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Preface

Carbon nanotubes, discovered by lijima in 1991, have been one of the most interesting
materials with exotic properties for the last twenty years. Carbon nanotubes are
typically considered as molecular-scale tubes of graphitic carbon. Depending on
numbers of carbon layers, they are categorized as single-walled and multi-walled
nanotubes. The unique structure provides nanotubes with extraordinary mechanical
and electrical properties. The outstanding properties that these materials possess have
opened new interesting research areas in nanoscience and nanotechnology.

Although nanotubes are very promising in a wide variety of fields, application of
individual nanotubes for large scale production has been limited. The main
limitations, which hinder its use, are difficulty in structure control, existence of
impurities, and poor processability. In order to improve their practical applications,
bulk nanotube materials have recently attracted increasing attentions, particularly by
formation of composites with polymers. Here nanotubes may provide good
mechanical, electrical, and thermal properties, while polymers enable them with high
flexibility, low cost, and easy fabrication.

This book focuses on the preparation and property analysis of polymers with carbon
nanotubes. The book has been divided into three parts. The first part deals with
fabrication and property analysis of new carbon nanotube structures. The second part
deals with preparation and characterization of polymer composites with CNTs
followed by the various applications of polymers with CNTs in third part.

A list of chapters is given below. The following description provides a glimpse on the
content in each book’s chapter.

Part 1. Fabrication and Property Analysis of Carbon Nanotubes

Chapter 1. Growth of Vertically Aligned Carbon Nanotubes by DC Plasma Chemical Vapor
Deposition

In this chapter a method to fabricate vertically aligned carbon nanotubes is presented.
This method produces CNTs that are highly aligned perpendicular to the substrate
surface more than those electrically oriented after dispersion on a substrate. Large area
of vertically aligned CNTs has a variety of applications such as field electron emitters
for cathode ray lighting tubes, field emission displays etc.
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Chapter 2. Carbon Nanotubes Engineering Assisted by Natural Biopolymers

The latest ten-year progress on key topics for CNT engineering assisted by
biopolymers has been reviewed. The methods to obtain dispersion, purification and
specific chiral separation for CNTs assisted by biopolymers have been developed.

Chapter 3. Elastic Properties of Carbon Nanotubes

An equivalent model is established in this chapter based on the basic principles of the
anisotropic elasticity and composite mechanics for the anlaysis of the elastic properties
of graphite sheet at the nanometer scale. With this equivalent model, the relationship
between the nanotube structure and the graphite sheet is built up and the radial scale
effect of the elastic properties of CNTs is investigated.

Part 2. Preparation and Characterization of Polymer Composites with CNTs

Chapter 4. Polymer Carbon Nanotube Nanocomposites

This section starts with nanoparticle polymer fabrication. This chapter provides in-
depth information on the preparation, alignment, properties and applications of CNT
polymers.

Chapter 5. Functionalization of Carbon Nanotubes

This chapter focuses on the frequently used methods to functionalize CNTs namely
covalent and non-covalent strategies. It also discusses the frequent methods and
alternative methods that have been developed in the recent past for facile
manipulation and processing in physiological environments to overcome difficulties in
processing CNTs.

Chapter 6. Preparation and Applicability of Vinyl Alcohol Group Containing Polymer/MWNT
Nanocomposite Using a Simple Saponification Method

In this chapter the properties and applicability of highly porous VOH group
polymer/MWNT nanocomposites produced by simple saponification method have
been investigated.

Chapter 7. Reinforcement Effects of CNTs for Polymer Based Nanocomposites

In this chapter different reinforcement effects of two kinds of CNTS (MWCNT-7 and
VGCF) in two types of nanocomposites (three phase hybrid CFRP laminates and two
phase CNT/polymer nanocomposites) have been presented with results.

Chapter 8. Characterization of Nanotube-Reinforced Polymer Composites
The chapter focuses on the structure and morphology of the polymer nanotube
composites and the consequences of these structures on their performance.

Chapter 9. Carbon Nanotubes as Conductive Filler in Segregrated Polymer Composites -
Electrical Properties

In this chapter the conductivity of PVC/MWCNT and UHMWPE/MWCNT composites
under different conditions is presented with analysis of the variation of conductivity
under different conditions.
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Chapter 10. Conductivity Percolation of Carbon Nanotubes in Polyacrylamide Gels

This chapter focuses on testing the critical phenomena of the gelation and conductivity
as a function of MWNTs concentration. Through experimental results it is observed
that if polymer systems, which are initially of isolator character, are doped with
carbon nanotubes of nano dimensions and if the amount of such addition exceeds a
critical value then the composite gel systems with carbon nanotubes addition become
capable of electrically converting into conductor structure.

Chapter 11. Electrical Properties of CNT Based Polymeric Matrix Nanocomposites

In this chapter a detailed study on the experimental conductivity and scaling laws
thereof, for the four polymer matrix-polyvinyl butyral, Polydimethylsiloxane, Epilox™
and Henkel Resin Hysol EA-9360 as a function of CNTs volume fraction, is presented.

Chapter 12. Polymer Composites with Carbon Nanotubes in Alignment
This chapter discusses the preparation of aligned nanotube/polymer arrays, films and
fibers with emphasis on the improved mechanical, electrical and sensing properites.

Chapter 13. Silanization of Carbon Nanotubes: Surface Modification and Polymer
Nanocomposites

This chapter focuses on the importance of silanization to link nanotubes to other
nanoforms or other materials. It also demonstrates that silanization process is an
effective way to significantly improve the interface and therefore the properties in
polymer nanocomposites.

Chapter 14. Prediction of the Elastic Properties of Single Walled Carbon Nanotune Reinforced
Polymers: A Comparative Study of Several Micromechanical Models

This chapter investigates four homogenization schemes and validates them against FE
analysis of unit cells or representative volume elements (RVEs) for the prediction of
the elastic properties of SWNT/Polymer composites.

Chapter 15. About Grafting of Single-Walled Carbon Nanotubes on the Oligo-N-Vinyl
Carbazole and Copolymer Involving N-Vinylcarbazole and Hexylthiophene

This chapter starts with a study of the evolution of the structural and optical
properties of composites based on oligo-N-Vinyl carbazole mixed with SWNTs as a
function of the solvent nature and temperature annealing, then it proceeds to
describing the grafting process between carbon nanotubes and the OVK molecules
through theoretical studies based on Density Functional Theory (DFT).

Chapter 16. Giant Moment Enhancement of Magnetic Nanoparticles Embedded in Multi-
Walled Carbon Nanotubes : Consistent with Ultrahigh Temperature Superconductivity

In this chapter detailed magnetic properties of multi-walled carbon nanotubes
embedded with Ni, Fe and Fe magnetic nanoparticles are presented along with
possible microscopic mechanisms for high temperature superconductivity in carbon
nanotubes.
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Chapter 17. Carbon Nanotubes Influence on Balk and Surface Properties of the Optical Materials
Influence of the carbon nanotubes on alignment ability, polarization features,
dynamic, photoconductive and photorefractive characteristics as well as on
mechanical hardness and spectral parameters have been presented.

Part 3. Applications

Chapter 18. The Application of Carbon Nanotube to Bone Cement

In this chapter various systems of bone cement reinforced with carbon nanotube were
fabricated and the mechanical properties of the bone cement were characterized using
tensile as well as compressive analysis and dynamic mechanical analysis.

Chapter 19. Single Walled Carbon Nanotubes as a Molecular Heater for Thermoresponsive
Polymer Gel Composite

Utilization of single walled carbon nanotubes (SWNTs) as photon antenna that serves
as an effective molecular heater around the NIR regions is presented.
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Growth of Vertically Aligned Carbon Nanotubes
by RF-DC Plasma Chemical Vapor Deposition

Yasuaki Hayashi, Hideto Sawada and Hideyuki Takagi
Kyoto Institute of Technology

Japan

1. Introduction

Large-area, vertically aligned CNTs have a variety of applications like field electron emitters
for cathode ray lighting tubes (Saito et al., 1998), field emission displays (FED) (Sohn et al.,
2001; Wang et al., 2001), backlight flat lamps in liquid-crystal displays (Bonard et al., 2001;
Yoo et al., 2007), X-ray sources (Yue et al., 2002; Haga et al., 2004), as well as large surface-
area electrodes for super-capacitors (Frackowiak et al., 2000; Futaba et al., 2006; McDonough
et al.,, 2009), because of their higher aspect ratio and longer lifetime. A high electric field in
the sheath generated in plasma enables self-standing and vertically aligned growth of
carbon nanotubes (CNT) on substrates during plasma enhanced-chemical vapor deposition
(PE-CVD). Power sources of direct-current (DC) with and without hot-filaments (Ren et al.,
1998; Huang et al., 1998; Hayashi et al., 2001; Chhowalla et al., 2001), microwave (Sung et al.,
1999; Murakami et al., 2000; Hayashi et al., 2002; Kojima et al., 2005), and radio-frequency
(RF) (Hirao et al., 2001; Delzeit et al., 2002; Honda et al., 2003; Sato et al., 2006) have been
utilized for generating plasma in vertically aligned growth of CNT by PE-CVD. DC plasma
can generate the sheath of high electric field on the cathode. High electric filed sheath can
also be generated on RF electrode by self-bias, but only under lower gas pressure (Hirao et
al., 2001; Kaneko et al., 2005). Both DC and RF plasmas have the potential for large-area
growth of CNT. Higher density plasma can be generated by DC or microwave power
sources.

Vertically aligned CNTs are grown owing to a pull-up force exerted by the high electric field
in the sheath formed on a substrate.Increasing the gas pressure makes the sheath thinner to
form a higher electric field on the substrate without increasing ion bombardment energy
(Hayashi et al., 2010). Therefore, DC plasma has the potential to grow vertically aligend
CNTs on a large-area substrate under high gas pressure. The problem of applying DC
plasma for the growth of CNTs is the instability of DC glow discharge by occasionally
generated arcing. Hence, a new plasma CVD method called RF-DC plasma CVD was
developed (Hayashi et al., 2006; Hayashi et al., 2010). This method applies DC plasma under
assistance of RF plasma for discharge stabilization. It was demonstrated that, with an
increase in the RF power, the firing potential of DC discharge decreases and the DC
discharge current for the same discharge voltage increases. These features of RF-DC plasma
mean that the impedance of DC discharge decreases under RF plasma generation. Arcing
occurs occasionally at the cusped points on the electrodes, where high electric fields exist.
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Stable glow discharge can continue with less frequent arcing under the condition of low
impedance. Thus, with the generation of RF plasma, the DC glow discharge is more stable.
The perpendicular alignment of CNTs grown by PE-CVD on a substrate surface is more
than that of CNTs oriented electrically after dispersion on the substrate. However, the
density of aligned CNTs grown by PE-CVD as well as thermal CVD is too high to decrease
the electric field at their tips. The density by PE-CVD is of the order of 10°/cm?2, which
corresponds to an average spacing between CNTs of a few hundred nm. In comparison, the
density of CNTs formed by thermal CVD is of the order of 1019/cm2. The enhancement
factor of electric field at the tip of CNT decreases with the increase in spacing between them
because of the field-screening effect. It was calculated that the maximum density of field
electron emission is obtained when the spacing between CNTs is comparable to their height
(Nilsson, 2000; Suh, 2002; Jo, 2003). The spacing for CNTs grown by PE-CVD is generally
much larger than the height. Therefore, to increase the density of field electron emission
from aligned CNTs, the density of CNTs should be reduced by controlling the growth or by
the method of post-treatment. For example, the growth of pattered arrays was controlled
using electron beam lithography of catalyst (Teo, 2002), or by post-treatment carried out by
a process with energetic plasma ions (Weng, 2004).

This chapter first shows the features of RF-DC PE-CVD plasma obtained through the
diagnostics by the method of Langmuir probe, and the result of CNT growth analysis. Second,
it shows the increase in density of field electron emission by the dip-dry method of post
treatment, which is simple and suitable for vertically aligned CNTs grown over large-area.

2. Vertically aligned CNT growth by RF-DC PE-CVD

2.1 Experimental system of RF-DC PE-CVD

Figure 1 shows the schematic of the RF-DC plasma CVD system. Three electrodes (i. e., a
13.56 MHz RF electrode, a grounded electrode, and a DC cathode) are vertically fixed
parallel to each other in a vacuum chamber. The distance between the RF and the grounded
electrode is 10 mm, and that between the DC cathode and grounded electrode is 15 mm. The
DC cathode, which is round in shape with 110 mm in diameter, having a hole at the center,
also plays the role of a substrate holder. A substrate up to 75%x75 mm?2 can be mounted on
the cathode. An RF plasma is generated between the RF electrode and the grounded
electrode, while a DC plasma is generated between the DC cathode and the grounded
electrode. The grounded electrode is ring-shaped to facilitate passage of a part of the RF
generated plasma into the space of DC discharge. The inside of the ring is covered with a
mesh or wires, or is left without them. RF power induces not more than 500 W to the RF
electrode. a negative bias not more than 650 V is applied to the cathode electrode. Substrate
temperature is measured with a pyrometer at the backside of the substrate or on the surface
of the substrate through the center hole of the RF electrode.

2.2 Features of RF-DC plasma

Figure 2 shows the relationship between the voltage and the current of DC discharge with
and without RF plasmas in pure hydrogen, measured in the RF-DC plasma CVD system.
The current shows average values measured with increasing and decreasing voltage. The
firing potential without RF plasma was approximately 300 V, which decreased to a voltage
of around 100 V with RF plasma. The discharge voltage decreased from 350 V to 270 V
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Fig. 1. Schematic of the RF-DC plasma CVD system. RF plasma and DC plasma are
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Fig. 2. Relationship between voltage and current of DC discharge with and without RF
plasma in pure hydrogen.

at 0.5 A current, and from 380 V to 340 V at 1.0 A current by the generation of RF plasma
with a power of 500 W. The impedance of DC discharge decreased with the increase of RF
power.

In DC plasma, arcing occasionally occurs at cusped points on the surface of an electrode
because high electric fields are formed there. During the fluctuation of plasma state, the
electric field at a cusped point accidentally exceeds the value of arcing induction. In order to
prevent arcing, DC voltage should be lowered to within the limit of discharge continuation.
Thus, stable DC discharge with less arcing is expected under the condition of low
impedance.
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Fig. 3. Features of RF-DC plasma. (a) DC voltage and RF power dependence of electron
temperature (Te) and electron density (ne). (b) Electron energy distribution function (EEDF)
for DC voltage of 300 V and 400 V with RF power of 500 W.

The plasma diagnostics of RF-DC plasma was carried out by the method of Langmuir
probe. The tip of Langmuir probe was a tungsten wire of 0.3 mm in diameter and 10 mm
in length. The probe was set parallel to the cathode surface at a distance of 10 mm and its
longitudinal center at 10 mm from the center axis of electrodes. The diagnostic result is
shown in Fig.3. Figure 3(a) shows the dependence of electron temperature and density on
DC voltage under a constant RF power of 500 W (upper), as well as their dependence on
RF power under a constant DC voltage of 350 V (lower). The electron temperature
decreases with increase of DC voltage or with decrease of RF power. In other words,
higher electron temperature is obtained under a larger influence of RF plasma. Electron
density gradually increases with increase in DC voltage and RF power. Typical electron
energy distribution function (EEDF) for DC voltage of 300 and 400 V with RF power of
500 W is shown in Fig.3(b). Comparatively higher energy electrons exist under the
condition of higher RF power, i. e., they increase with the increase in ratio of RF power to
DC discharge voltage. Because the binding energy of H-H and C-H is 4.5 eV and 4.3 eV,
respectively, electrons of energy higher than these values promote the dissociation of
hydrogen and hydrocarbon molecules in a plasma. Active species for the growth of CNTs
are produced by such energetic electrons.

