a polymer enhances its mechanical properties /54,
55]. Thus, introduction of filler into a polymer which increases crystallinity would mean an
increase in mechanical properties of the polymer. The addition of CNTs not only influences
the amorphous part of a polymer but can significantly alter the polymer crystallinity. It has
been found that in many cases CNTs nucleate and increase crystallinity in polymeric
composites/52, 56] [54, 55].

The crystallinity of a polymer can be measured using a differential scanning
calorimeter which will be discussed in detail in chapter 3. At T, the crystalline phase in the
polymer does not change to a rubbery state because of its ordered structure. Ordered
structures are more stable than amorphous ones and pass through thermal transitions at

higher temperatures.

Thermal stability

In many cases composites are used in high temperature environments. Even though
a filler imparts reinforcements to the matrix it can alter thermal stability of the polymer.
Thus the filler effect of the thermal stability of the polymer must be known.

Other than affecting the T, and crystallinity (Fig.2.17) of a polymer, the addition of
CNTs can significantly influence its thermal stability/57-60]. Polymer crystallinity can be
measured using DSC which will be discused in chapter 3. In many cases the introduction of
CNTs increases the thermal stability of the polymer at certain loading levels /57-60]. At
very high loading, CNTs can have negative effect on polymer thermal stability/58/ (Fig.
2.18).
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Fig.2.17 Increase in crystallinity of PVA with the introduction of CNTs/36]
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The thermal stability of a polymer is usually measured by thermogravimetric

analysis (TGA). The technique has described in Chapter 3 of the thesis.
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Fig.2.18 Effect of CNTs weight fraction (weight of CNTs /weight of CNTs+polymer ) on
thermal degradation of 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) Melt 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 of carbon nanotube
polymer composite. It has been shown by various research groups that CNTs can also be

dispersed very efficiently in organic solvents/6/-65]. Various types of CNTs-polymer 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 of the sample i.e, controled evaporation of
solvent, leaving behind a CNTs composite.

In 1998 Jin/42] and co-researchers dispersed arc MWCNTSs 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 of 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/58] .
In 2000 Qian used the same technique for the preparation of polymeric CNTs composites,
using polystyrene as matrix and MWCNTs as a filler/67] . In subsequent years Safadi et al.
and Valasco used the same method for the fabrication of CNTs composites/52, 68/ . In
2004 Cadek prepared CNT/PVA/water composites using solution based techniques/56/ . In
2006 Whitten er al. prepared SWCNT-DNA/distilled water composites with help of a
dispersion agent/69] . 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 of polymers. A combination of these
factors attracted scientists to investigate the melt processing of CNT composites. The
technique utilises the property of amorphous or semicrystalline polymers that allows them
to soften and subsequently melt under the influence of heat. Amorphous polymers are
processed above their T, and semi crystalline polymers above their crystalline melt

temperature (T, ). In both cases, carbon nanotubes are shear mixed with the polymer/5/ .
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Using this technique Jen et al. melted polymethylmethacrylate (PMMA) together
with arc MWCNTSs 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 level/41]/ . In following the year Andrew et a/ demonstrated
the fabrication of CVD MWCNTs polymer composites. They used high impact polystyrene
and acrylonitrile—butadiene—styrene (ABS) polymers for their melt processed
composites/71] . They prepared a master batch of the polymers and CNTs. The master
batch was diluted to form a lower mass fraction film with melts of respective polymers and
shear mixed. The composite films were prepared by compression molding. The same
technique was also used by a number of other researchers /37, 72, 73]. Potschke et al.
prepared a CVD MWCNTs/polycarbonate master batch melt by shear mixing at 260 C° in a
mir-compounder/74] . They diluted the master batch with polycarbonate polymer in a
micro-compounder/74] . 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 die/75] . In the same year Meincke ef 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 of the samples into pellets. The sample was
inject molded to get composites with a good dispersion of CNTs/76/ . In 2006 Ghose dry
mixed phenylenethyl terminated imides and MWCNTs and inject molded it through
hydrostatic pressure at 371C°/77] . They demonstrated the fabrication of polyimide
nanocomposites containing up to 15 wt% MWCNTs without exceeding the maximum
tolerable melt viscosity for composite processing. Alig er al fabricated MWCNTSs
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 PP/7§] .

2.4.3 Novel method of composites fabrication (very high mass fractions)
High viscosity in melt processing rendering good dispersions of CNTs and also melt
blend of CNTs is difficult to process. In addition melt processing can cause polymer

degradation /74]. While solution processing of 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 of a CNT solution through a filter membrane. Generally speaking,
in this technique the CNTs are dispersed in large volumes of 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 of conventional solution based process systems.
Therefore very high CNTs loaded composite can be achieved with out significant
aggregations of 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/79]. They observed the
intercalation of up to 30wt % of the polymer in the porous CNT network. Intercalation is a
process in which a polymer solution penetrates into the free volume of CNTs network by
capillary action. In the following year Wang and co-researchers fabricated CNTs/epoxy
composite by Buchner infiltration/80]. Firstly they prepared a CNT buckypaper. This was
followed by infiltration of epoxy solution dissolved in ethanol through it. They noted a very
good infiltration of 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 er al. (2008) demonstrated the fabrication of buckypapers with a
variety of SWCNTSs nanotubes/81] In their work they used pristine SWCNTs as well as a
range of funtionalised nanotubes. All of the buckypaper were prepared without the
incorporation of 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 of 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 of chemical modified
SWCNT/polyurethane/water dispersion through a micromembrane. The average diameter
of the filtration membrane was 45 micrometer. In the same paper they discussed the

preparation of layer by layer buckypaper composites as well. The work was break-through
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in the mechanical reinforcement of polymers by CNTs. They demonstrated supper high
increase in Young’s modulus by a factor of 800 of polymer with addition of 0.75 mass
fraction of CNTs. They also noted sharp decline in UTS and ductility with each increment
of CNTs loading/82]. 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 number of different models have been suggested. Here, some of the models

relevant to this work will be discussed.

2.5.1 Rule of Mixtures
The Young’s Modulus (Y.) of a composite can be predicted using the “Rule of
Mixtures”, if a number of conditions are satisfied/48].
» The stress is perfectly transferred from matrix to fibre i.e. good bonding
between the two.

Fibres are aligned to the applied stress.

vV V

Under all circumstances, both matrix and fibre are strained equally.

Vr

Then the Young’s modulus of the composite is given by:
Y, =(Y,-Y, W, +¥, Eq22

where, Yris the fibre modulus, Y, is the matrix modulus, V;is the fibre volume fraction.
Equation 2.2 is called the rule of mixtures/48].

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 of mixtures has been modified for randomly oriented fibres by Cox/83/ using the

Krenchel expression:

Y, =nnY -Y, WV, +Y, Eq.23
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where n, is the orientation efficiency factor (this has values of m,=1 for aligned fibres,
N,=3/8 for fibres aligned in plane and n,=1/5 for randomly oriented fibres/84] ), and where
n is the length efficiency factor and given by:

_Tanh(a-1/ D)

-y
i POT

Eq2.4

where / is length and D is diameter of fiber and a is given by

-3Y
P e Tl -
2Y, InV,

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

(60)-

o, = (’7,\0/ —0'”,)V, +a. Eq.26

where n=(1-1/21) and is called the strength efficiency factor, oy is fibre strength, 1 is the
fibre length and I 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 ).

The critical length is given by

l, =
27

o,D 4
- {1—%’2—} Eq.2.7

where 1 is the fiber-matrix interfacial strength, D is the external diameter and D; is the
internal diameter of the fibre respectively. For SWCNT there is almost no difference

between the internal and external diameter however for MWCNT the difference depends on
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the numberes of CNT walls which for example the internal diameter for MWCNT can be
8nm while external diameter 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 of fibre filled composite the filler must have some critical length (I, for
effective mechanical reinforcements, which is defined by equation 2.7. For a composite
filled with fibre have length equal to I, (I=I.) then only axial centre of the fibre feel the
maximum stress (Fig 2.17 B) while when | >l then the reinforcements become more
effective and stress transfers to a larger area of the fibre (Fig 2.17 C). However, when I< |,
the stress cant be transfer to the fibre (Fig 2.17 A). A fibre having 1 >15I,, is called
continuous fibre and the one have length lesser than 15 | is termed as the discontinuous or
short fibre/48]. The matrix filled with short fibres exhibits either no or very slight

reinforcement because stress does not transfer efficiently to the filler/48].
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Fig 2.19 Illustration of stress position in fibre (reinforce composites) A) when 1= 1., B) | >
Ic, C) 1 >>1. /48]

2.5.2 Halpin and Tsai model

This model is based on the work by Hills/85/ to predict the Young’s modulus of
aligned short fibre composites/86] . The Young’s modulus is given by:
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where {=2I/D and
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By modifying Equation (2.8) :
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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 of 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

» Ciritical length

» Alignment of the filler material
» Good dispersion of 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
Composite prepared with aligned fibres exhibit higher mechanical properties than
composites filled with randomly oriented fibres. The Young’s modulus of aligned fibre
composites can be higher by a factor of five /5/. These composites can have higher strength
as well but the down side of these composites is anisotropy i.e composites shows good
reinforcement in direction of alignment only. In the case of a fibre (composite) anisotropy

does not matter.

Dispersion

One of the most important parameters for reinforcement in composites is uniform
dispersion of the filler in the matrix. For mechanical reinforcement the effective penetration
of adhesive resin among the filler fibres or particles is essential. In other words, wetting by
the polymer of the maximum number and area of filler particles results in the maximum
reinforcement of the composite. This can be achieved by the presence of a maximum
numbers of individual CNTs per given volume in the composite system. One way to
achieve a maximum number of 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 out/87]. To achieve good dispersion at high concentration researchers also use
surfactants to disperse CNTs. Surfactants molecules have two ends one of which is
compatible with solvent while other is phobic to the solvent and attached it self to
CNT/88]. In this way a number of molecules (micelle) surrounds the CNT, exfoliate and
make 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 composites/89, 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 of CNTs. In

recent times it has been shown that chemically modified CNTs can be effective disperse in
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various solvents at very high concentrations/91, 92] . Therefore high mass fraction CNTs
composites with good CNTs dispersion can be prepared with chemically funtionalised
CNTs.