2.3 Growth of vertically aligned CNTs

Iron foil substrates of 0.2 mm thickness, which had been ultrasonically cleaned in ethanol,
were fixed onto the cathode electrode. They were pretreated before CNT growth in a pure
hydrogen plasma under a DC voltage of 350 V with RF power of 500 W and pressure of 2200
Pa for 15 min. Methane gas was added to hydrogen by 20% under the same operating
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pressure during the growth of CNTs for 15 min. The DC voltage was increased from 470 V to
620 V to maintain the substrate temperature at 700 °C throughout the pretreatment and
growth process. For comparing the effect of RF plasma, CNT growth was also carried out
with a lower RF power of 300 W at the same substrate temperature.

2.3.1 Vertically aligned CNTs

Figure 4 shows scanning electron microscopy (SEM) images of vertically aligned CNTs,
grown with an RF power of 500 W. Multi-walled CNTs of several tens of nm in diameter
and several microns in length are observed. The density of the CNTs is of the order of
109/cm2. All of the CNTs have catalyst iron particles at their tips. Individual CNT grew self-
standing without sticking to each other by the van der Waals attraction. Such vertically
aligned CNTs were observed to grow all over the surface of the iron foil substrate of 75 mm
x 75 mm dimension (Hayashi et al., 2010). CNTs grown with RF power of 300 W showed
similar alignment in growth as shown in Fig.4. The length of CNTs was found to be about 6
pm. Raman analysis of the CNTs showed the peak height ratio of Graphite to Defect (G/D)
vary between 1.1 and 1.3.

4

Fig. 4. SEM images of vertically aligned CNTs.

2.3.2 Early stages of growth of vertically aligned CNTs

To analyze the early stages of vertically aligned growth of CNTs, the substrate surface was
observed by SEM. The SEM images of substrate surface after 1 min growth of CNTs under the
condition of RF power of 300 W (a) and 500 W (b) are shown in Fig.5. They show isolated or
strung particles of more or less 100 nm and smaller particles of a few to several tens of nm in
sizes. The smaller particles are observed more remarkably for the 500 W RF power (Fig.5(b)).
Some short fibers of few tens of nm in diameter, which should be the sprouts of CNTs, are
observed in magnified oblique views. The fibers grown with 500 W RF power are longer than
those with 300 W RF power. The result means that the initial growth of CNT with 500 W RF
power is faster than that with 300 W RF power. As was discussed in section 2.2, because
electron temperature increases with the increase of RF power, more active species for the
growth of CNTs are produced under the condition of 500 W RF power. However, the
diameter of the short fibers is smaller than that of the vertically grown CNTs in Fig.4. The
growth of CNT can be explained by the vapor-liquid-solid (VLS) growth model (Tibbetts,
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(a) ()

Fig. 5. SEM images of substrate surface after 1 min growth with RF power of (a) 300 W and
(b) 500 W. Upper and lower images are top and magnified oblique views, respectively.

1984; Kanzow & Ding, 1999; Hayashi et al., 2005), which advocates that thinner CNTs grow
faster because smaller catalyst ion particles absorb and extract carbon faster. Therefore, the
thicker CNTs that are observed in Fig.4 should grow later and survive ion bombardment.

3. Field emission properties and post treatment of vertically aligned CNTs

3.1 Field emission properties of vertically aligned CNTs

Field emission properties of vertically aligned CNTs grown by RF-DC PE-CVD were
investigated under the application of high voltage in the base pressure of 4X10> Pa.
Negative bias voltage was applied to the CNTs on an iron substrate with a grounded
counter electrode. The two electrodes were spaced at 240 pm apart. Figure 6 shows the
dependence of the field emission current per unit area (which is defined as if electrons emit
uniformly over 0.3 cm in diameter) on the applied voltage (a) and its Fowler-Nordheim plot
(b) for CNTs grown by RF-DC PE-CVD at RF power of 500 W. The slope ‘b’ of linear relation
of Fowler-Nordheim plot in higher applied voltage (lower 1/V) is expressed as

b= —6.83x107d ¢3/2/B (V) (1)

;where d, ¢ and S are electrode spacing (in cm), the work function (in eV) and field-
enhancement factor, respectively (Ishikawa et al., 1993; Forbes, 1999). When d = 240 ym
and ¢ =4.7 eV (Gao et al., 2001) 3 =1.7x103 is obtained for the slope in Fig.6(b), by eq. (1).
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Fig. 6. Relationship between field emission current and applied voltage for CNTs grown by
RE-DC PE-CVD with RF power of 500 W. (a) Dependence of current density on applied
voltage. (b) Fowler-Nordheim plot of The data shown in (a).

3.2 Effect of post treatment of vertically aligned CNTs

The density of vertically aligned CNTs grown by CVD is so high that the field-screening
effect (Nilsson et al., 2000; Suh et al., 2002; Jo et al., 2003) decreases electron emission current
as a result of decrease of field-enhancement factor. In order to increase emission current by
restricting the field-screening effect, the dip-dry post-treatment method was carried out to
assemble vertically aligned CNTs into conics. Such a post-treatment had been done by
embedding CNTs into a silicon dioxide, followed by HF etching, water rinsing, and nitrogen
drying (Busta et al., 2004). However, in this case, approximately only ten CNTs were
bundled together, which is not enough for the purpose. Therefore, we developed a simpler
and effective post-treatment process, in which CNTs were first dipped in ethanol or distilled
water, and air dried. The SEM images of CNTs post-treated by above method are shown in
Fig.7 and Fig.8.

: — ! 2501 nmd'i; 250 nm
Fig. 7. SEM images of post treated vertically aligned CNTs. The left two are top views and
the right is an oblique view.

Figure 7 shows that CNTs are bundled at the tips while their bottoms are left at stuck
positions on the substrate. They form conics and decrease the number of electron emission
sites. The mechanism of CNT bundling can be explained by the fact that capillary and
surface tension forces of solutions act on CNTs at their flexible tips during drying (Busta et
al., 2004; Futaba et al., 2006; Hayamizu et al., 2008) and that the tips of CNTs gather to each
other by the van der Waals interactions after they are completely dried.
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Fig. 8. SEM images of post treated vertically aligned CNTs; (a) dipped and dried in ethanol,
(b) dipped and dried in distilled water.

The density of as-grown CNTs shown in Fig.4 was 4.4x10° cm2. The number of CNT
bundles after post-treatment in ethanol and distilled water was 3.9x107 cm2 and 2.2x107 cm?2,
respectively. The result means that around 100 CNTs were bundled by the post-treatment in
ethanol and more than 100 CNTs in distilled water. The tips of bundled CNTs post-treated
in ethanol are more tightly stuck together compared to those post-treated in distilled water
(Fig.8). The surface tension of ethanol at 20 °C is 22.40 mN/m, while that of distilled water
at 20 °C is 72.75 mN/m. Since higher surface tension gathers larger number of CNTs against
restoring force from the bottom during drying, more CNTs are bundled in distilled water
than in ethanol. After complete drying, the restoring force spreads out bundled CNTs
competing with the van der Waals attractive force, especially for bundles formed by larger
number of CNTs.

The field emission properties of post-treated CNTs and as-grown ones were compared. Small
chips, which were cut from a sheet of 50 mm % 50 mm vertically aligned CNTs on an iron foil
grown by RF-DC PE-CVD, were used for the measurement. The relationship measured
between field emission current and applied voltage are shown in Fig.9. Highest current
density is obtained for CNTs post-treated in ethanol. It is followed by CNTs post-treated in
distilled water, and then by the as-grown CNTs. The field-enhancement factors for post-
treated CNTs in ethanol, distilled water, and as-grown ones, evaluated from the slope in the
Fowler-Nordheim plot were 2.9x103, 2.0x10 3, and 1.8x10 3, respectively. The result indicates
that the evaluated field-enhancement factors reflect the field-screening effect.

4. Summary

Large-area, vertically aligned CNTs were grown by DC plasma-enhanced CVD under RF
plasma assistance. The firing potential and discharge current in a DC plasma was found to
decrease with an increased power of RF plasma. In the plasma, stable glow discharge
continued with less arcing. Higher energy electrons increased with the increasing ratio of RF
power to DC discharge voltage. They promoted radical production in plasma, leading to
increase in CNT growth rate.

Field emission properties of as-grown and post-treated vertically aligned CNTs, grown by
RE-DC PE-CVD, were investigated. Dip-dry post-treatment in ethanol was effective for
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Fig. 9. Relationship between field emission current and applied voltage for as-grown CNTs
(red circles) and post-treated CNTs in distilled water (green triangles) and in ethanol (blue
rectangles).

reducing the density of field-emission sites, leading to a restriction of the field-screening
effect, increasing the field-enhancement factor and consequently improving the field
emission property of vertically aligned CNTs.
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1. Introduction

For the application of carbon nanotubes (CNTs), there are many practical problems to be
solved. Large scale as-produced CNT especially single-walled CNTs (SWCNTSs) inevitably
contain impurities that produced in their growth process (Huo, et al. 2008) As-produced
SWCNTs normally are of different chirality (Kataura, et al. 1999) Untreated CNTs are of
high surface area and align into big bundles for their strong Van Der Waals attraction. The
high aspect ratio and strong attraction between CNTs further leads to the physically
entanglement of CNT ropes. The strong aggregation of CNTs gives rise to a highly complex
network makes their uniformly dispersion into other substances hard to be achieved
(Mitchell, et al. 2002). Engineering CNTs thus need variety of technologies to achieve CNT
purification, separation, dispersion, stabilization, alignment, functionalization and
organization (Baughman, et al. 2002). Many physical and chemical approaches have been
developed to achieve these goals since the discovery of CNTs (Tasis, et al. 2006). On the
route to the engineering of CNTs, biopolymer covalently and noncovalently
functionalization of CNTs has been found to be promising way in highly effective
realization these technologies. Initial great progress on dispersion of CNTs (Barisci, et al.
2004), CNT liquid crystal phase formation (Badaire, et al. 2005) and selective chiral SWCNTs
enrichment (Zheng, et al. 2003) assisted by biopolymer DNA reveal that biopolymers are
promising agents for high quality CNT materials preparation, which has soon attracted
wide attentions on biopolymers assisted CNT engineering. Now widely obtainable, large
scale production and low price agent polysaccharides have been found to be easier and
commercially acceptable for achieving such goals. High concentration CNTs single
dispersion and stabilization could be simply achieved by varieties of polysaccharides such
as chitosan (Zhang, et al. 2007), gellan gum (Panhuis, et al. 2007), hydraulic acid (Moulton,et
al. 2007) and etc. Physical purification of CNTs by chitosan funcitonalization has been
approved to be easy processing and effective (Yang, et al. 2006). Aligning CNTs through
liquid crystal phase of CNTs dispersed by polysaccharides has also been developed. The
stable dispersed CNTs by biopolymers were further introduced into biomedical applications
such as tissue engineering and drug delivery system, which broaden the application range
of CNTs. For the bioactivity of biopolymers, their composites with CNTs provide excellent
sensing performance. The biomimetic actuation based on CNT/biopolymer devices have
also initially been shown to be of large and fast actuation displacement under low voltage
electrical stimulation.
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2. Supramolecular self-assembly of biopolymers onto CNT surface

To engineering CNTs, such as dispersion CNTs into solution for further manipulation or
preparing CNT composite materials, functionalization of CNTs is usually adopted. There
are two approaches for CNT functionalization, covalent and noncovalent as illustrated in
figure 1 (Hirsch, 2002). Prestine CNT surface could be chemically modified through
oxidation and grafting processing or reversibly absorbing amphiphilic molecules.

Fig. 1. Schematic illustration for the covalent end (1) and side wall (2) functionalization of
CNTs by oxidation and grafting reaction and noncovalent (3) functionalization of CNTs by
surface absorbing amphiphilic molecules.

The covalent bond attaches functional groups on the side wall or end of CNTs to obtain
desired functions. Covalent approach inevitably changes the intrinsic electrical, mechanical
and thermal properties of CNTs, which are important for their variety of applications.
However, the strong covalent bond between molecules and CNTs also has advantages in
many aspects (Balasubramanian, et al. 2005; Dyke, et al. 2004; Banerjee, et al. 2005). For
example, it could reinforce interfacial adhension between CNTs and composite matrix.
Covalently functionalized CNTs could be used as stable nano-template for further
supramolecular assemble of target molecules. Covalently functionalization of CNT could be
controlled to adjust electrical performance of functionalized CNTs that may have higher
sensitivity of target molecules.

The noncovalent functionalization of CNTs based on the supramolecular chemistry theory
(Lehn, 1985) studies the organization of molecules with CNTs through weak interactions
that provide variety of functions without changing CNT properties. The weakly absorbed
biopolymers could be removed by varying the solution environment, which favours the
realization of CNT excellent electrical, mechanical, thermal and interfacial performances.
The surpramolecular chemistry of CNTs for the noncovalent functionalization of CNT
(Zhao, & Stoddart 2009) has thus been intensively studied for the CNT engineering. In this
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field, of biopolymer noncovalent functionalization of CNT has attracted great attentions for
their important roles in variety of CNT applications.

Earlier than theoretical understanding the interaction mechanism between biopolymers and
CNTs, helical crystallization of proteins on CNTs has been experimentally observed earlier
in 1999 and attributed to order structure of hydrophobic CNT surface (Balavoine, et al.
1999). Later researches have shown that CNTs are effective on reinforcing the crystallization
of biopolymers such as bombyx mori silk, poly(L-lactide), poly(e-caprolactone),
polyhydroxyalkanoates and streptavidin. (Levi, et al. 2004; Ayutsede, et al. 2006; Yun, et al.
2008; Wu, et al. 2006). To understand the mechanism of CNT induced biopolymer
crystallization, FTIR online test method was adopted to analyze the influence of CNTs on
the crystallization of biopolymer poly(L-Lactide) and reveal that CNT reinforced
biopolymer crystallization is originated from surface induced biopolymer conformational
order. (Hu, et al. 2009) A recent study also show that CNT could reinforce the piezoelectric
actuation performance of regenerated cellulose while the reinforced crystalline is in
agreement with it. (Yun, et al. 2007).

The widely used polysaccharides amylose (Kim, et al. 2003), chitosan (Zhang, et al. 2007),
hydraulic acid (Moulton, et al. 2007), gellan gum [Panhuis, et al. 2007] and cytlodextrin
(Komatsu, et al. 2008) have been found to be helically wrapped on CNT surface. As has been
shown in figure 2, the biopolymer chitosan helically wrapped on CNT surface, which favour
CNT solubilisation in water. Some theoretical calculations prove the helical wrapping on
CNTs is the optimal configuration for polymers of rigid molecular chains (Xie, et al. 2005;
Gurevitch, et al. 2007). Recent experiment revealed that the absorption of biopolymer
chitosan on CNT surface influence by the deacetylation degree of chitosan molecular chain
(lamsamai, et al. 2010). Low deacetylation degree provide more hydrophobic sections that
favour the absorption of chitosan on CNT surface and results in better stability of CNT
suspension in the experiment though high deacetylation degree provide higher electrostatic
repulsive force that should favour the stabilization of CNTs as colloidal. This interesting
solution behaviour of chitosan wrapped CNTs reveals that the interaction between
biopolymer and CNT surface is more important for their stabilization than the traditional
key issues that determine colloidal behaviours.

Fig. 2. (A) Single helical and (B) double helical wrapped CNTs, scale bar 5 nm.
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The interaction between DNA and CNT surface has been intensively studied (Johnson, et al.
2010; Gao, et al. 2008; Shtogun, et al. 2007). DNA molecular chain composes of four bases
adenine (A), cytosine (C), guanine (G), and thymine (T). They have been experimentally and
theoretically approved to be of high affinity contact with CNT sidewalls. Very recent
research compared the energy variation for the binding of four bases with CNT in water.
The interactions of water-CNT, water-bases and base-CNT have been found to important for
the binding free energy of the four bases with CNT in water separately. As a result the
base’s affinity for CNT binding follows the trend G>A>T>C. Base-CNT interactions are
dominated by -1 stacking interactions with solvent and entropic effects playing a minor.
The sequence of DNA motifs further influences their absorption on CNT surface and their
stability in water.