Stress transfer/ interfacial 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/93/ . Van der 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
of composites applied stress usually does not transfer effectively to CNTs either because of
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 of
filler. Thus the filler is bonded to polymer matrix by mechanical interlocking. In most cases
CNTs have atomically smooth surfaces hence this kind of 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 of nanotubes
can entangle with matrix chains. Adding to this, functionalities can form hydrogen bonding
with matrix molecules/57] . Attached functional groups can react chemically and form
chemical bonds and hence very good stress transfer and reinforcement/94] .

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 CNTs/95] . Blak et al. funtionalised CVD MWCNT with polyproylene
(PP). They fabricated composites by blending PP-CNTs with chlorinated PP/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 of CNTs. This corresponds to dY/dVi~ 95 GPa. An increase in
strength from 83 to 102 MPa was also recorded. They also observed the fracture of CNTs.
This suggests good stress transfer to the CNTs/97, 98] . Hwang chemically attached
PMMA molecules to arc MWCNTSs. These chemically modified CNTs were dispersed in
PMMA matrix/99] . The resultant composite were reinforced by adding up to 20 wt%
CNTs. They were able to significantly increase the modulus of 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 of a
composites material is to prepare stiff, strong and tough yet light materials. To obtain such
a material the polymer must fulfil the criteria of a good matrix.

Here the mechanical reinforcement is compared for work done by various
researchers in terms of the increase in Young’s modulus of polymer per volume fraction
(V) of CNTs added. This values are expressed as dY/dV; . Y is the Young’s modulus and
V¢ is volume fraction of CNTs. The dY/dV; value can be extracted from experimental data
of a composite or from series of composites with various mass fraction of CNTs (slope of

Y vs V¢ ). dY/dV¢ can also be calculated using equation 2.1.

dYe
— = Y. =F Ll 5
de ’7077/ of m []

where n, is the orientation efficiency factor. This has values of n,=1 for aligned fibres,

No=3/8 for fibres aligned in plane and n,=1/5 for randomly oriented fibres /84]
Shaffer was the first to fabricate solution based CNTs/polymer nanocomposites

and study their mechanical behavior /58/. He prepared solution processed CVD-MWNTs-
PVA composites with a filler loading level of 60 wt%. He used DMTA for mechanical
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measurements. His study shows very small increase in the storage modulus of the polymer,
the Young’s modulus was increased from 6 GPa to 12 GPa with dY/dV; value ~ 4.7 GPa .
It was found that above the glass transition temperature, the results were even better. In
another study, Qian er al.[67] studied CVD-MWNT-polystyrene (PS) composites by
tensile testing. They used 1 wt% of both short (~15um) and long (~50um) CVD-MWNTs
and observed an increase in the Young’s modulus from 1.2 GPa to 1.62 GPa and 1.69 GPa
respectively, with a dY/dV¢ value of ~74 GPa. To understand the reinforcement mechanism
they cracked the sample while observing it under scanning electron microscope
(SEM).They noted the craze formation and observed that the crazes were bridged by the
CNTs. Crazing is the phenomena of fine crack formation which may extend in a network
on or under the surface or through a layer of plastic material//00]. When crazes reached
800 nm CNTs were either pulled out or fractured. This suggests that the interfacial bonding
was not uniform or that the CNTs had weak points/defects. Safadi er a.//68] also studied
composites made with CVD-MWNT-PS using tensile testing. Their study showed a
significant increase in the Young’s modulus of the composite. Young’s modulus increased
by a factor greater than 2 compared to the polymer with a filler content of 2.5 vol%
(dY/dV¢ ~ 122GPa), the pull out and the fracture of CNTs was also observed. While in
another study Watts observed only the pull out of arc MWCNT from the matrix but no
fracture/701] . These results suggests that CVD MWCNTs have low mechanical properties
compare to arc MWCNTs. Cadek er al.[39] studied solution based polyvinylcarbazole
(PVK) and PVA composites produced with arc-discharge MWNT. They found that the
Young’s modulus of the PVA was increased from 7 GPa to 12 .6 GPa with 0.6 vol.% of
MWNTs. For PVK, the Young’s modulus was increased from 2 GPa to 5.6 GPa with 4.8
vol % of MWNTs. Their DSC work revealed a linear increase in crystallinity of the PVA
composite 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 of ordered structures at the polymer nanotube interface in PVA samples.
Frankland also suggested the presence of an ordered structure at interface in her SWCNTSs
work/17] . Coleman et al. observed an increase in Young’s modulus from 1.92 to 7.04 GPa
in PVA-MWCNTS composites with a dY/dV¢ ~754 GPa/36] . Velasco et al. noted an
increase in modulus from 0.71 GPa to 2.34GPa in arc MWCNTs/ methylethyl-methacrylate
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co-polymer composites at 1wt% loading with a dY/dV¢ value ~272/52] . In another study,
Ruan ef al.[102] observed stress transfer to nanotubes using Raman spectroscopy. They
used the D-band sensitivity of 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 of this
study was that the Young’s modulus of the composite was observed to be directly related to
the matrix-CNTs interfacial area, except for SWNTSs. The result for SWCNT was explained
in terms of 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 of 17 wt% they observed an increase in Young’s
modulus from 0.7 GPa to 1.63 GPa. In terms of dY/dV; 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/dV; value of 2.4 GPa. Zhang et al.[37, 73]
showed that the Young’s modulus of polyamide-6 can be increased from 0.4 GPa to 1.24
GPa on addition of only 2 wt % CVD-MWNT, corresponding to dY/dV; value ~ 64 GPa.