3. Dispersion and stabilization of CNTs assisted by biopolymers

The initially works on studying the cooperation of biopolymers with CNTs were to assist
CNT dispersion (Kim, et al. 2003). To understand the dispersion and stabilization of CNTs
in water by biopolymers, we should first study the interaction between CNTs and water for
the assembly of biopolymer onto CNT surface is mostly achieved in water environment and
the assembly indeed forms on the CNT-water interface of unpolar-polar interfacial
inducement force. As we have mentioned above, pristine CNTs have the strong attendance
to aggregate in water making their dispersion in water without surface treatment hard. In
recent years there have been a lot of researches on understanding the mechanism of CNT
aggregation in water. A typical molecular dynamic stimulation has theoretically attributed
the aggregation of CNTs to the solvation interaction of polar water molecules around
unpolar CNTs surface (Walther, et al. 2001). This solvation interaction causes the hydrogen
atoms of water molecules point to the surface of CNTs, leading to higher orientation of
water molecules around CNT surface than that in the bulk water. The orientated water
molecules give a rise in the energy of those molecules around CNTs and force CNT
aggregate into bundles to minimize the system energy rise.

Some very initially works has been done to solve this problem by the chemical modification
of CNT surface, transferring hydrophobic unpolar CNT surface into hydrophilic polar one.
However, the chemical modification of CNT create large amount of defects on CNT surface,
leading to the variation of intrinsic CNT electronic structure, which changes the electric
performance of CNTs and limits the application of CNTs in variety of fields (Robinson, et al.
2006).

For comparison, physical approach that is called noncovalent functionalization has been
found to be a promising method for the preservation of intrinsic CNT surface structure and
their variety of properties. This approach was initially proposed in 2001 for the PVP assisted
dispersion of CNT in water (O'Connell, et al. 2001). The supramolecular self assembly of
small molecules such as lipid derivatives on CNT surface has been detailed studied in 2003
(Richard, et al. 2003). The CNT-water interface direction the ordered structure of lipid
derivatives onto CNT surface could lower the system energy. After that, non-covalent
functionalization of CNTs by supramolecular self-assembly of biopolymers on CNT surface
has been found to be of excellent effect for CNT dispersion. Gum Arabia, the ancient
biopolymer dispersant was introduced to stabilize SWCNTs. The dispersion could be
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concentrated into suspension of SWCNT concentration as high as 150 mg/mL, the highest
concentration for SWCNTs (Bandyopadhyayaet al. 2002). The Hyaluronic acid
functionalized CNTs at high concentration of 10mg/mL shows anisotropic birefringence
phenomenon, indicating the liquid crystal phase of biopolymer functionalized CNTs.

Within all those biopolymers functionalized CNTs, Chitosan wrapped CNT is one of most
important one for their potential application in variety of fields, such as drug delivery,
tissue engineering, electrochemical sensing and actuation. Chitosan wrapped CNTs could be
directly dispersed at concentration of 3mg/mL (Lynam, et al. 2007). However, chitosan
wrapped CNT could only stabilized in acidic solution. In year 2007 Zhang et al. investigate
solution behaviours of chitosan wrapped CNTs (Zhang, et al. 2007). To reveal the influence
of electrostatic interaction on the stabilization of chitosan wrapped CNT, derivates of
chitosan has been used as shown in figure 3. The groups that containing -NH> and -COOH
would only be charged in acidic and basic environment separately while the group
CH>CHOHCH>CN(CHj3)3*Cl- charges in the whole pH range.

OR; R,=H or CH,COOH
RZZH
© or CH,COOH

or C=OCH,CH,COOH

or CH2CHOHCH2CN(CH3)3 N Cr
NHR, |,

Fig. 3. Molecular structure of chitosan and its derivates

The comparative characterization indicates that electrostatic repulsive force of the charged
chitosan and its derivate molecular chains could stabilize their wrapped CNTs. The
aggregation of chitosan and its derivate wrapped CNTs happens when they were
discharged by changing the pH value of their suspension. When the pH value of suspension
for chitosan wrapped CNTs is higher than 6.59, the -NH;3* group deprotonated into -NH»
and precipitate could be observed. The CNTs functionalized by chitosan derivates that
contains COOH group deprotonate in acidic environment of pH lower than 4.66 aggregate.
The chitosan derivate containing group CH;CHOHCH>CN(CH3);*Cl- show no aggregation
in whole pH range. But the aggregation mechanism has not been fully understood.
Amylase, which has very similar structure of chitosan and no charge group on its molecular
chain, can also stabilize CNT in water. As has been mentioned above, the impact of
deacelytation degree on CNT stabilization reveals the electrostatic force is not the dominant
fact for chitosan wrapped CNT stabilization. Some research found that the ammonia group
in chitosan molecular chain has strong affinity to CNT surface (Long, et al. 2008). Previous
research has also shown that the interaction between chitosan and CNT are chiral
dependant. Considering chitosan itself aggregates in water in the neutral and basic pH
range while chitosan oligosaccharide, which has the same molecular structure of chitosan
but shorter chain length, could be solubilized in neutral and basic solution, the molecular
chain length should also has impact on chitosan wrapped CNT stabilization. Thus the full
image of chitosan wrapped CNTs stabilization mechanism is still complicated and unclear.
Further investigation is needed.
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4. Purification and selective enrichment SWCNTs by biopolymers

Commercially available CNTs large scale produced by either arc discharge or chemical
vapor deposition methods inevitably contain carbonaceous impurities as shown in figure 4.
Those impurities not only largely lower the performance of CNTs and their composite
materials but also invalid the manipulation of CNTs as micro system devices. To remove
those impurities, purification of CNTs has been studied for more than ten years. Though lots
of chemical approach has been widely studied for multi-walled CNTs and few-walled
CNTs, purification of SWCNTs is still a problem for the chemical durability of SWCNT is
too weak to be remained when the carbonaceous impurity removed.

Fig. 4. Scanning electron microscopic image for raw SWCNTs, scale bar 100 nm.

Impurities and CNTs are of different elements, structure, size, density, which lead to their
different chemical and colloidal behaviours. The surface properties of impurities should also
be different from that of CNTs especially the interaction with biopolymers. In this aspect,
biopolymers show incomparable efficiency. In year 2002, amylose functionalized SWCNTs
could be purified for the better affinity of amylose to SWCNTs than carbonaceous
impurities. (Star, et al. 2002). In our experiment, as shown in figure 5, we also found that
gellan gum functionalized SWCNTs could also be separated from carbonaceous impurities
by centrifuging their co-suspension (Lu, & Chen, 2010).

Fig. 5. Purification of CNTs by the stonger affinity of biopolymer onto CNTs (the upper
suspended units) than that of impurities (the bottom aggregated units)
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Beside the removal of carbonaceous impurity, further purification of SWCNTSs requires
sorting SWCNTs of different chiralities. Biopolymers are not only capable of separating
SWCNT from carbonaceous impurities but also show high efficiency on selective enriching
specific chiral SWCNTs. As we know that metallic and semiconducting SWNTs are different
in several aspects, in addition to their obvious differences in electrical conductivity,
including static polarizability and surface characteristics, chemical reactivity, and so forth.
They are also associated with SWNTs of different diameters.

In year 2003 Zheng et al found that anionic exchange column could separate ssDNA
wrapped metallic SWCNTSs from that of semiconductive ones (Zheng, et al. 2003). It was
attributed to the different polarizability of metallic and semiconductor SWCNTs, which
results in their different interaction of negative charged ssDNA that wrapped on them.
Further detailed design of ssDNA sequence, selective harvesting of 12 major single-chirality
SWCNT could be achieved through ion-exchange chromatography (Tu, et al. 2009).
Separation of chiral SWCNTs could also be achieved by polysaccharides. Chitosan was
found to have ability for the enrichment of small-diameter semiconducting SWNTs by
preserve the as-dispersed suspension overnight without centrifugation or any other physical
treatment (Yang, 2006). After that, another polysaccharide agarose were introduced to
separate metallic and semiconducting SWCNTs (Tanaka, et al. 2009; Tanaka, December
2009; Tanaka, et al. 2010; Liu, et al. 2010). The suspension of single dispersed SWCNTs by
surfactant SDS was mixed with agarose gel for gelation. The gel containing SDS-dispersed
SWCNTs was frozen, thawed, and squeezed to yield a solution of enriched (70%) metallic
SWCNTs. The semiconducting SWCNTs (95%) were left in the gel (Tanaka, & Suga, 2009).
The same separation was later demonstrated on column based gel chromatography (Tanaka,
& Nishide, 2009). The mechanism for agarose assisted separation of chiral SWCNTs is
unclear. Some very recent involvement found that the separation effect originated from two
main factors, the unique interaction of semiconductor SWCNTs with agarose gel and
exfoliation of SDS molecules from SDS functionalized SWNT entities which may cause the
precipitation of semiconductor SWCNTs in the gel (Li, et al. 2010). Thus understanding the
role of SDS in the separation, it is possible to further optimize the purification of each
fraction and develop a more effective and low-cost separation strategy. This method is more
amenable to scaling up than the density gradient ultracentrifugation or ion-exchange
chromatography.

5. Formation of CNT liquid crystal phase assisted by biopolymers

Single CNT is anisotropic unit for the high aspect ratio of cylindrical graphene
nanostructure. The excellent performance such as electrical, mechanical and thermal
performance of CNTs refers to the performance in axis direction. However, the bulk
materials of CNTs show no anisotropic performance for their disordered structure. Thus the
alignment of CNTs is of great value to obtain high performance CNT bulk materials.
Though aligned CNT arrays could be obtained by CVD method, they are normally
perpendicular to that of membrane surface. And a more important fact is that the large-scale
macroscopic membrane is hard to obtain, which seriously limits the realization of their full
potential. In recent years, aligning CNTs by processing disordered CNTs (Jin, et al. 1998;
Safadi, et al. 2002; De Heer, et al. 1995, Casavant, 2003; Vigolo, et al. 2000) with external
forces, such as electrical force, mechanical force, and liquid flow, has been widely studied. In
this field, we have (Chen, et al. 2005) explored the method of aligning CNTs in polyurethane
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by solvent-polymer interaction. Using this method, the Young’s modulus of composite
material has been obviously increased. But the weight fraction of CNTs in the polymer
matrix is so low that the anisotropic performances of CNTs are still not well embodied.

Fig. 6. Schematic illustration of CNT phase transition from isotropic (left) to anisotropic
(right) phase

Since the discovery of CNT alignment in liquid crystal phase in 2003 (Song, et al. 2003), the
formation of CNTs liquid crystal phase has been extensively studied. CNT liquid crystal is
lytropic, which caused by the volume effect of high aspect ratio CNTs as illustrated in figure
6 (Zhang, et al. 2006). To obtain CNT liquid crystal phase, high CNT concentration is needed
and has been obtained by dispersion CNTs in super strong acid solution (Davis, et al. 2009;
Davis, et al. 2004; Rai, et al. 2006). However, those solutions are not suitable for composite
material preparation, which the mild solution processing is required.

For biopolymer could disperse CNT at high concentration, the anisotropic birefringence
phenomenon of liquid crystal phase was earlier found in 2005 for DNA stablized CNTs
(Badaire, et al. 2005). Later the spontaneous nematic phase separation of CNTs stabilized in
aqueous biological hyaluronic acid solutions was also observed (Moulton, et al. 2007).The
initially obtained SWNT dispersion is isotropic single-phase. Over time, the uniform isotropic
phase separated into dispersions containing birefringent nematic domains in equilibrium with
an isotropic phase. The time required for phase separation to occur depends on the
concentration of SWNT and hyaluronic acid. The attractive interactions between the SWNT
and HA shifts the onset of the phase separation toward lower concentration. This phase
separation is accompanied by an increase in the dispersion viscosity with this increase
qualitatively matching the degree of phase separation. The further development in 2008 has
shown that mechanical shearing could uniformly align lyotropic nematic aqueous suspensions
in thin cells (Zamora-Ledezma, et al. 2008) by drying the nematic CNT suspension,
homogeneous anisotropic CNT thin films can be prepared. To quantitatively estimate the
dichroic ratio of CNTs, optical transmission between parallel or crossed polarizers was
characterized and analyzed. The order parameter for the anisotropic thin film was measured
using polarized Raman spectroscopy and found to be quite weak. It was attributed to the
possible entanglement of the CNTs and the intrinsic viscoelastic behavior of the CNT
suspensions. In our very recent work, we found that the purity of CNTs is crucially important
for CNT alignment (Lu, & Chen, 2010). Highly purified CNTs showed dominant nematic
phase of domains as large as hundred micrometers as shown in figure 7a. The mechanical
shearing treatment for the CNT liquid crystal phase could further obtain wavy aligned CNTs
of typical band structure of polarizing microscope image as shown in figure 7b. The ordered
parameter for this aligned was found to be as high as 0.88. The anisotropic electrical
performance was characterized. The calculated resistivity in the parallel direction is as low as
1.477 x104 Qm, about one fourteenth of resistance in perpendicular direction.
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Fig. 7. Polarizing bireflection microscopic images for solid state composite membrane
obtained from (a) unsheared and (b) sheared condensed gellan gum/CNT suspension
between cross polarizers (scale bar 200 pm)

6. Biopolymer/CNT hybrids for drug delivery

CNTs especially SWCNTs are of surface area as high as 2600 m2/g, which is very suitable to
be drug carrier for biomedical applications. Alberto Bianco initially introduced CNT as a
template for presenting bioactive peptides to the immune system (Pantarotto, et al. 2003). B-
cell epitope of the foot-and mouth disease virus (FMDV) was covalently attached to the
amine groups functionalized CNTs. As a result, the peptides around the CNT adopt the
appropriate secondary structure due to the recognition by specific monoclonal and
polyclonal antibodies. The immunogenic features of peptide-CNT conjugates were
subsequently assessed in vivo (Pantarotto, et al. 2003). Immunisation of mice with FMDV
peptide-nanotube conjugates elicited high antibody responses as compared with the free
peptide. These antibodies were peptide-specific since antibodies against CNT were not
detected. In addition, the antibodies displayed virus-neutralising ability. The use of CNT as
potential novel vaccine delivery tools was validated by interaction with the complement
(Salvador-Morales, et al. 2006). The complement is that part of the human immune system
composed of a series of proteins responsible for recognising, opsonising, clearing and killing
pathogens, apoptotic or necrotic cells and foreign materials. Pristine CNT activate the
complement following both the classical and the alternative way by selective adsorption of
some of its proteins. Because complement activation is also involved in immune response to
antigens, this might support the enhancement of antibody response following immunisation
with peptide-CNT conjugates.

Kam et al. initially tried to deliver ssRNA into cells through functionalized CNTs in year
2005 (Kam, et al. 2005). Later, researchers have found that functionalized CNTs can cross the
cell membrane (Martin, et al. 2003; Pantarotto, et al. 2004). Carbon nanotubes can be used to
facilitate delivery of DNA or any bioactive agent to cells. While they can be functionalized to
attach either electrostatically or covalently to DNA and RNA, the remaining
unfunctionalized and hydrophobic portions of the nanotubes can be attracted to the
hydrophobic regions of the cells. Biotin functionalized carbon nanotubes were bound to
fluorescent dyes were capable of intercellular transport of fluorescent streptavidin (Kam, et
al. 2004). Besides heterogeneous functionalization, carbon nanotubes could provide
localized delivery of therapeutic agents triggered by external sources. Previously, it was
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shown that carbon nanotubes absorb NIR light at wavelengths that are optically transparent
to native tissue. For example, irradiation with a 880nm laser pulses can induce local heating
of SWNTs in vitro thereby releasing its molecular cargo without harming cells or can be
internalized within a cancer cell and with sufficient heating kill the cell (Kam, et al. 2005).
This could allow selective delivery of drugs to certain cell types, helping to control the
distribution of such cells throughout the engineered tissue. Modulated release of
dexamethasone from chitosan/CNT composite has been show to be faster than traditional
method (Naficy, et al. 2009).