Many of the thermoset polymers have higher mechanical properties than
thermoplastics/48] . Also thermosets remain stable at elevated temperatures, while as the
name indicates, thermoplastics lose their rigid structural integrity at Ty or Tp,. 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.[103] 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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Nanotube Type | Polymer Y poly Y Max dY/dV; Reference
(GPa) (GPa) (GPa)
CVD-MWCNT | PVA ~6.3 ~12.6 ~4.7 [38]
CVD-MWNTs | PS 192 1.69 ~74 [67]
CVD-. PS 1.53 3.4 122 [68]
MWCNTs
Arc-MWCNT PVA 7 12:6 990 [39]
CVD- PVA 1.9 7.04 754 [36]
MWCNTs
Arch-MWCNTs | MEMA 0.71 k2 272 1327/
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 TE AL

Table. 2.1 Summary of 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

38




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/635,
87]. These high boiling point solvent can remain trapped in composite and reduce their
mechanical properties//04] . At relatively high concentration CNTs tends to aggregate/635,
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 of functionalised CNTs. Carbon nanotubes can be
funtionalised with variety of 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 large/91] enough to entangle with polymer
chain hence imparting mechanical reinforcement. Functionalisation of 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 of 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 of CNT nanocomposites, a

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

Description Production | Supplier Functionality
Method

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

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

SWCNT-PABS (P8) | CVD www.carbonsolution.com | Polyaminobenzene  Sulfonic
Acid (PABS)

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

VerythinMWCNT CVD www.carbonsolution.com | N/A

(9.5nm)/1]

ThickMWCNT(25 CVD www.carbonsolution.com | N/A

nm) /2]

Table 3.1 Different types of 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 thermoplastic polymer. PVA was used as the matrix in composites 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

‘IZ)H
d
g

Fig. 3.1 Polyvinyalcohol (PVA)

polymer.

OR" OCOR (H* or OH") o
I I ! R o
—CHHCH; —— —CHOHCH; + R'OH CHOHCH; + R

Via (RCOLO ard Cadysis
Famation of RCOOR"

or

OR' O
—CHLH CHy + HX (acid) —= CHCHCHs + R'

Fig 3.2 Two methods of PVA synthesis/3] .

Polyurethane (PU) water dispersion

This is a new class of thermoplastic elastomer, which was supplied in the form of
highly viscous dispersion in water. The dispersion consists of an average particle size of ~ 3
micrometers. It was produced by Hydrosize/4/ , product code U2-01. TPU is synthesised
by chemically reacting a straight chain polyol and diisocyanate/5/ . Thermoplastic
polyurethanes are segment polymers. The polyol in TPU is very soft (with a very low Ty )
and the diisocyanate part is relativity hard (with a high T, ) and so, these are referred to as
soft segment (SS) and hard segment (HS) respectively. Due to the presence of hard and soft

domains, these materials are also called segmented PU. The combination of
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thermodynamically incompatible SS and HS gives rise to an interesting material/5/ . The
HS acts like filler and is mainly responsible for determining the stiffness and yield strength
of TPU, while the SS accounts for very large deformation of 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 Il
O=C=N-Ra-N=C=0 + HO-FRp—OH --> -[-C-N-Ry -N-C-O-Ro-0-]-

I
H

Diisocyanate polyol polyurethane

Fig 3.3 Polyurethane synthesis

443A

0 : e 0 0 g "
o P Nt N b o—b & SR
\_/ AN / i . &\ / \ /) 5 Cw{c‘"‘(ﬂzmn
5 - /

Soft segment
Hard segment

Fig 3.4 Typical TPU polymer /6]
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3.4 Solvents

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

Depending on the nature of CNTs and polymer matrices, different organic

3.6.
boiling | melting ’

Solvent Formula ?/[/vn‘:ol) point | point ?iﬁg Supplier
Dimethyl-
formamide C3;H7NO 73.09 153 -61 0.944 www.sigmaaldrich.com
(DMF)
Dimethyl sulfoxide ; ’
(DMSO) C,HecOS 78.13 189 18.4 1.092 www.sigmaaldrich.com
N-methyl-2-
pyrrolidinone CHsHoNO | 99.13 202 -24 1.033 www.sigmaaldrich.com
(NMP)
Telnycremion:, |, ic 0 7211 |66 1084 |0.886 | www.sigmaaldrich.com
(THF) e
Water H,O 18.02 100.00 | 0.00 0.998 In house

3.5 Characterisation techniques

3.5.1 Thermogravimetric analysis (TGA)

All thermogravimetric analysis in this thesis was done on a Perkin Elmer Pyris |

TGA .

In this technique, the mass of a sample is monitored as function of temperature 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 thermogravimetric analysis

(DTGA). Peak at ~ 50 °C in the DTGA plot (Fig 3.5 B) corresponds to the evaporation of
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trapped solvent in the TPU, while around 376 and 506 arises due to the polymer
degradations. TGA can be run under a range of atmospheres e.g oxygen, nitrogen.

This technique can be used for a variety of purposes e.g. oxidation, decomposition of
substances etc/7] .