7. Biopolymer/CNT composite as tissue scaffolds

CNTs are famous filler for reinforcing the mechanical performance of polymer matrix. Thus
the very important aspect in biomedical application of CNTs is for structural support. By
dispersing a small fraction of CNTs into a polymer, significant improvements in the
mechanical strength of the composite have been observed. For example, MWCNTs blended
with chitosan showed significant improvement in mechanical properties compared with
those of chitosan (Wang, et al. 2005). The composite composed of 2wt % MWNT shown more
than doubled Young's modulus and tensile strength compared to neat chitosan. Tuning of
the mechanical properties of the polymer can be adjusted depending on CNT loading and
with the need of very small amounts may counterbalance their high structure stability. In
vitro work has shown that several different cells types have been successfully grown on
CNT/biopolymer composites. MacDonald found that blends of SWNT with collagen
support smooth muscle cell growth (MacDonald, et al. 2005). L929 mouse fibroblasts have
been successfully grown on CNT scaffolds (Correa-Duarte, et al. 2004) Abarrategi et al.
demonstrates the use of scaffolds composed of a major fraction of MWCNT (up to 89wt%)
and a minor one of chitosan, and with a well-defined microchannel porous structure as
biocompatible and biodegradable supports for culture growth. Cell adhesion, viability and
proliferation onto the external surface of MWCNT/CHI scaffolds with C2C12 cell line
(myoblastic mouse cell), which is a multipotent cell line able to differentiate towards
different phenotypes under the action of some chemical or biological factors, has been
evaluated in vitro and quantified by MTT assays. The evolution of the C2C12 cell line
towards an osteoblastic lineage in presence of the recombinant human bone morphogenetic
protein-2 (thBMP-2) has also been studied both in vitro (e.g., following the appearance of
alkaline phosphatase activity) and in vivo (e.g., by implantation of MWCNT/chitosan
scaffolds adsorbed with rhBMP-2 in muscle tissue and evaluation of the ectopic formation of
bone tissue) (Abarrategi, et al. 2008).

8. Biopolymer/CNT composite sensor

Tracking biological behaviours of cells, organs, blood and etc are of great value for the
development of biomedical engineering. CNTs are of high. To monitor engineered tissues,
we could use implantable sensors capable of relaying information extracorporeally. Such a
sensor would provide real time data related to the physiological relevant parameters such as
pH, pO2, and glucose levels. CNT/biopolymer composites are of excellent mechanical
performance as has been mentioned above. The good biocompatibility with high electrical
and electrochemical sensitivity is advantages for implantable biosensor application. The
very initial research found that noncovalently functionalzed CNTs could detect serum
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proteins, including disease markers, autoantibodies, and antibodies. (Chen, et al. 2003)
High-density nanotube device microarrays have been synthesized and fabricated for
proteomics applications, aimed at detecting large numbers of different proteins inva
multiplex fashion by using purely electrical transducers. These arrays are attractive because
no labelling is required and all aspects of the assay can be carried out in solution phase. The
bionanomultilayer biosensor of CNTs and horseradish peroxidase was prepared by layer-
by-layer assembly and can be successfully applied to detect hydrogen peroxide, which
presented a linear response for hydrogen peroxide from 0.4 to 12.0 uM with a detection limit
of 0.08 uM. The MWNTs in the biosensor provided a suitable microenvironment to retain
HRP activity and acted as a transducer for improving the electron transfer and amplifying
the electrochemical signal of the product of the enzymatic reaction exhibited a fast, sensitive
and stable response. (Liu, et al. 2008) DNA aptamer is highly selective and has been used as
molecular recognition elements to functionalize CNT preparing filed effect transistor, which
has shown high effect detecting two important enzymes elastase and thrombin. The lowest
detection limit of the sensor used in their work is around 10 nM. For the selective absorption
of DNA on to CNT surface, the supramolecular structure of DNA and CNT could be made
used for sensing DNA by it modified CNT electronic properties. The developed fully
electronic DNA sensors based on CNT field effect devices has achieved and found to be a
effective approach for further understanding of DNA/CNT interaction mechanism. (Tang,
et al. 2006)

An important composite biosensor is based on Chitosan/CNT. Chitosan is the only
cationic biopolymer. For the solution sensitivity of positive charged amino groups in the
chitosan molecular chain, it has variety important biological functions in tissue
engineering, immune and drug delivery. (Rinaudo, et al. 2006) Chitosan/CNT composite
material has been found to be of good biocompatibility for neutral cells growth.
(Thompson, et al. 2009) Their suspension coated on glass carbon substrate could detect
NaDH in a fast response time (top%<5 s). The susceptibility of chitosan to chemical
modifications has been made used for covalently immobilizing glucose dehydrogenase
(GDH) in the chitosan/CNT films using glutaric dialdehyde (GDI). The stability and
sensitivity of the GC/CNT/Chitosan/GDI/GDH biosensor allowed for the interference-free
determination of glucose in the physiological matrix (urine). In pH 7.40 phosphate buffer
solutions, linear least-squares calibration plots over the range 5-300 pM glucose (10 points)
had slopes 80 mA M-cm=2 and correlation coefficient 0.996. Its detection limit was 3 pM
glucose. (Zhang, et al. 2004) A composite of MWCNTs-chitosan was used as a matrix for
entrapment of lactate dehydrogenase onto a glassy carbon electrode in order to fabricate
amperometric biosensor. (Tsai, et al. 2007) CNT-chitosan-lactate dehydrogenase
nanobiocomposite film exhibits the abilities to raise the current responses, to decrease the
electrooxidation potential of P-nicotinamide adenine dinucleotide and to prevent the
electrode surface fouling. The optimized biosensor for the determination of lactate shows a
sensitivity of 0.0083 A M-! cm=2 and a response time of about 3 s. The proposed biosensor
retained 65% of its original response after 7 days. The immobilization of acetylcholinesterase
(AChE) on CNTs/chitosan composite was also proposed. (Du, et al. 2007) Based on the
inhibition of organophosphorous insecticide to the enzymatic activity of AChE, using
triazophos as a model compound, the conditions for detection of the insecticide were
explored. The inhibition of triazophos was proportional to its concentration in two ranges,
from 0.03 to 7.8 pM and 7.8 to 32 pM with a detection limit of 0.01 pM. A 95% reactivation of
the inhibited AChE could be regenerated for using pralidoxime iodide within 8 min. The
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constructed biosensor processing prominent characteristics and performance such as good
precision and reproducibility, acceptable stability and accuracy, fast response and low
detection limit has potential application in the characterization of enzyme inhibitors and
detection of toxic compounds against to enzyme.

9. Biopolymer/CNT composite actuator

Biopolymer/CNT composite actuators were initially found to play important role for smart
drug delivery. A novel gelatin-CNTs hybrid hydrogel was synthesized. [Li, December 2003]
Cooperation with CNT could maintain the stability of the hybrid hydrogel without cross-
linking at 37.8 oC. It have also been noticed that the novel hybrid hydrogel with or without
crosslinking can be used in protein separating. Silk fibroin in the sol state can interact with
nanotubes through hydrophobic interactions. (Kim, et al. 2009) The pH-sensitive properties
of the CNTs dispersed with silk fibroin has been investigated and believed to have potential
value for the preparation of novel biomaterials for cancer detection and treatment.
Composite gel of chitosan/CNT has also been found to be of improved actuation
performance under pH and electrical field stimulation. (Ozarkar, et al. 2008) Modulated
release of dexamethasone from their composite has been show to be faster than traditional
method (Naficy, et al. 2009). Electrochemical investigation has shown that the
chitosan/CNT composite electrodes can foster prolific L929 cell growth and stimulate the
cells growth. (Whitten, et al. 2007; Lynam, et al. 2009) In the history of piezoelectric material
development, the first discovered piezoelectric polymer is biopolymer cellulose by testing
the piezoelectricity of wood. (Fukada, et al. 1955) Lately, the piezoelectricity has also been
found in the invertebrate exoskeletons, including crap shell, and bone. (Zilberstein, et al.
1972; Yamashiro, et al. 1989; Fukuda, et al. 1957) Molecular level research approved that the
those piezoelectricity comes from biopolymers such chitin, collagen, DNA, which reveals
that piezoelectricity is a fundamental properties of biological tissues and may comes from
the directed dipole of chemical bond in their ordered structure. (Fukada, 1964 &1975; Ando,
1976; Shamos, 1967). A recent study also show that CNT could reinforce the piezoelectric
actuation performance of regenerated cellulose while the reinforced crystalline is in
agreement with it. (Yun, et al. 2007) For the structure of biopolymer near CNT surface is
directed, single units of biopolymer/CNT at nanoscale could be obtained, which could be
further developed as important electromechanical actuator and sensor as nano-electro-
mechanical-system for implant biomedical devices. As has been mentioned above, chitosan
is a mutifuctional biopolymer involved in variety of biological tissues’ formation and
functions. It has been widely studied not only as sensor but also actuator for variety of
usages.

Because chitosan is a very effective agent for stabilization of CNTs, we have initially
constructed a high speed, highly stable, full solid chitosan/CNT bimorph electrochemical
composite actuator. (Lu, & Chen, 2010) For the high weight fraction of CNTs in uniform
chitosan/CNT composite electrode, the conductivity of composite electrode could reach as
high as 34.25 S.cm!, which was made use for reinforcing the electrochemical charging and
discharging ability of bimorph structure, as illustrated in figure 8. The bending actuation
performance of 15mm long composite strip show 2 mm/s high speed actuation performance
under a 3 V low voltage stimulation. This performance is higher than most of traditional
IPMC actuator strip while no heavy metal element is needed, which is important for
biomedical and harptic interface applications.
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Electrolyte layer Bending deformation

Electrode layers @ Cation- o Anion

Fig. 8. Schematic illustration for the bending actuation mechanism of bimorph CNT
composite, the applied voltage redistribute the cations and anions from the raw state (left) to
a new balanced state (right).

CNTs are of excellent electrical conductivity, thermal stability and conductivity. Their
temperature could be periodically changed in wide frequency range by electrothermal
energy transition under periodical electrical current control. CNTs temperature waving
leads to the countering temperature waving of a very thin gas layer surrounded them,
which can be achieved by the high frequency range thermal variation of CNTs for the low
thermal conductivity of gas induced thermal energy accumulation in very short time. In the
thermal actuation system, the periodical thermal accumulation induced equivalent adiabatic
expansion and shrinkage of surrounded thin layer gas medium. This character gives birth to
the nanoscale loudspeaker. (Xiao, et al. 2008) On realized that by replacing gas medium with
chitosan that helically wrapped on CNTs, we could obtain an electrothermal stimulated
macroscopic composite actuator. The electrothermal actuation performance of
chitosan/CNT composite has thus been detailed studied (Hu, et al. 2010). Biopolymer
chitosan functionalized CNTs uniformly distributed as a network in bulk material reversible
actuating polymer matrix in the frequency lower than 10 Hz, which is close to organisms’
behaviors. The cyclic test shows that the reversible electrothermal actuation could be
achieved for more than 3 thousand times. It is believed to be of great value for not only high
sensitivity engineering actuation materials but also electrical current controllable drug
release system that attached to skin.

10. Conclusion

In summary, the latest ten year progress on key topics for CNT engineering assisted by
biopolymers has been reviewed. The dispersion, purification and specific chiral separation
for CNTs assisted by biopolymers have been successful achieved. Moreover, their
cooperation broaden the application range of CNTs into biomedical fields especially drug
delivery and tissue engineering. The cooperation of biopolymers with CNTs provides
impresive sensing and actuation performances that traditional materials can’t reach.
Varieties of technologies for biopolymer assisted CNTs engineering have been developed
and thus belived to be of great potential for further applications.
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1. Introduction

The geometric structure of carbon nanotubes (CNTs) can be considered to be the curling of
graphene (graphite sheet) (Gao & Li, 2003; Shen, 2004). The physical parameters of carbon in
graphite are widely adopted in the molecule dynamics (MD) simulations or other theoretical
studies of CNTs, such as the bond energy and length of C-C, the bond angle of C-C-C, etc
(Belytschko et al., 2002; Mayo et al., 1990; Xin et al., 2007, 2008). Previous researches have
shown that the elastic modulus of small CNTs changes a lot when the radius varies.
However, the elastic modulus of CNTs fairly approaches that of graphene, while the radius
of CNTs is large enough. Therefore, it is necessary to have a clear understanding of the
mechanical properties of graphene for the further realization of the properties of CNTs.
Numerous researchers carried out experiments to measure the effective elastic modulus of
CNTs (Krishnan et al., 1998; Poncharal et al., 1999). They reported the effective Young's
modulus of CNTs ranging from 0.1 to 1.7 TPa, decreasing as the diameter increased, and the
average was about 1.0~1.2 TPa. MD simulations have provided abundant results for the
understanding of the buckling behavior of CNTs. The Young’s modulus of the CNTs was
predicted about 1.0~1.2 TPa through various MD methods (Jin & Yuan, 2003; Li & Chou,
2003; Lu, 1997). Hu et al. (Hu et al., 2007) proposed an improved molecular structural
mechanics method for the buckling analysis of CNTs, based on Li and Chou’s model
(Hwang et al., 2010) and Tersoff-Brenner potential (Brenner, 1990). Due to the different
methods employed on various CNTs in these researches, the reported data scattered around
an average of 1.0 TPa.

The elastic properties were also discussed in the theoretical analysis by Govinjee and
Sackman (Govinjee and Sackman, 1999) based on Euler beam theory, which showed the size
dependency of the elastic properties at the nanoscale, which does not occur at continuum
scale. Harik (Harik, 2001) further proposed three non-dimensional parameters to validate
the beam assumption, and the results showed that the beam model is only proper for CNTs
with small radius. Liu et al (Liu et al., 2001) reported the decrease of the elastic modulus of
CNTs with increase in the tube diameter. Shell model was also used in some researches
(Wang et al., 2003), to study axially compressed buckling of multi-walled CNTs. And
studies by Sudak (Sudak, 2003) reported that the scale effect of CNTs should not be ignored.
Wang et al (Wang et al., 2006) investigated the buckling of CNTs and the results showed
that the critical buckling load drawn with the classical continuum theory is higher than that
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with considering the scale effect. There are some other researches also reporting clear scale
effect on the vibration of CNTs (Wang & Varadan, 2007; Zhang et al., 2005). Li and Chou (Li
& Chou, 2003) put forward a truss model for CNTs and their studies showed the radius-
dependence of elastic modulus of SWCNTs. Finite element analysis (FEA) is also employed
in researches on the mechanical properties of CNTs (Yao & Han, 2007, 2008; Yao et al., 2008).
An equivalent model is established in this chapter, based on the basic principles of the
anisotropic elasticity and composite mechanics, for the analysis of the elastic properties of
graphite sheet at the nanometer scale. With this equivalent model, the relationship between
the nanotube structure and the graphite sheet is built up, and the radial scale effect of the
elastic properties of CNTs is investigated.

2. Constitutive equations of orthotropic system

The essential difference between the basic equations of anisotropic materials and those of
isotropic ones is in their constitutive equations, which means the usage of the anisotropy
Hooke law for the anisotropic constitutive equation and the isotropy one for the other. The
phenomenon reflected from the anisotropy equations is more accurate than from the
isotropy ones, though this distinction also makes the calculation with the anisotropy
equations much more complicated.

One of the anisotropic systems, with three mutually perpendicular principal axes of
elasticity, is called an orthotropic system (Fig. 1). If the three principal axes of elasticity are
defined as x;, x, and x;, the constitutive equation of orthotropic system can be obtained
as follow,

X
3
X3

v
Ryl

X

Fig. 1. The principal elastic axes of orthotropic system: a) right-hand coordinate system; b)
left-hand coordinate system
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And the inverse function of the equation (1) is,
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2] | Ces |2

where,
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Equation (3) is also correct if we make exchanges of C for S and S for C.