A modern TGA instrument consists of a number of 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 of ceramic material is present to withstand
high temperatures. Temperature is precisely controlled by a temperature programmer and a

computer monitor displays the data.
| \
~

: { g B
|solvent pea

_|Degradation onset

1 Polymer degradation

2| peaks

200 400 600 800

Temperature (C°)

wt loss (%)

dm/dt

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

degradation temperature.
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TGA can be used to determine a number of different properties of materials.
Thermal stabilities of materials can be measured and compared under the required
atmosphere. Oxidation or reduction of materials can be monitored. Solvent residues can
also be elucidated from the DTGA curve. Life spans of materials can be estimated. The
presence of volatile components in a sample can be determined from a TGA curve. TGA
can also be used for analysing the kinetic features of all types of 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 of trapped solvent and the

effect of this solvent on thermal stability of samples.

3.5.2 Differential Scanning calorimetry (DSC)

A DSC study was carried out to understand the effects of 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 of heat flow to a sample and to a reference is independently measured over
a range of temperature. Data is taken by monitoring the differential heat flow as a function

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

glass transition temperature (T, ), meting temperature (Ty,), crystallisation temperature (T.).

Numerous different thermal transitions are evident from DSC curves. It can be used to
obtain glass transition temperatures (Ty) of amorphous and semicrystalline polymers.
Melting points of materials can also be determined using DSC. Another useful application
of DSC is its use in establishing the crystallisation time and temperature (T,,) and also
percent crystallinity. Heats of fusion, reactions, specific heat and heat capacity can be found
out with DSC. DSC is also used in determination of oxidative stability, rate and degree of

curing and reaction Kinetics.

This thesis mainly describes the T,, Tp, and crystallinity of polymers and polymeric
nanocomposites.

The heat capacity of a liquid is higher than the respective solid, so when an
amorphous polymer is heated continuously, above its Ty, the polymer becomes rubbery or
becomes a viscous liquid and the heat capacity suddenly increases. This appears as a step in
DSC curve. The middle point of the step is taken as T, (Fig 3.4). The Glass transition is

usually considered as a finger print for a particular polymer.

In the case of semicrystalline polymers, the ordered part/s of molecular chains in the
polymer are more stable than the randomly coiled amorphous region. Extra heat is required
to maintain a constant temperature rate as a DSC suddenly increases heat to keep the
constant temperature rate until all the crystalline portion melts. This change appears as an

endothermic peak on the DSC graph. Temperature at a maximum peak height is called T,
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(Fig 3.6). Integrating the area under the peak gives the change in enthalpy (AH) of a
particular polymer or polymeric composite. The percentage crystallinity is calculated by
comparing the measured (AH) value of a polymer to the theoretical (AH) value of the same,
but 100% crystalline polymer. When a semicrystalline polymer’s melt is cooled (Fig 3.6),
some molecules lose a lot of energy to form low energy stable crystallites. This appears as a
(down) exothermic peak in the DSC cooling run. The point of maximum dip in the down

peak is described as the crystallisation temperature (T, ) (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 of their energy due to internal molecular friction and also
because of dissipation as heat. Therefore a technique is needed to determine the dynamic or
storage modulus usually denoted by G or E . Dynamic mechanical thermal analysis
(DMTA) is used for this purpose. DMTA is a useful technique for characterising the
properties of polymeric materials. The DMTA method normally provides plots of dynamic
or storage modulus (G or E) and loss modulus G'* or E** versus temperature (Fig. 3.7). The
storage modulus, G, decreases with increasing temperature because with an increase in
temperature the kinetic energy (KE) of 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 of molecules increases, intermolecular attractive forces decrease,
subsequently the loss modulus (G™") increases. The loss modulus is a measure of the
viscous behavior of material; therefore a higher loss modulus means a higher viscosity.
Equation 3.1 relates the loss modulus to the viscosity.

Gn
77 =

Eq 3.1
@

Where n is viscosity and o is the oscillatory frequency.
If G/G is plotted as function of temperature, the highest peak will appear at

(dynamic) Ty of a polymer (Fig. 3.8). G''/G is maximum at T, because at T, 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) 10
PRl
]
[
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99 -n -4 -16 10 36 63 %

Temperature (deg. C)

Fig 3.7 Storage modulus of series various PU elastomer. H433, H476... are codes for

various types of TPU /8]
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Fig 3.8 Plot of Tand of series TPU. H433, H476... are codes for various types of TPU /8].
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This is because at Ty polymer molecules gain sufficient kinetic energy to overcome
intermolecular interactions and are free to move. Above T, the polymer will become
rubbery and most of the applied stress energy is utilised in irreversible deformation. G**/G

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

d=0°

time
\/ 1b
3=90°  am
time e time
1a 1d
U”
£y
time
¢

Fig 3.9 (reproduced from www.perkinelmer.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, (1b) while a viscous response
gives an out-of-phase loss, or viscous response, (1c¢) Viscoelastic materials fall in between
these two extremes (as shown in d). For the real sample in (d), the phase angle, 3, and the
amplitude at peak, k, are the values used for the calculation of modulus, viscosity, damping,
and other properties. Where o is the stress and ¢ is the strain produced under the influence
of applied stress.