3

Fig. 2. Sketch of macroscopic homogeneous orthotropic material

The unidirectional fiber composed composite materials can be treated as orthotropic
systems, for which the three axes in the right-handed coordinate system in Fig. 2 are the
principal material axes and the axis 1 is along the fiber length. Thus, the components of
equation (1) can be given minutely in detail,
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3. Macro-mechanics fundamental principle of composite material

3.1 Constitutive equations of monolayer under plane stress

The monolayer composite with unidirectional fiber can be considered as a homogeneous
orthotropic material in the macro analysis. Fig. 3 displays the three principal material axes
and the axis 3 is perpendicular to the mid-plane of the monolayer. Suppose the monolayer is
in a plane stress state, there are the in-plane stresses,

oy, Oy, T12(0%) (6)
and the out-plane stresses,
03 = 23(0y) = 113(05) =0 @)
3
A
2
o

1

Fig. 3. Sketch of monolayer composite with unidirectional fiber
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Thus, the constitutive equation (1) can be given in two parts as follows,

v v
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The equation (8) is for the out-plane strain and the equation (9) for the in-plane strain. And
the equation (9) can also be written in a matrix form,
& Sn S 0 ||
& (=[Sn Sp 0 [{o,{ or {s'}=[s]{c"] (10)
712 0 0 Sxllm2

where [S] is the axis flexibility matrix. The equation (10) can also be given as,
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The inverse of the equation (10) is available,
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where [Q] is the converted axis stiffness matrix at the plane stress state. Q; in equation (12)
and C; in equation (2) have the following relations,
Q% =Cyy —C3Cy5 /C3

12 13 23
22 22 23 23 (13)

Qo6 =Ces

The values of the flexibility and stiffness in equation (11) and equation (13) can be obtained
through micromechanics calculations or experiments.
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3.2 Off-axis flexibility and stiffness of monolayer under plane stress

The off-axis flexibility and stiffness are often used in the mechanical analysis on the
unidirectional fiber monolayer. As displayed in Fig. 4, axes 1 and 2 are along the principal
axes of material, x and y are off-axis, and the anticlockwise angle from x-axis to the 1-axis is
positive. Thus, we obtain,

o * cos? @ sin? 6 —2sinfcosf o 1
o, =| sin’@ cos? 2sinfcosf |40,

14
T12 sinfcosf —sinfcosd cos>O—sin’d ||712 (14)

x 1
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and
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o, =| sin’@ cos? 0 —2sinfcosé |40,

15
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or [o!) =T (")

1 (along axis)

X (off-axis)

Fig. 4. Sketch of coordinate transformation between the axis and off-axis of monolayer with
unidirectional fibers

If, we set,

[R]=| 1 (16)
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the follow can be obtained,
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It should be known from the equation (15) and (17) that,
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So that,
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Thus, the inverse function of the equation (18) is,

{e"}=[F] " {&*} =[1T {&} @1)
With these relations, the follows can be given,
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The equation (22) and (23) are the constitutive equations in the Oxy coordinate system,
where the off-axis stiffness [g ] and the off-axis flexibility [@] are given as follows,

B ?11 ?12 ?16

[Q=[Qn Qu Qs |=[TIQUTT 4
Qa1 Qo2 Qes
?11 S12 §16

[S]=]52 5 S =[F][s][F] (25)
§61 562 §66

In the above two equations,
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Qij = jSz gij = §j1 (26)
The off-axis stiffness is,

Qup = Qyq cos* 0+2(Qy, +2Q4s)sin* Gcos? @ + Q, sin 6
) n
Qup = Qp +(Qyp +Qa —2Q;; —4Qg)sin” Ocos” & (27)
6 66
Qi = +(Quy —Qi2 —2Qg6)sinfcos’ 0 F (Qpy — Qyp —2Qgq)sin”° Hcos 0
26 22 11
And the off-axis flexibility,
511 =5, cos* O+ (25, + 566)sin2 Ocos’ 0+ Sy sin*@
n » i
512 = 512 + (511 + Szz - 2512 - 566)s1n2 QCOS2 0
See = Ses + 4(S11 + Sap — 2515 — Seg)sin’ O cos? 6

Si6 =+(2S); =255 —Sgg)sin@cos® @ F (255, — 25, — Seg)sin® cos @
26 22 11

(28)

3.3 Constitutive equations in classical laminated plate theory

The so-called classical laminated plate theory or the classical laminate theory, refers to the
use of the straight normal hypothesis in elastic shell theory, neglects a number of secondary
factors, and has been an acknowledged laminated plate theory. In the classical laminated
plate theory, the transverse shear strain 723 and 731, and the normal direction strain &;are
supposed to be zero.

mid-plane

Fig. 5. Sketch of laminated thin plate and the Cartesian coordinates

As a result of straight normal assumption, the deformation of laminated plate can be
described with the mid-plane deformation. If the mid-plane strain is & and thickness of
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each layer in the laminated plate is the same, the mid-plane stress of an n-layers laminated
plate is

o'} = %é{“(“} =23 (@]« :%é([@](”)l 1) 29)

0 is the mid-plane stress of the laminated plate, o is the stress of the kth layer,

where o

[Q](k) is the converted stiffness of the kth layer.

4. Equivalent model of graphite sheet

4.1 The basic idea of the equivalent model

All the C atoms in the graphite sheet are connected with the ¢ bonds and the bonds form a
hexagonal structure (Fig.6). Fig. 7 is a schematic diagram of the graphite sheet, thick solid
lines in which represent the C-C bond in graphite. If each C-C bond is longer (shown in thin
lines), that will form a network structure, as shown in Fig. 8.

Fig. 6. The bonding relationship in C-C covalent bonds

As can be seen from Fig. 8, the network structure is formed by the three groups of parallel
fibers and they are into 60 degree angles with each other. If we consider each group of fiber
as a composite monolayer, the mechanical properties of the entire network structure can be
obtained with the laminated plate theory. Comparing Fig. 7 and Fig. 8, we find that the
network structure in Fig. 8 can also be formed if the three graphite sheets in Fig. 7 are
staggered and stacked one on top of the other.

In summary, here we put forward a new original equivalent model used to study the
mechanical properties of graphite sheet. The analysis steps are, treat the network structure
shown in Fig. 8 as a laminated composite plate with three layers orthotropic monolayer of
unidirectional fiber (each fiber in the monolayer is just the covalent C-C bond in series), the
mechanical properties of fiber can be deduced from the physical parameters of graphite, and
the 1/3 of the converted stiffness of the network structure can be considered as the
converted stiffness of the graphite sheet at the plane stress state.
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Fig. 7. The atomic structure of a graphite sheet

Fig. 8. Effective network structure of laminated graphite sheets

4.2 Mechanical properties of graphite sheet at plane stress state

The hexagonal plane composed of the o bonds is defined as the o-plane, and the energy of
interactions between any C atoms in the o-plane are considered to be functions of the
position of the C atoms. With all the weak interactions (e.g. the electronic potential, the van
der Waals interactions) neglected, the total potential energy of the graphite sheet can be
expressed as.

ugmphite = ur + uz‘) (30)
where U, is the axial stretching energy of C-C bond, U, is the C-C-C bond angle potential.
Establish a local coordinate system in the o-plane with the C-C bond direction as the x' axis

(Fig. 9), we can obtain the whole potential,
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Fig. 9. Local element coordinates of C-C bond in graphite
Uec=U_ +U, (31)

where Ux‘ is the axial stretching energy of C-C bond in the local coordinate system and U g
the angle bending energy. According to the basic principles of molecular mechanics, the two
bond energy can be written as:.

u -t .5

X X X
L (32

Ug‘ :Ektg‘ ‘60‘

where 6 and ¢, are the displacement, k . and k, are the MD force field constants.

4.3 Elastic constants of monolayer in the equivalent model
If we consider the C-C bond as a single elastic fiber in the equivalent model, and the 1 axis
for the fiber is defined as the axial direction of the C-C bond, we have,

Ky =k,

X

(33)

_Kyrac e _kpacc

E,
Ac_c Ac_c

(34)
where K; is the elastic stiffness factor of the fiber at the 1 direction, a-_- and A._- are the
C-C bond length and the cross-sectional area of the equivalent fiber, E; is the elastic
modulus of the fiber at the 1 direction.

The 2 axis for the fiber is defined as the vertical direction of the C-C bond in the o-plane. The
fiber interactions at the 2 direction are mainly reflected through the C-C-C angle bending
potential (Fig. 10).

Set K, to be the elastic stiffness factor of the fiber at the 2 direction, we obtain,

1 1 1 1 .z
2 v[zake, O+ Ekg‘ 7(259)2} = EKZ .52 =51<2 (2-ac_c -6, -smg)z (35)
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P

Fig. 10. Loading on the direction 2 of fiber in the equivalent model of graphite

12- kg‘
Ky =——* (36)
ac-c

3 43k
E, = 1 K, V3 Ac_c _ \/§K2 _ 0 37)

- 2
2 t-(Ac_c +ac_c -sin%) 3t 3t-ac_c

where 6, and 6, are the C-C-C angle change and the displacement at the 2 direction when
the model is loaded at the 2 direction, ¢ is the effective thickness of the equivalent fiber layer,
E, is the elastic modulus of the fiber at the 2 direction.

Fig. 11. Shearing deformation of the fiber in the equivalent model of graphite
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When the fiber layer in the equivalent model is subjected to a shearing force P (Fig. 11),
there will be a horizontal displacement &, for the equivalent fiber element and an angle
deflection &, . As to the displacement of the bottom atom in of the figure, it can be obtained,

P=2.[K,-(3, Cos%)] =J3K,5. (38)
The strain energy induced by the angle deflection J, of a fiber is,
1 1
225k, .53):513.%{-59 (39)
Substitute equation (38) into (39), we obtain,

\/§K157 '“é—c _ \/§K1 S

ac_c 0y = v (40)
4k, K,/3
Therefore, the shearing deformation of the fiber element in the equivalent model is,
5. =6, +ac.c 6, =(1+ VK5, (41)
K,
According to the definition of the elastic shear modulus:
Gy = T2 (42)
712
for the fiber element in the equivalent model, there is:.
P/(t-2~aC7C~Cos£) 2p
G12: 1= 6 :\/ggt (43)
50 /fcc r
We substitute equation (38) and (41) into (43), and get
2K;9, 2K
2= 3j§1< )
T+ —1)
K,

4.4 Test for the mechanical constants of the monolayer in the equivalent model

From equation (34), (37) and (44), we obtain the mechanical constants of the monolayer in the
equivalent model E;, E, and G;,, of which E; and E, are independent quantities, G;, is a
function of E; and E, . Both E; and E, are related to MD parameters of the C-C bond energy
There are several empirical potentials and relevant parameters for C-C bond energy. In this
section, the following potential energy function and parameters are used to verify the
equivalent model provided in this chapter. The Morse potential is employed for the bond
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stretching action and harmonic potential for the angle bending. The short-range potential
caused by the deformation of C-C bond is described as bellow,

u, = Kr(l—efﬂ(r"’f n))Z (45)
1 2
Uy = EKB(Qz‘jk -6) (46)

where U, and U, are the potentials of bond stretching and angle bending, K, and K, are
the corresponding force constants. r; represents the distance between any couple of bonded
atoms, 6 represents all the possible angles of bending, r, and ¢, are the corresponding
reference geometry parameters of grapheme. S defines the steepness of the Morse well. The
values of all these parameters are listed in Table 1.

Bond K, =478.9KJ/mol > f=21.867nm™" » 1, =0.142nm

Angle K, =418.4KJ/mol - 6, =120.00°

Table 1. Parameters for C-C bond in MD

Comparing equation (32) and (45), using the data in Table 1, we can obtain:
K, =k, =p%-2K, =760.4 nN /nm (47)

We substitute data in Table 1 into equation (36), and get

12k
0 =41348 nN /nm (48)
dc_c

K, =

There are other scholars working on the C-C stretching force constants through
experiments or theoretical calculations, who reported the values along the C-C bond like
729 nN /nm, 880nN /nm, 708 nN /nm and so on. They also obtained the constants at
the direction perpendicular to the C-C bond, 432 nN/nm and 398nN /nm (Yang &
Zeng, 2006). Noting equation (47) and (48), we can see that the data obtained here based
on the current equivalent model are in good agreement with the results from other
researchers.

5. Elastic properties of graphite sheet

5.1 Flexibility of monolayer in the equivalent model

Graphite sheet can be considered as the network structure formed by the three groups of
parallel fibers which are into 60 degree angles with each other. Based on the result of the last
section, we can get the axial flexibility of the fiber monolayer,
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i V2 0
El EZ
17|22 = o 9)
El EZ
o o L
L G12 _

where it has 212 = % . E;, E; and Gj, can be calculated according to the equation (34),
2 1
(37) and (44). If we consider v,; to be 0.3 with reference to the parameters of general

materials, assume the fiber thickness of 0.34nm, and apply the data in Table 1, the follows
can be calculated,

E,=1190 TPa, E,=0.702TPa, G, =0424TPa
Yo 0252 0
EZ El

Substituting the values in equation (50) into equation (49), we get the axis flexibility of the
monolayer,

08403 0252 0
[$]V =| 0252 14245 0 (51)
0 0 2360

where the unit of the values is 10~ nm?/nN .

Substituting €= /3 and the values in equation (51) into equation (28), we get the off-axis
flexibility of the 60° and —60° monolayers,

12038 -01743 -03444
[5]=| 01743 09097 -0.1650 (52)
03444 01650 2.6693

712038 —0.1743 03444
[5]""=| 01743 09097 01650 (53)
03444 01650 2.6693

The unit of the values is also 10 nm?/nN in the last two equations.
5.2 Elastic properties of the equivalent model of graphite

The graphite sheet is a whole layer structure with no delamination and the strain did not
change in the thickness. Thus we can use formula (29) to calculate the stiffness,

[0)-32[a]"” 64)

M

k=1
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where [Q] is the converted stiffness of the graphite sheet, [Q](k) is the stiffness of the kth
layer in the equivalent model. The flexibility of the graphite sheet is,

=1 =11 =1k
[S]=[e] =3/%[Q] (55)
k=1
Substituting the values in equation (51) ~ (53) into (55), we can obtain,

; 10251 -0.2063 0
[S]= - — — o =1702063 10251 0 (56)
1] I I e e (e 0 0 24628

where the unit of the values is 10° nm?/nN .

A series of well acknowledged experiment values (Yang & Zeng, 2006) of elastic constants of
perfect graphite are listed in Table 2. Data obtained in current work are in good agreement
with those results, which justifies the present equivalent model. It should be noticed that
there is an obvious error of the S;,. However, S;, has little effect on the mechanical
properties of the graphite sheet, the error on it will not influence the reasonable application
of the current equivalent model in the mechanics analysis of graphite.

Items S;; /107 nm? /nN S, /107 nm?/nN Se / 107 nm? /nN
Experiment 0.98 -0.16 2.28
Current 1.0251 -0.2063 2.4628
Error 4.60% 28.94% 8.02%

Table 2. Data obtained in current work and elastic constants of perfect graphite crystals from
other experiment

Both the result in equation (56) and the data listed in Table 2 indicate that the graphite is in-
plane isotropic at plane stress state. And according to the classical theory of composite
mechanics, it is known that the 7 /m laminated plates with m >3 are in-plane isotropic.
We can see that the graphite sheets being in-plane isotropic is mainly due to their special
structure of C-C-C angles.