3.5.4 Tensile testing (TT)

Tensile testing is the most widely used tool to investigate the mechanical properties
of materials. Mechanical properties were measured using Zwick Roell tensile tester with
100 N load cell. In this thesis we have monitored stress-strain behavior of various CNTs
polymeric composites. A sample is clamped in the jaws/head of a tensile tester. One of the
jaws moves continuously against a static jaw to stretch the sample (until break). Applied
force/stress is plotted as a function of strain. Such a plot is termed as stress-strain curve.

Strain (g) is given by equations 3.2 and 3.3.
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Li-Lo
& =
Lo

where AL=L, - L,

Eq(3.2)

Or

AL
e=——" Eq@33
i q(3.3)

0

Where L is the initial length while L, is the final length of a sample.
Stress (o) at a point is defined as the applied force per cross sectional area and given by

equation 3.4.

gl ":1“ Eq (3.4)

where A4 is cross sectional area and in case of a film sample, is given
as A=W xT, Eq(3.5)

W is width of sample and 7 is thickness of sample.

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

for various materials.

1) The initial part of stress-strain curve is usually linear ( Fig 3.9). This part
of the curve is generally known as the elastic or proportional region. During stretching of
a sample the inter atomic/molecular bonding distance slightly increases elastically.
Therefore, the Young’s modulus is a measure of inter atomic/molecular forces. The
linearity in a stress-strain curve also represents the degree of order in a material which is
why crystalline solids have linear elastic regions compared to amorphous solids. In some
cases, the initial elastic part of a stress-strain curve may not be linear (see Fig 3.9) because
of lower inter atomic/molecular 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 of
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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 of constant
strain of the polymer chain and filler in this part. The deformation in this region is
reversible. The slope of the linear region is called Young’s modulus. This is a parameter
for measuring a material’s stiffness. The area under the elastic region of the stress strain
curve is usually termed as the resilience.

2) The point at which stress-strain curve no longer remains 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

of 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 (eg ) and stress at that
point is known as the strength at break and denoted as (og) The highest stress value in
stress-strain curve is called the ultimate tensile strength (UTS). Strength at break (eg ) and
UTS may or may not be the same. If a material breaks at the UTS point both UTS and op
will be the same, while if a material breaks at a lower stress value than UTS the UTS and
op will be different (see Fig 3.9). The total area under the stress-strain curve is called strain

energy or toughness of a material.
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Toughness ;o Strength at break

Yield point
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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 of the mechanical properties of nanotubes composites depends on the
quality of their dispersion and the level of polymer-nanotube interfacial bonding /7, 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 of the nanotubes with the polymer dispersant
[3]. 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 of solvents including water
[4-8]. In addition PVA is known to be a good dispersant of nanotubes /5-7/. In most of the
CNTs-PVA studies water has been used as solvent /4-6, 8-10].However, in recent times
alternative solvents such as dimethylsulfoxide (DMSO) have been gaining popularity for
fabrication of solution based composites /71, 12]. However, PVA is soluble in a wide range
of solvents such as DMSO, N-methyl-2-pyrrolidone (NMP) and ethylene glycol /72-15].
The solvent choice can have significant effects on the morphology of 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 [714]. 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 of 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 of solvent choice on the
mechanical properties of 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 of 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 of 3.5 nm with lengths between 1-10 micron. Due to their large
diameter they have very low density of ~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 of
polyvinylalcohol (PVA) were prepared using water, dimethylsulfoxide (DMSO) and N-
methyl-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 of the portions to give a composite dispersion. Each
composite dispersion was sonicated for 10 minutes using a high power ultrasonic tip
processor, (model GEX600, 120W, 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 solution) could be observed after settling, suggesting that a very small fraction of
the nanotube material had fallen out of solution. This sediment was then removed by
decantation to another vial. Polymer only solutions and the CNTs-polymer dispersions
were then drop cast into (40mm x 40mm x 10mm) Teflon trays. Films were then formed by
drying in a vacuum oven at 60 °C. Two sets of freestanding films were obtained for each
solvent-polymer and solvent-polymer-CNTs combination: (a) with one day drying time at
60 °C under vacuum and a second set (b) with 5 days drying under vacuum at the same
temperature. After drying the films were stored for approximately 2 days in ambient
conditions. This resulted in a small amount of water uptake by the polymer. The composite
films had mass fractions of slightly less than 0.25 wt%. Taking the densities of PVA and
DWCNTSs to be 1300 and 750 kg/m3, this results in volume fractions of Vi~0.4vo0l%.

A sample labeling scheme has been employed. This scheme is in three parts: The
first part of the sample name can be “a” or “b” depending on whether the drying time was I
day (a) or 5 days (b), the second part denotes the solvent, while the third part could be “p”
or “¢” depending on whether the sample was polymer or composite respectively. Thus

“aDMSOp” denotes a polymer sample dried for 1 day, made using DMSO as solvent.