According to the points made above, we try to explain why the elastic properties of CNTs
are anisotropic to some extent. One of the possible reasons is that the curling at different
curvature from graphene to CNTs makes the C-C-C angles change (e.g. the angles in an
armchair CNT with Inm diameter are not fixed 120°, but about 118 ¢), for which the quasi-
isotropy of graphite sheet is disrupted and the orthotropy introduced. Having an general
realization of the CNTs, one should find that the change of the C-C-C angle is obviously
related to the change of CNT radius, especially when it is a small tube in diameter. Thus, the
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orthotropy of CNTs is diameter related, which is in good agreement with the other research
results referring to the mechanical properties of CNTs changing due to their various radial
size. The changes of C-C-C angles are also somehow related to the chirality of CNTs.
However, the extent of the changes of chiral angles is about 0° ~30°, and the change of C-C-
C induced by the difference of chiral angles is little when to curl the graphite sheet at the
same curvature. It agrees with that many studies reporting that the difference of elastic
properties among various chiral CNTs decreases with the increase in the diameter of CNTs.

5.3 Elastic properties of the equivalent model with various C-C-C bond angles

The C-C-C bond angles will change from the constant 120° to smaller values when the
graphite sheet curling to CNTs. In the same way, the angles between the fibers in the
equivalent model will change to less than 7/3 and the effect of the change on the elastic
properties of the model will be investigated in this section.

Substituting equation (51) and the angle @ between the fibers (responding to the changed
C-C-C angles) into equation (28), we can obtain the off-axis flexibility of ¢ and -6

monolayers, [g](ﬂ) and [g](ia). Substitute those two into equation (55) to get the

approximate converted flexibility of the equivalent model (responding to the changed C-C-
C angles):

5, - , , 67)
T 517+ 31"

The elastic modulus of the equivalent model responding to the graphite with changed C-C-
C angles, at the direction of Oc fiber or at the vertical direction, can be obtained from
equation (57). The variation of the modulus with the changes of the C-C-C angles are
displayed in Fig. 12 and Fig. 13, and also displayed the variation of G;,, v, and v, in
Fig.14~Fig.16.

El (TPa)
1.03
1.02
1.01
1.00
0.99

0.98
0.97

Smi8 8m/27 17m/54 ™3 g

Fig. 12. Elastic modulus of the equivalent model of graphene along the 0° fiber
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E2 {TPa)
0.97
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0.95
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0.93

Sm/L8 8mi27 17m/54 /3 g

Fig. 13. Elastic modulus of the equivalent model of graphene at perpendicular direction to
the (e fiber
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Sn/l8 Sn/27 17n/54 /3 g'

Fig. 14. Gy; of the equivalent model of graphene
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Fig. 15. vy, of the equivalent model of graphene
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Fig. 16. v, of the equivalent model of graphene

We can see from Fig. 12 and Fig. 13 that the elastic modulus along the 0° fiber of the
equivalent model of graphene almost increases linearly, and the elastic modulus at the
vertical direction decreases, with the decrease in the C-C-C angle. And Fig. 14 ~ Fig. 16
show that the Gz, v, and v,; of the equivalent model also changes a lot with the changes
of the C-C-C angle.

6. Scale effect of elastic properties of CNTs

6.1 Equivalent model of single-walled carbon nanotubes (SWCNTSs)
CNTs can be considered as curling graphite sheet. The C-C-C bond angles will change from
the constant 120° to smaller values when the graphite sheet curling to CNTs and the change
of the C-C-C angle is related to the radius of the formed CNTs. According to that, we
consider CNTs same as graphene with changed C-C-C angles and the elastic properties of
CNTs are consistent with those of graphene with changed C-C-C ang]es.

6.1.1 Zigzag SWCNTs

Taking the zigzag SWCNTs as an example, we study the effect of the changing in diameter
of SWCNTs on the value of C-C-C angle. The SWCNT structure and the geometric diagram
are shown in Fig. 17, with which we can obtain,

sin Z/DBF = E

o .
sin Z/CEF =—

CE

With DF =CF, the last equation becomes,

sin ZDBF = % -sin ZCEF = ?sin ZCEF %59)
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where the ZBDE does not change a lot when the graphene curls to the SWCNT so that we

CE DE 3
make —=—~—.
DB DB 2

Fig. 17. C-C-C angles in the zigzag SWCNTs
For an (m, 0) zigzag SWCNT, it has,

scep=m=D7 (60)
m
The diameter of the tube is,
d.; =0.0783-m nm (61)
Substituting equation (61) and (60) into (59), we get,
sin /DBE = Y3 gin| [ 00783 (62)
2 2 Aot

Thus, with the diameter of the zigzag SWCNT provided, setting the AB direction in Fig. 17
as the direction of the 0° fiber, we can calculate the C-C-C angles in zigzag SWCNTs as,

6 = Arcsin {\/5 . sin{”[l - 0'0783]:‘} (63)
2 2 7
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Fig. 18. Different C-C-C angles in zigzag SWCNTs with different diameters

The curve drawn from equation (63) is displayed in Fig. 18, which shows that the smaller
the tube radius is the more sensitive the changing in C-C-C angle is. For the SWCNTs with
diameter 0.4nm, 1.0nm, 2.0nm and 4.0nm, the C-C-C angles in the tubes decrease 7.3%, 1.2%,
0.3% and 0.08% from 120° in the graphene.

6.1.2 Armchair SWCNTs

Taking the armchair SWCNTs as another example, we study the effect of the changing in
diameter of SWCNTs on the value of C-C-C angle. The SWCNT structure and the geometric
diagram are shown in Fig. 19, with which we can obtain,

tan ZDBG = 6D
GB (64)

HE

tan ZEBH =—

HB

With HE =GD, the last equation becomes,
tan /EBH = HE _CB o /DBG ~ N (65)
HB HB cos ZHBG

where the ZCBD does not change a lot when the graphene curls to the armchair SWCNT so

that we make tan ZDBG = tan ACzBD ~ \/g .

For an (m, m) armchair SWCNT, it has,

ZHBG =" (66)
2m

The diameter of the tube is,

d,, =0.0783-/3m nm (67)
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o

(b)

Fig. 19. C-C-C angles in the armchair SWCNTs
Substituting equation (67) and (66) into (65), we get,

I R
cos [0.0783\/5 : 72']

tan ZEBH = (68)

2d

cnt

Thus, with the diameter of the armchair SWCNT provided, setting the AB direction in Fig.
19 as the direction of the 0c fiber, we can calculate the C-C-C angles in armchair SWCNTs as,

NG
cos [0.0783\/5 : ;z]

6 = Arctan (69)

2d

cnt

The curve drawn from equation (69) is displayed in Fig. 20, which shows, as for the zigzag
SWCNTs, that the smaller the tube radius is the more sensitive the changing in C-C-C angle
is. For the armchair SWCNTs with diameter 0.4nm, 1.0nm, 2.0nm and 4.0nm, the C-C-C
angles in the tubes decrease 5.9%, 0.94%, 0.23% and 0.06% from 120° in the graphene.
Comparing the armchair SWCNTs with the zigzag ones with same diameter, the changing
in C-C-C angle in the armchair SWCNTs is smaller.

6.2 Scale effect of elastic properties of SWCNTs

With the usual continuum model of nanotubes, many researchers use the same isotropic
material constants for CNTs with different radius so that the changes of the material
properties due to changes in the radial size of CNTs can not be taken into account. In this
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Fig. 20. Different C-C-C angles in armchair SWCNTSs with different diameters

section, axial deformation of the SWCNTs with different diameter is analyzed with the finite
element method to study the effect of the changes of the material properties for CNTs with
different radius on the mechanical properties.

According to the theoretical model described above in this chapter, changes in the elastic
properties of CNTs are mainly attributed to the changes of the C-C-C angles when to make
CNTs by curling the graphene. The C-C-C angles in CNTs are related to the tube radius,
while the corresponding C-C-C angles in the graphene induce varying degrees of
anisotropy. Thus, we should choose different anisotropic material parameters for different
radial size CNTs based on the parameters of the graphene with different C-C-C angles.
Some elastic constants of graphite sheet and SWCNTs are listed in Table 3, the values for
SWCNTs calculated with equation (57), (63) and (69). The subscript 1 and 2 in the table
identify the along-axis direction of SWCNTSs and the circumferential direction.

In the finite element simulation, the same axial strain is applied to each SWCNT, with one
end of the tube fixed and at the other end imposed the axial deformation. The length of the
tube is 6nm and the axial compression strain is 5%. Two series of the elasticity parameters,
the isotropic ones (from equation (56)) and the anisotropic ones (from equation (57)), are
both tried to obtain the axial forces in SWCNTs for comparison. With the results of the FEA,
we use the following equation to define the scale effect of SWCNTs,

5 _ RANISO - RISO (70)
RISO

where Raniso and Riso are the axial forces obtained with the anisotropic parameters and the
isotropic ones. The scale effect of SWCNTSs with different radial size is shown in Fig. 21.

FEA results show that the anisotropy of the SWCNTs gradually increased with the decreases
in the diameter, leading to more and more obvious scale effect. It can be seen from Fig. 21
that compared with the armchair SWCNTs the zigzag ones show more apparent scale effect
and the scale effect of SWCNTs with diameter greater than 2nm is negligible (<0.05%), for
tubes with any chirality. However, for zigzag SWCNTSs with very small diameter, the scale
effect could be very obvious up to 4.4%. That is in good agreement with the other
researcher’s results. Thus, the scale effect should be considered in the accurate calculation
about the mechanical behaviour of small SWCNTs.
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C-C-C angles Mechanical parameters conclusion
Graphene E =0.9755 TPa ,G =0.406 GPa , v =0.201 Isotropic
SWCNTs

Eq E; G2 o v _
(TPa) | (TPa) | (TPa) 12 2

Diameter | C-C-C
(nm) angle (°)

0.4 55.6298 [1.00221 |0.956849|0.403246(0.193494|0.202667| Anisotropic

0.6 57.9833 (0.987757|0.967253|0.404666(0.197574|0.201762| Anisotropic

1.0 59.2586 (0.980001|0.972556|0.405521|0.199891|0.201421 Anisotropic

Zig-

zag
2.0 59.8129 [0.976654]0.974786(0.405908(0.200919(0.201304 Isotropic
3.0 59.9167 [0.976029]0.975199(0.405982(0.201112(0.201284 Isotropic
4.0 59.9531 |[0.97581 |0.975343(0.406008( 0.20118 (0.201277 Isotropic
0.4 63.5548 (0.988636/|0.954613| 0.40873 |0.200935(0.208097| Anisotropic
0.6 61.5715 (0.981558|0.966161|0.407195|0.201043(0.204247| Anisotropic
1.0 60.5640 (0.977735]0.972147(0.406448(0.201172|0.202328| Anisotropic

Arm-

chair

2.0 60.1408 (0.976084(0.974682(0.406142|0.201242(0.201532 Isotropic

3.0 60.0626 (0.975776|0.975152|0.406086(0.201256|0.201385 Isotropic

4.0 60.0352 (0.975667)0.975317|0.406066(0.201261|0.201334 Isotropic

Table 3. Elastic constants of graphite sheet and SWCNTs
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Fig. 21. Scale effect of SWCNTSs with different diameters

With the data in Table 3 and the results from Fig. 21 we can see that, for SWCNTs with
diameter greater than 2nm, the change of C-C-C angle due to the change in tube diameter is
negligible so that the tubes could be treated as isotropic materials with the elastic
parameters of graphene. For SWCNTs with diameter smaller than 1nm, the change of C-C-C
angle due to the change in tube diameter should not be neglected and it is better for the

tubes to be treated as anisotropic materials with the elastic parameters calculated from
equation (57), (63) and (69).

7. Conclusion

A new equivalent continuum model is presented to theoretically investigate the elastic
properties of the graphite sheet. By comparison, the equivalent model can properly reflect
the actual elasticity status of graphite sheet. Further more this equivalent model is employed
to study the radial scale effect of SWCNTs.

The C-C-C bond angles will change from the constant 120° to smaller values when the
graphite sheet curling to CNTs. The change of the C-C-C angle is obviously related to the
change in CNT radius. Then the relationship between the anisotropy and the changes of the
C-C-C angles of CNTs is deduced. The present theory not only clarify some puzzlement in
the basic mechanical research of CNTs, but also lay the foundations for the application of
continuum mechanics in the theoretical analysis of CNTs.

Based on above theory the scale effect of CNTs is studied. It is showed that the scale effect of
the zigzag CNTs is more significant than the armchair ones. For SWCNTs with diameter
greater than 2nm, the change of C-C-C angle due to the change in tube diameter is negligible
so that the tubes could be treated as isotropic materials with the elastic parameters of
graphene, and the scale effect could also be neglected no mater what chirality they are.
However, for SWCNTs with diameter smaller than 1nm, the change of C-C-C angle due to
the change in diameter should not be neglected (the scale effect neither) and it is better for
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the tubes to be treated as anisotropic materials with the elastic parameters calculated from
corresponding equations.

It is theoretically demonstrated that the graphite sheet is in-plane isotropic under plane
stress, which is mainly due to their special structure of C-C-C angles. Any deformation of
the graphite molecule making changes in the C-C-C angles, e.g. curling, will introduce
anisotropic elastic properties. That provides a direction for applying the composite
mechanics to the research in the mechanical properties of CNTs, and also has laid an
important foundation.
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1. Introduction

Polymer is a versatile material having many unique properties like low density, reasonable
strength, flexibility, easy processibilty, etc. However, the mechanical properties of these
materials are inadequate for many engineering applications. Hence, there is a continuous
search towards new polymeric materials with improved properties. Initially, blending of
different class of polymer was used to fabricate new materials with unique properties.
However, blending lead to only marginal improvement in physical properties which were
still inadequate for engineering applications. So to improve the strength and stiffness of
polymer materials different kinds of organic and inorganic fillers were used. It was
observed that strength and stiffness of long fibers reinforced thermosetting polymer is
comparable to metals at a fraction of their weight. As a result of which these material were
used in aircraft and in sport equipment. However, processing of these materials is very
difficult; therefore small fiber or particle reinforced composites were developed. The
common particle fillers used were silica, carbon black , metal particles etc. But significantly
high filler loading was required to achieve desired mechanical property, which thus
increased cost and made processibility difficult. So to achieve high mechanical properties at
lower filler loading, nanofillers were used. The nanofiller reinforced polymer matrix is
known as polymer nanocomposite.

Polymer nanocomposites are a new class of composite materials, which is receiving
significant attention both in academia and industry. As nano fillers are only a few
nanometers (~10,000 times finer than a human hair) in dimension, it offers ultra-large
interfacial area per volume between the nano-element and polymer matrix. As a result, the
nanofiller reinforced composites exhibit enhanced toughness without sacrificing stiffness or
optical clarity. It also possesses greater thermal and oxidative stability, better barrier,
mechanical properties as well as unique properties like self-extinguishing behavior.
Compared to different range of nanofillers, carbon nanotubes (CNTs) have emerged as the
most promising nanofiller for polymer composites due to their remarkable mechanical and
electrical properties (Ishikawa, 2001; Kracke & Damaschke, 2000). Currently, one of the most
intriguing applications of CNTs is the CNT/polymer nanocomposites (Cai, 2000; Fiege,
1999; Gomes, 1999; Hersam, 1998; Ruiz, 1998). For the last two decades, a lot of research
work has been done on evaluating the potential of CNTs as filler for polymer
nanocomposites. In the present chapter, we will briefly discuss on CNTs and their
properties, different fabrication methods of polymer nanocomposites and their mechanical,
electrical and thermal properties.
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2. Carbon nanotubes (CNTSs)

CNTs are long cylinders of covalently bonded carbon atoms which possess extraordinary
electronic and mechanical properties. There are two basic types of CNTs: single-wall carbon
nanotubes (SWCNTs) which are the fundamental cylindrical structure and multi-wall
carbon nanotubes (MWCNTs) which are made of coaxial cylinders (Fig. 1), having interlayer
spacing close to that of the interlayer distance in graphite (0.34 nm). These cylindrical
structures are only few nanometre in diameter, but the cylinder can be tens of microns long,
with most end capped with half of a fullerene molecule. It was first discovered by M. Endo
in 1978, as part of his Ph.D. work at the University of Orleans in France, but real interest in
CNTs started when lijima (1991) first reported it in 1991. The field thrives after that and the
first polymer composites using CNT as filler was reported by Ajayan et al (1994).