4.3 Characterisation techniques

Thermo gravimetric analysis (TGA) measurements were carried out for all the
samples using a Perkin Elmer Pyris | TGA with a temperature scan rate of 10 °C/minute. In
general TGA is used to monitor sample oxidation. However, in this case it is used to
ascertain the level of solvent entrapment in the samples after drying. To assess the
morphological properties of the samples, Differential Scanning Calorimetry (DSC) was
performed using a Perkin Elmer Diamond DSC. Three heat runs were recorded for each
sample by repeatedly heating from 0°C to 230°C at 40°C/min. Between each heating scan a
cooling run from 230°C to 0°C at 40°C/min was also monitored. In each case, after the first
heat run, the temperature was held at 230 °C for three minutes in an attempt to evaporate
the trapped solvent. Dynamic Mechanical Thermal Analysis (DTMA) tests were performed
on Perkin Elmer Diamond DMA. Uniform strips of dimension 2.5mm x 3mm x ~0.05mm,
cut by means of a die cutter were used. Film thicknesses were measured using a digital

micrometer. These experiments were run at temperature range from —-30 °C to 170 °C with
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a frequency of 1Hz. Tensile testing (TT) measurements were carried out using the same
instrument as used for DMTA. Each reading for TT is the average of 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 (-dAM/dT) in figure 4.1. In this format, the mass loss due to oxidization/evaporation
of a given species appears as a peak. In the curves representing both polymer and
composite samples, peaks in the region of 350 °C to 500 °C were observed. These are due
to decomposition of PVA through elimination of water and pyrolysis /22, 23/ while no
peak was observed for CNT oxidation because of the extremely small quantities of 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 of residual solvent left over from the
sample preparation. These peaks are reasonably close to the positions of the solvent boiling
points (BP) of 202 °C, 189 °C and 100 °C for NMP, DMSO and H,O respectively. The
amount of 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 of trapped solvent does not include this water content.
Trapped solvent masses as a fraction of the total film mass are given in table 4.1 for all

samples.
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Fig. 4.1. Derivative TGA graphs of 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 of trapped water

did not appear to correlate either with drying time or sample type (polymer/composite). It is
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likely that most of the water actually evaporated during drying and the water observed by
TGA is actually due to diffusion of water into the films after drying. This is supported by
the fact that small quantities of water can be observed in the TGA curves for the DMSO
and NMP based samples.

Significant quantities of solvent remained trapped in both DMSO and NMP based
samples. In both cases the amount of trapped solvent was reduced for the longer drying
time. However, in each case a factor of five increase in drying time resulted in less than a
factor of two decrease in trapped solvent. In addition more solvent remained trapped in the

NMP based samples than the DMSO based samples in keeping with NMP’s higher boiling

point.
Solvent Sample Solvent T, °C (static) Tq L
content 1= [T AR (dynamic)
(%) run | run | run
H,O ap 0.8 71 13 73 80
ac 1.6 72 73 73 -
bp 1.2 71 73 73 81
be 0.8 71 7 73 82
DMSO ap 5.1 41 65 67 66
ac 3.1 43 65 69 70
bp 315 47 65 70 69
bc 3.6 49 69 72 71
NMP ap 75 37 70 2 67
ac 75| 46 70 71 63
bp 3.8 47 70 2 i
bc BT 55 71 72 7>

Tab. 4.1. Trapped solvent content and both static (at first, second, third heat run) and
dynamic glass transition temperature T, of solution based DWCNTs-PVA composites and

polymer 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.
At higher temperatures (figure 4.1), phase transitions representing melting or crystallization
were observed for heating or cooling cycles respectively. In the next section, we will
consider the glass transition while in subsequent sections we will discuss the

melting/crystallisation phase transitions.
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Fig. 4.2. T, of solution based CNT composites and polymer only samples as function of

solvent content, suggesting plasticizing effect of trapped solvent. The dotted line separates

the results of the static and dynamic measurements.
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Endothermn

Temperature °C

Fig.4.3. Low temperature portion of DSC curve for all three heat runs (first, second and
third) for each sample. In each set of (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 of 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 of 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, T, was measured as the midpoint of the
region of increasing heat flow and is presented in table 4.1. We estimate that the quoted
values of T, are accurate to with +2°C. It was observed that the T, 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 T, compared to that which would be expected for
the pure polymer. This phenomenon is illustrated in figure 4.2, which shows the T,
measured during the first heat for all solvents plotted as a function of solvent content as
measured by TGA. In general the T, tends to decrease with increasing solvent content.

As can be seen in table 4.1, in all four cases the Ty of 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 T, 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 of PVA in its dry state.

It was also found that T, of 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 T, for the composite samples/25/. The second and third T, of aDMSO and

the second Ty of bDMSO samples were lower than the second and third T, of 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 of evaporation of solvent, which reduced plasticizing
effect. In all cases the T, was 71 °C-72 °C on the third heat run which is very close to the
value of 73 °C observed for the water samples and the bDMSOc sample. This suggests that
almost all of the NMP has evaporated by the third heat run.

As measured on the first heat run the T, of 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 T, 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 T, 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 of the NMP at 60°C will be discussed in section 4.3.1. This effect results in
trapping of 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 of the NMP would reduce the amount of 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
of trapping of NMP at the interface. This is supported by the fact that the T,s 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 of NMP remain at the polymer-nanotube interface, leaving less
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solvent in the bulk polymer. This interfacial NMP would be expected to reduce polymer-
nanotube binding. This would result in greater than normal chain mobility at the nanotube
interface. Thus, chain restriction is unlikely to play a significant role in the increase in T,
for the NMP based samples. The solvent segregation at the interface is likely to be the
dominant effect. This trapped interfacial NMP has an enormous impact on the mechanical

properties of NMP based composites as will be discussed below.