SWCNT MWCNT

Fig. 1. Schematic diagrams of single-wall carbon nanotube (SWCNT) and multi-wall carbon
nanotube (MWCNT)

2.1 Synthesis of carbon nanotubes

CNTs can be prepared using three methods which includes arc discharge, laser ablation and
chemical vapor deposition (CVD). Most of these processes take place in vacuum or with
process gases. CVD growth of CNTs can occur in vacuum or at atmospheric pressure. High
quality and large quantities of nanotubes can be synthesized by these methods.

i.  Arc discharge

The carbon arc discharge method, initially used for producing Cso fullerenes, is the most
common and perhaps easiest way to produce CNTs. But this technique produces graphitic
impurities such as carbon soot containing amorphous carbon, anions and fullerens. In this
method an inert gas atmosphere is created in the reaction vessel by passing an inert gas at
controlled pressure. Two graphitic rods constitute the electrodes, between which a potential
difference is applied. As the rods are brought closer, a discharge occurs, resulting in
formation of plasma (Fig. 2). The deposit, which contains CNTs, forms on the large negative
electrode (cathode) while the smaller positive electrode (anode) is consumed. When a metal
catalyst is used along with graphite, a hole is drilled in the carbon anode and it is filled with
a mixture of metal and graphite powder. In this case, most nanotubes are found in soot
deposited on the arc chamber wall.
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Fig. 2. Plasma arc discharge setup

ii. Laser ablation

Laser ablation uses an intense laser pulse to vaporize a carbon target, which also contains
small amount of metals such as nickel and cobalt and is placed in a tube furnace at 1200°C.
As the target is ablated, inert gas is passed through the chamber carrying the grown
nanotubes on a cold finger for collection (Fig. 3). This method mainly produces SWCNT in
the form of ropes.

Furnace at 1200°C

Laser Beam

|

I

Carbon Target

Fig. 3. Laser ablation setup

iii. Chemical vapor deposition

In this process a mixture of hydrocarbon, metal catalyst along with inert gas is introduced into
the reaction chamber (Fig. 4a). During the reaction, nanotubes form on the substrate by the
decomposition of hydrocarbon at temperatures 700-900°C and atmospheric pressure. The
diameter of nanotubes that are to be grown are related to the size of the metal particles. This
mechanism of CNT growth is still being studied. In Figure 4b two growth modes can be seen.
The first ‘tip growth mode” where, the catalyst particles can stay at the tips of the growing
nanotube during the growth process and second ‘base growth mode” where, catalyst particles
remain at the nanotube base, depending on the adhesion between the catalyst particle and the
substrate (Fig. 4b). This technique offers more control over the length and structure of the
produced nanotubes compared to arc and laser methods. This process can also be scaled up to
produce industrial quantities of CNTs. A number of reviews (Awasthi, 2005; Monthioux, 2002;
Thostenson, 2001) are available which briefly discusses on these production techniques.

2.2 Properties of carbon nanotubes
The determination of physical properties of CNTs is relatively more difficult compared to
other fillers due to very small size of CNTs. However a number of experimental studies
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Fig. 4b. Growth modes for CVD (a) base growth mode and (b) tip growth mode

have been carried out on the direct determination of mechanical properties of individual
CNTs (Yu et al., 2000a). The stiffness of CNTs was first determined by observing the
amplitude of thermal vibrations in transmission electron microscopy (TEM) and the average
stiffness values of 1.8 TPa and 1.25 TPa (Yu et al., 2000b) were reported for MWCNTs and
SWCNTs, respectively. The in-situ tensile tests on individual MWCNTs and ropes of
SWCNTs was performed by carrying out a stress-strain measurement using a
“nanostressing stage” operating inside a scanning electron microscope (SEM). Experimental
results showed that strength of outer shell of MWCNT ranged from 11 to 63 GPa at fracture
strains of up to 12% and modulus values ranged from 270 to 950 GPa (Yu et al., 2000Db). It
was observed that strength of nanotubes depends on the number of defects, as well as
interlayer interactions in MWCNTSs and bundles of SWCNTs. Structural defects as well as
bends or twists significantly affect mechanical strength of CNTs (Kane & Mele, 1997).
Theoretical studies of the electronic properties of SWCNTs, suggest that nanotube shells can
be either metallic or semiconducting, depend critically on helicity (Fig. 5) (Saito, 1992;
Hamada, 1992; Mintmire, 1992). Tans et al. (1997) first, experimentally showed that there are
indeed metallic and semiconducting SWCNTSs, which verified the theoretical predictions. It
was observed that due to poor control on synthesis, on average, approximately 1/3 of
SWCNTs formed are metallic and 2/3 semiconductors (Odom et al., 1998). The room
temperature conductivity of metallic SWCNT was found to be 10> to 106 S/m and for
semiconducting tubes about 10 S/m. The conductivity of SWCNT is close to the in-plane
conductivity of graphite [106¢ S/m (Charlier & Issi 1996)]. Conductivities of individual
MWCNTs have been reported in the range of 107 to 108 S/m (Ebbesen et al., 1996),
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depending on the helicities of the outermost shells or the presence of defects (Dai et al.,
1996). The axial thermal conductivity of individual, perfect CNTs is reported to be as high as
3300 W/m/K (Kim et al., 2001).

Fig. 5. A sheet of graphene rolled to show formation of different types of single walled
carbon nanotube

3. Functionalization of carbon nanotubes

For a nanocomposite, a good dispersion of the filler within the host matrix is very
important. At the same time it is also important to stabilize the dispersion to prevent re-
aggregation of the filler. These tasks are particularly very challenging in case of nanofillers
since the extremely large surface area lead to strong tendency to form agglomerates. CNTs
are very well known to form aggregates during compounding and hence various techniques
have been used to overcome this problem like use of sonication or mechanical mixing
during the fabrication of nanocomposite which generally help in dispersing CNTs. But the
most effective way to resolve this problem is surface functionalization of CNTs. Surface
functionalization helps in stabilizing the dispersion, since it can prevent re-aggregation of
nanotubes and also leads to coupling of CNT with polymeric matrix. Coupling between
CNT and polymer matrix is also very important for efficient transfer of external stress to
nanotube. In recent years, various methods have been developed for surface
functionalization of CNT which includes functionalization of defect groups, covalent
functionalization of sidewalls, non-covalent functionalization, e.g., formation of
supramolecular adducts with surfactants or polymers (Fig. 6). Although surface
functionalization leads to significant improvement in CNT dispersion and stress transfer but
this method also causes deterioration of intrinsic properties of CNTs. Covalent
functionalization often lead to tube fragmentation and the non-covalent functionalization
results in poor exfoliation. Alteration of CNT properties lead to poor reinforcement and
conductivity. Hence, it becomes obvious that dispersion and stabilization are not simple
issues and compromises have to be made depending on the applications (Hirsch, 2002).

3.1 Covalent functionalization of sidewall

Local strain in CNTs, which arises from either pyramidalization or misalignment of 7-
orbitals of the sp2-hybridized carbon atoms, makes nanotubes more reactive than a flat
graphene sheet, thereby paving the path to covalently attach chemical species to nanotubes
(Banerjee et al., 2005). Covalent functionalization of CNTs can be achieved by introducing
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Fig. 6. Possibilities for the functionalization of SWCNTs a) 51-11 interaction; b) defect group
functionalization ; ¢) non-covalent functionalization with polymers

some functional groups on defect sites of CNTs (Fig. 7) by using oxidizing agents such as
strong acids, which results in the formation of carboxylic or hydroxyl groups (-COOH, -OH)
on the surface of nanotubes (Coleman, 2000, 2006, Singh, 2009). This type of
functionalization is known as defect group functionalization. Such functionalization
improves nanotube dispersion in solvents and polymers and imparts high stability in polar
solvents. For example, Feng et al. (2008) reported that oxidation of MWCNTs with
HNO3/HxO, and HNOs3;/H;S0O; introduces some carboxylic groups on CNTs, which
enhanced their stability in water at room temperature for more than 100 days. As a result,
the water-stable nanotubes can easily be embedded in water soluble polymers such as
poly(vinyl alcohol) (PVA), giving CNT/polymer nanocomposites with homogeneous
dispersion of CNTs (Zhao et al., 2008). Oxidized nanotubes also show excellent stability in
other solvents such as caprolactam, which is used in the production of polyamide (PA6)
(Gao et al., 2005). Studies on acid functionalization of CNTs have shown significant
improvement in interfacial bonding between CNTs and polymer matrices, which have been
shown to give a stronger nanotube-polymer interaction, leading to improved Young's
modulus and mechanical strength (Gao, 2006; Sui, 2008; Yuen, 2008a, 2008b, 2008c; Luo,
2008; Rasheed, 2006a, 2006b; Sahoo, 2006; Wong, 2007).

Polymer molecules can also be grafted on the surface of CNTs in presence of these active
functional groups (-COOH, -NHy, -OH). Grafting of polymer chain on CNTs can be carried
out either by ‘grafting from’ or “grafting to” technique (Coleman, 2000, 2006; Liu, 2005). The
grafting-from approach is based on the initial immobilization of initiators onto the nanotube
surface, followed by in-situ polymerization with the formation of polymer molecules
attached to CNTs. The advantage of this approach is that polymer-functionalized nanotubes
with high grafting density can be prepared. However, this process needs a strict control of
the amounts of initiator and substrate. The grafting from technique is widely used for the
preparation of poly(methyl methacrylate) (PMMA) and related polymer grafted nanotubes.
For example, Qin et al. (2004) reported the preparation of poly(n-butyl methacrylate) grafted
SWCNTs by attaching n-butyl methacrylate (nBMA) to the ends and sidewalls of SWCNT
via atom transfer radical polymerization (ATRP) using methyl 2-bromopropionate as the
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Fig. 7. Covalent functionalization of carbon nanotubes on defects sites

free radical initiator. A similar approach was reported by Hwang et al. (2004) for the
synthesis of PMMA grafted MWCNTs by potassium persulfate initiated emulsion
polymerization reactions and use of the grafted nanotubes as a reinforcement for
commercial PMMA by solution casting.

On the other hand, in case of grafting-to approach, attachment of already functionalized
polymer molecules to functionalized nanotube surface takes place via appropriate chemical
reactions. One of the first examples of ‘grafting to’ approach was published by Fu et al
(2001). In this work carboxylic acid groups on the nanotube surface were converted to acyl
chlorides by refluxing the samples with thionyl chloride. Then the acyl chloride
functionalized CNTs were reacted with hydroxyl groups of dendritic poly(ethylene glycol)
(PEG) polymers via the esterification reactions. The grafting-to method was applied for the
preparation of epoxy-polyamidoamine-SWCNT composites (Sun et al., 2008). An advantage
of this method is that, commercially available polymers containing reactive functional
groups can be utilized.

3.2 Non-covalent functionalization with surfactant or polymer

The non-covalent functionalization has unique ability of preserving the intrinsic properties
of nanotube which is very important for its electrical and thermal conductivity. Various
studies have shown that surfactant or wrapping with polymer can lead to individualization
of nanotube in aqueous or organic solvent. (Moore, 2003; Matarredona, 2003; Vigolo , 2000;
Regev, 2004; Grossiord, 2005; Curran, 1998; Coleman, 2000; O'Connell, 2001). Moore et al.
studied various anionic, cationic and non-ionic surfactants and polymers to determine their
ability to disperse nanotube in aqueous media. They reported that size of the hydrophilic
group of surfactant or polymer play a key role in nanotube dispersion. It was also observed
that surfactant alone is not capable of suspending nanotubes effectively and vigorous
sonication is required (Matarredona et al., 2003). Polymers such as poly(m-phenylene-co- 2,5-
dioctoxy-p-phenylenevinylene) (PmPV) can be used to wrap around nanotube in organic
solvents such as CHCl3 (Coleman et al., 2000). Polar side chain containing polymer, such as
poly(vinyl pyrrolidone) [PVP] or poly(styrene sulfonate) [PSS] gave stable solutions of
SWCNT/ polymer complexes in water (O'Connell et al., 2001). The thermodynamic driving
force for wrapping of polar polymer on nanotube is the need to avoid unfavorable
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interactions between the non-polar tube walls and the polar solvent (water). To disperse the
nanotube in non-polar polymer matrices, such as polyolefins, polymerization-filling
technique (PFT) was used. In this process nanotube is first dispersed with catalyst and co-
catalyst and followed by polymerization (Dubois & Alexandre, 2006). This technique leads
to individualization of nanotube and allows the homogeneous dispersion of nanotubes
upon melt blending.

4. CNT/polymer nanocomposites

In order to utilize CNTs and their extra ordinary properties in real-world applications,
CNT/polymer nanocomposites were developed. Currently, polymer composite is the biggest
application area for CNTs. These nanocomposites are being utilized in different fields
including transportation, automotive, aerospace, defense, sporting goods, energy and
infrastructure sectors. Such wide range applications of such materials are due to their high
durability, high strength, light weight, design and process flexibility. CNT/polymer
nanocomposites are also used as electrostatic discharge (ESD) and electromagnetic interference
(EMI) shielding material because of high electrical conductivity of this material. However, the
effective utilization of CNTs for fabricating nanocomposites strongly depends on the
homogeneous dispersion of CNTs throughout the matrix without destroying their integrity.
Furthermore, good interfacial bonding is also required to achieve significant load transfer
across the CNT-matrix interface, a necessary condition for improving the mechanical
properties of composites. So it is very important to achieve high degree of CNT dispersion
during processing without affecting its property. In the following section we will discuss about
the different processing techniques and properties of CNT/polymer nanocomposite.

4.1 Processing of CNT/polymer nanocomposites

From the above discussion, it is very clear that CNTs have strong tendency to form
aggregates due to their large surface area. These aggregates persist unless high shear forces
are applied e.g., vigorous mixing of the polymer. But such mixing often damages nanotube
structures, compromising their properties. Therefore, the biggest challenge is to fully
disperse individual nanotubes in the matrices to realize full potential of CNTs. Surface
modification of CNTs have somewhat helped in dispersing CNT but long term stability is
still a real challenge. Nevertheless, several approaches have been successfully adopted to
obtain intimate mixing of nanotubes with polymer matrices, including dry powder mixing,
solution blending, melt mixing, in-situ polymerization and surfactant-assisted mixing.

i.  Solution processing

The most common method for preparing CNT/polymer nanocomposites involves mixing
of CNT and polymer in a suitable solvent. The benefit of solution blending is rigorous
mixing of CNTs with polymer in a solvent which facilitates nanotube de-aggregation and
dispersion. This method consists of three steps: dispersion of nanotubes in a suitable
solvent, mixing with the polymer (at room temperature or elevated temperature) and
recovery of the nanocomposite by precipitating or casting a film. Both organic and
aqueous medium have been used to produce CNT/polymer mnanocomposites
[Bandyopadhyaya, 2002; Pei, 2008; Wu, 2007; Cheng, 2008]. In this method dispersion of
nanotube can be achieved by magnetic stirring, shear mixing, reflux or most commonly,
ultrasonication. Sonication can be provided in two forms, mild sonication in a bath or
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high-power sonication. The use of high-power ultrasonication for a long period of time
can shorten the nanotube length, i.e. reduces the aspect ratio, which is detrimental to the
composite properties (Badaire et al., 2004).

To minimize this problem, surfactants have been used to disperse higher loadings of
nanotubes (Islam, 2003; Barrau, 2003; Bryning, 2005a). Islam et al. (2003) reported that
SWCNT (20 mg/mL) can be dispersed in water by using 1% sodium dodecylbenzene
sulfonate as surfactant and low power, high-frequency (12 W, 55 kHz) sonication for 16-24
h. However, it has a major drawback of retaining surfactant in the nanocomposites which
deteriorate the transport properties of nanocomposites. Bryning et al. (2005a) prepared
SWCNT/epoxy nanocomposites and showed that the thermal conductivity of composite is
much lower if surfactant is used for SWCNT dispersion.