Solvent Sample | A H (Jg)| % g
(error:£0.5J/g) | Crystallinity
()
H,O ap 30.840.5 22.2304 196
ac 33.440.5 24.1£0.4 195
bp 33.340.5 24.0+0.4 195
bc 32.610.5 23.540.4 190

Tab. 4.2 DSC data for first heat run for water based composites and polymer only samples.

Crystallinity measurements on the first heat

Shown in figure 4.4 are the high temperature portions of the DSC curves as measured on
the first heat run. It is important to note that the first heat run probes the morphology of the
material, as it exists immediately after film formation from solution. In all cases a melt
peak is observed in the region of 180 °C - 210 °C. The enthalpy of melting (AH,,) was
found out by numerically integrating the area under the melt peak. The fractional
crystallinity () was calculated assuming the enthalpy of melting of 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 of the aH,Op polymer sample was measured to be 22%. The
crystallinity of the aH,Oc composite sample was marginally higher at 24% as observed in
other studies [4-6]. This represents an increase, normalized to nanotube content of
dy/dVi~4.8. This value is similar to values reported for CVD-MWNT based composites but
significantly lower than those reported for DWCNTSs based composites /5/. The difference
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is probably related to different sample preparation conditions. However in the case of the
samples with longer drying time the crystallinity of bH,Op was virtually identical to the
bH,Oc sample. It is not clear at present why this is the case. The crystallinity was difficult
to estimate in the DMSO and NMP based sample because, as TGA revealed, the residual
solvents evaporate in the melt range of PVA preventing accurate measurement of the

enthalpy of melting.
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Fig. 4.4. High temperature portion of 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 of 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 of 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 of 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 of 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 NMP based samples. The data also indicated that DMSO
samples re-crystallized at approximately 140 °C while water and NMP both re-crystallize at

approximately 100 °C. One difference between the DMSO based samples and the others is
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that, as revealed by the DSC study; small quantities of the solvent may remain even after a
second heating cycle. Trapped DMSO molecules may act as nucleation sites for polymer
crystallization in the same way that some dyes nucleate crystallinity in polymers /27]. The
other reason may be some chemical reaction has been taken place between DMSO and
PVA, which brought about chemical changes. The chemical changes in polymer matrix of
solution based nanocomposites is due to the presence of residual solvent has previously

been investigated previously as well /21].

4.4.3 DMTA

For all samples dynamic mechanical thermal analysis (DMTA) was also carried
out. However, the aH,Oc¢ sample proved to be too brittle to obtain good results. DMTA is
an oscillatory technique which gives the real and imaginary components of the elastic
modulus as a function of temperature. The real part of the elastic modulus, usually called
the storage modulus is shown for the NMP and DMSO based samples in figure 4.6.

As mentioned above, DMTA results were not obtained for the aH,Oc¢ sample. However,
the room temperature storage moduli for both water based polymer samples were similar,
as expected, given the small deviation in trapped water content. The storage modulus of the
bH,Oc¢ sample was significantly higher than that of the equivalent polymer showing
effective reinforcement as has been previously observed for water based PVA-NT
composites.

As expected, an increase in storage modulus from polymer to composite was
observed for the DMSO samples. The order of increase was aDMSOc¢ > bDMSOc¢ >
aDMSOp > bDMSOp. This order holds true for all temperatures examined.
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Sample | AH. (J/g) | %Crystallinity (%) | Tc
Solvent (error:20.5J/g)
1% cool |2"™cool | 1% cool 1®cool | 2" cool
H,O ap 6.5 3.8 4.7+0.4 101 -
ac 513 23 3.9+0.4 101 -
bp 5.6 42 4.0+0.4 101 -
bc 3.7 1.8 2.6+0.4 100 100
DMSO ap 23.0 18.5 16.5+£0.4 141 130
ac 20.0 17.2 14.4+0.4 141 126
bp 22:6 18.9 16.2+0.4 141 126
be T2 R 12.8+0.4 139 124
NMP ap 4.7 - 34104 98 90
ac 20 - 1.710.4 97 91
bp 6.9 - 5+0.4 100 93
hig 5.5 23 440.4 99 92

Tab. 4.3 DSC data of cooling run for solution based composites and polymer only samples.
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Fig. 4.6. Storage modulus as function of temperature of 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 of nanotubes /20]. As a result is had been expected that use of
NMP as a solvent would result in a very good dispersion, resulting in excellent mechanical
properties. The absence of reinforcement, in the presence of a good dispersion must mean
that stress is not being transferred from polymer matrix to nanotube filler /[, 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 of NMP at CNT-PVA interface as discussed above. The
presence of 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 of interfacial stress transfer.

However, it is interesting to note that the storage modulus of NMP based composites
crosses over that of the respective polymer only samples at temperatures of ~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 of stress from polymer to
nanotube.

The dynamic glass transition temperature

The energy dissipation during dynamic mechanical measurements is proportional to
the ratio of the real and imaginary parts of the elastic modulus/28/. Better know as Tan3,
the energy dissipation tends to peak at the glass transition temperature, T,. Shown in figure
4.7 is Tand as a function of temperature for all DMSO and NMP based samples. In all
cases, a peak was observed indicating the presence of 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 t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>