In solvent blending, slow evaporation step often lead to CNT aggregation. To overcome this
problem, CNT/polymer suspension can be kept on a rotating substrate [spin-casting (Lamy
de la Chapelle et al., 1999)] or can be dropped on a hot substrate [drop-casting (Benoit, et al.,
2001)] to expedite the evaporation step. Coagulation [developed by Du et al. (Du et al,,
2003)] is another method, which involves pouring of a CNT/polymer suspension into an
excess of non-solvent. This lead to entrapment of SWCNT by precipitating polymer chains
which inturn prevents the SWCNT from bundling. The method is very successful in case of
PMMA and polyethylene [PE] nanocomposites (Haggenmueller et al., 2006).

ii. Melt blending

While solution processing is a valuable technique for both nanotube dispersion and
nanocomposite formation, it is less suitable for industrial scale processes. For industrial
applications, melt processing is a preferred choice because of its low cost and simplicity to
facilitate large scale production for commercial applications. In general, melt processing
involves the melting of polymer pellets to form a viscous liquid and application of high
shear force to disperse the nanofillers such as CNTs. Successful examples of melt blending
include MWCNT/polycarbonate (Poetschke et al.,, 2003) MWCNT/ nylon-6, (Liu, 2004;
Zhang, 2004) SWCNT/polypropylene, (Bhattacharya et al., 2003) and SWCNT/polyimide
(Siochi et al., 2004) nanocomposites. Although melt blending is very simple, but high shear
force and high temperature can deteriorate nanocomposite property, as high shear force
which is required to achieve CNT dispersion can also lead to CNT fragmentation. So an
optimum shear stress is required to achieve desired dispersion at lowest possible damage of
CNTs.

The use of high temperature is also very critical, as high temperature enhances CNT
dispersion by lowering the viscosity but too high temperature can degrade the polymer
intrinsic properties. So optimization of temperature is also very important. To overcome
these challenges many modification in melt compounding has been made like :
Haggenmueller et al. (2000) combined the solution and melt blending by subjecting a
solvent cast SWCNT/polymer film to several cycles of melt pressing. An approach
developed by Jin et al (2002) introduces polymer-coated MWCNT (rather than pristine
MWCNT) into the polymer melt to promote compatibilization. However optimization of
processing conditions is an important issue, not just for different nanotube types, but for the
whole range of polymer-nanotube combinations (Dubois & Alexandre, 2006).

iii. In-situ polymerization

In recent years, in-situ polymerization has been extensively explored for the preparation of
polymer grafted nanotubes and processing of corresponding polymer composite materials.
The main advantage of this method is that it enables grafting of polymer macromolecules
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onto the walls of CNTs. In addition, it is a very convenient processing technique, which
allows the preparation of nanocomposites with high nanotube loading and very good
miscibility with almost each polymer matrix. This technique is particularly important for the
preparation of insoluble and thermally unstable polymers, which cannot be processed by
solution or melt processing. Depending on required molecular weight and molecular weight
distribution of polymers, chain transfer, radical, anionic, and ring-opening metathesis
polymerizations can be used for in-situ polymerization processing. Initially, in-situ radical
polymerization was applied for the synthesis of PMMA/MWCNT nanocomposites (Jia,
1999; Velasco-Santos, 2003; Putz, 2004). More recently (Wu, 2009) studied the mechanical
and thermal properties of hydroxyl functionalized MWCNTs/acrylic acid grafted PTT
nanocomposites and showed a significant enhancement in thermal and mechanical
properties of PTT matrix due to the formation of ester bonds between ~-COOH groups of
acrylic acid grafted PTT and -OH groups of MWCNTs.

In-situ polymerization was also very useful for the preparation of polyamide/CNT polymer
nanocomposites. Park et al. (2002) also reported the synthesis of SWCNT reinforced
polyimide nanocomposites by in-situ polymerization of diamine and dianhydride under
sonication. Epoxy nanocomposites comprise the majority of reports using in-situ
polymerization methods, (Schadler, 1998; Zhu, 2003, 2004; Gong, 2000; Ajayan, 2000;
Moniruzzaman, 2006a) where the nanotubes are first dispersed in the resin followed by
curing the resin with the hardener. Zhu et al. (2003) prepared epoxy nanocomposites by this
technique using carboxylated end-cap SWCNT and an esterification reaction to produce a
composite with improved tensile modulus. It is important to note that as polymerization
progresses and the viscosity of the reaction medium increases, the extent of in-situ
polymerization reactions might be limited.

In general, in -situ polymerization can be applied for the preparation of almost any polymer
nanocomposites containing CNTs which can be non-covalently or covalently bound to
polymer matrix. Non-covalent binding between polymer and nanotube involves physical
adsorption and wrapping of polymer molecules through van der Waals and mn-n
interactions. The role of covalently functionalized and polymer grafted nanotubes will be
considered in more detail below.

5. Alignment of carbon nanotubes in nanocomposites

The superior properties of CNTs offer exciting opportunities for new nanocomposites, but
the important limitation for some potential applications of CNTs come from the fact that
randomly oriented nanotubes embedded in polymer matrices have exhibited substantially
lower electrical and thermal conductivities than expected (Fischer, 1997, Hone, 1999).
Nanotube alignment can be obtained prior to composite fabrication or during composite
fabrication or after composite fabrication by in-situ polymerization (Raravikar, 2005; Feng,
2003), mechanical stretching (Jin et al., 1998), melt fiber spinning (Haggenmueller, 2000,
2003), electrospinning (Gao, 2004; Hou, 2005; Ko, 2003) and application of magnetic or
electric field (Ma, 2008; Componeschi, 2007). Haggenmueller et al. (2000) have tried a
combination of solvent casting and melt mixing methods to disperse single-walled CNTs in
PMMA films and subsequently melt spun into fibers. However, only the melt mixing
method was found to be successful in forming continuous fibers. Ma et al. (2008) studied
alignment and dispersion of functionalized nanotube composites of PMMA induced by
electric field and obtained significant enhancement in dispersion quality and alignment
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stability for oxidized MWCNTSs as compared to pristine MWCNTs. Camponeschi et al.
(2007) found that orientation and alignment of CNTs embedded in the epoxy under a
magnetic field increased and showed improvement in mechanical properties of the resulting
nanocomposites. Gao et al. (2004) prepared SWCNT/poly(vinyl pyrrolidone) fibres by
electrospinning using electrostatic forces and found SWCNT exhibit good alignment and
dispersion. Xie et al. (2005) showed that enhanced dispersion and alignment of CNTs in
polymer matrices greatly improve mechanical, electrical, thermal, electrochemical, optical
and super-hydrophobic properties of CNT/polymer nanocomposites. Safadi et al. (2002)
prepared PS/MWCNT nanocomposite films by spin casting at high speed (2200 rpm) and
found that MWCNTs were aligned in specific angles relative to the radial direction: 45° and
135° on average. The presence of ~2.5vol.% MWCNTs doubles the tensile modulus and
transforms the film from insulating to conducting. Thostenson & Chou (2002) found that
tensile strength and modulus of melt drawn PS/MWCNT composite films increased by 137
and 49% respectively, compared to the undrawn PS film.

6. Properties of CNT/polymer nanocomposites

Incorporation of CNT in polymer matrix resulted in a significant change in mechanical,
electrical and thermal properties of polymer matrices. Various factors that influence
property modification are processing techniques, type of CNT, aspect ratio and CNT
content. It is generally observed that a particular processing method which is good for one
property may not be good for another. One such example is surface modification of CNT
which generally enhances the mechanical properties but deteriorates the electronic
properties. So it is very important to optimize the various conditions to obtain the
nanocomposite with desired properties. A number of studies have been aimed at evaluating
the mechanical, electrical and thermal properties of CNT/polymer nanocomposite under
different conditions and filler loading.

6.1 Mechanical properties of CNT/polymer nanocomposites

The excellent mechanical properties of CNTs, as discussed above, suggest that
incorporation of very small amount of CNTs into a polymer matrix can lead to structural
materials with significantly high modulus and strength. Significant advancement has been
made in improving the mechanical properties of polymer matrix by mixing small fraction
of CNTs. Qian et al. (2000) reported that adding 1 wt.% MWCNTs in the PS by solution-
evaporation method, results in 36-42 and ~25% improvements in tensile modulus and
tensile strength, respectively. Biercuk et al. (2002) have also reported increase of
indentation resistance (Vickers hardness) by 3.5 times on adding 2 wt. % SWCNTs in
epoxy resin. Cadek et al. (2002) also found significant improvement in the modulus and
hardness (1.8 times and 1.6 times) on addition of 1 wt% MWCNTs in PVA matrix.
Homogeneous dispersion and alignment of CNTs in polymer matrix had a significant
effect on the properties of resulting composites. Velasco-Santos et al. (2003) reported that
by enhancing the dispersion of CNT by using an in-situ polymerization, the storage
modulus of PMMA/MWCNT nanocomposites at 1 wt.% of MWCNTSs at 90°C increased
by 1135%.

Although, addition of CNTs lead to enhancement of mechanical properties of the polymer
matrix but the improvement is still well below the expected value. At current stage, the
extraordinary properties of CNTs are still not fully utilized in polymer composites. Many
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research works have indicated that poor adhesion between the matrix and nanotube is the
limiting factor in imparting the excellent mechanical properties of nanotubes in composites.
As load transfer from matrix to CNTs play a key role in mechanical properties of the
nanocomposite, good interfacial bonding is very important. Load transfer between the
matrix and filler depends on the interfacial shear stress between the two (Schadler et al.,
1998). A high interfacial shear stress will transfer the applied load to the filler over a short
distance and a low interfacial shear stress will require a long distance. There are three main
load transfer mechanisms operating between a matrix and filler.

a. Micro-mechanical interlocking

This is the amount of load transfer due to mechanical interlocking which is very poor in
nanotube composites because of the atomically smooth surface of nanotubes. As CNTs has
some surface defects like varying diameter and bends/twist due to non-hexagonal defects,
along a CNT, mechanical interlocking do play a role in CNT-polymer adhesion.

b. Chemical bonding between filler and matrix

A chemical bond either ionic or covalent significantly improves the interfacial interaction
between matrix and filler that enables a stress transfer.

c¢. Weak van der Waals bonding between filler and matrix

The van der Waals interaction arises from the molecular proximity and is the only mode of
interaction between CNTs and the matrix in absence of chemical bonding.

Hence, formation of chemical bonding between CNT and polymer can significantly improve
the mechanical properties of nanocomposites. Recently, Blake et al. (2004) developed butyl-
lithium-functionalized MWCNTs which can be covalently bonded to chlorinated
polypropylene  (CPP). The CPP/MWCNT was then compounded  with
CPP/tetrahydrofuran (THF) solution to obtain CPP/MWCNT nanocomposites. They
showed that on addition of 0.6 vol% MWCNT, the modulus increased by three times and
both tensile strength and toughness (measured by the area under the stress-strain curve)
increased by 3.8 times (from 13 to 49 MPa) and 4 times (from 27 to 108 ]/ g), respectively. Bal
& Samal (2007) showed that the amine functionalized CNTs get completely dispersed in
polymer matrix in comparison to unmodified CNTs. Telescopic pull-out was also observed
in case of functionalized MWCNTs (Gojny et al., 2005). It was observed that although CNTs
get pulled out from the matrix the outer wall still remained in the matrix. This is possible
because only weak van der Waals forces are present between the various concentric tubes of
the MWCNT where as the outer tube is covalently bonded to the matrix. Such a pull-out
process suggests that efficient load transfer occurs from matrix to the outer tube, due to
strong covalent bonding between epoxy matrix and CNT.

These observations suggest that the efficiency of property improvement depends on the type
of CNT, processing techniques and the compatibility between CNT and host matrix. Although
chemical functionalization of CNT can improve the compatibility between CNT and polymer
which inturn improves the mechanical properties but it has a deteriorating effect on the other
properties of nanocomposites such as electrical and thermal conductivity. However, the rapid
growth of this field suggests the solution to these problems are not very far and in coming few
years’ desire of obtaining super strong polymer material will be realized.

6.2 Electrical properties of CNT/polymer nanocomposites

With exceptional mechanical properties, CNTs also possess very high intrinsic electrical
conductivity. The electrical conductivity of individual CNTs ranged between 107 to 108S/m
that is comparable to metals (Ebbesen et al., 1996). Very high electrical conductivity of CNTs
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have helped to impart conductivity in highly insulating material like polymer by fabricating
polymer nanocomposites. The enhancement in electrical conductivity of insulating polymer
by several orders of magnitude has been achieved with a very small loading (0.021 wt % ) of
nanotubes in the polymer matrices, which helped in preserving other performance aspects
of the polymers such as optical clarity, mechanical properties, low melt flow viscosities, etc.
As a result, these conducting materials are in growing demand in different application area
such as transparent conductive coatings, electrostatic dissipation, electrostatic painting and
electromagnetic interference shielding applications.

The electrical conductivity of CNT reinforced polymer nanocomposites depends on many
factors including type of CNTs, aspect ratio, surface functionalization and CNT content. The
electrical conductivity of nanocomposite increases with increasing CNT loading till a critical
filler concentration where a dramatic increase in conductivity is observed. This critical filler
concentration is called electrical percolation threshold concentration. At percolation
threshold concentration, filler forms a three-dimensional conductive network within the
matrix, hence electron can tunnel from one filler to another, and in doing so it overcomes the
high resistance offered by insulating polymer matrix. The percolation threshold is typically
determined by plotting the electrical conductivity as a function of the reduced mass fraction
of filler and fitting with a power law function (Fig. 8). As formation of percolating networks
depends on both intrinsic conductivity and aspect ratio of the filler, the nanotube/polymer
nanocomposites exhibit very low percolation threshold because of high conductivity and
high aspect ratio of CNTs. Bryning et al. (2005b) studied the effect of aspect ratio on
percolation threshold concentration by preparing SWCNT/epoxy nanocomposites with
nanotubes from two different sources, HiPco and laser oven, having aspect ratios of ~150
and ~380 respectively. They reported a smaller percolation threshold with the higher aspect
ratio nanotubes. Similar observation was also made by Bai & Allaoui (2003); they found
more than 8-fold decrease in threshold concentration in MWCNT/epoxy composites when
the MWCNT length was increased from 1 to 50 pum. In general, the minimum percolation
threshold concentration for SWCNT/ polymer nanocomposite is 0.0021wt % in epoxy matrix
(Martin et al., 2004). For different polymer systems it ranged from 0.0021 to 15 wt% CNT
loading (Bauhofer & Kovacs, 2009). These studies show that the percolation threshold
concentration and nanocomposite conductivity also depends on polymer type, synthesis
method, aspect ratio of CNTs, disentanglement of CNT agglomerates, uniform spatial
distribution of individual CNTs and degree of alignment [Bryning, 2005b; Moniruzzaman ,
2006b; Du, 2005].

Another factor which significantly affects the electrical conductivity of nanocomposite is the
chemical functionalization of CNTs because it disrupts the extended s-conjugation of
nanotubes and thereby reduces the electrical conductivity of isolated nanotubes. Sulong et
al. (2009) showed that incorporation of acid and octadecylated functionalized MWCNT in
epoxy matrix decreased the electrical conductivity of nanocomposites. Similar results have
also been reported by Park et al (2009). Hence, it is important to optimize the modification
condition or reagent to achieve minimum deterioration of electronic properties of CNTs.
Nevertheless, significant improvement in electrical conductivity of polymer on CNT
addition lead to the development of CNT/polymer conductive nanocomposites for
electronics, automotive and aerospace applications with uses such as electrostatic
dissipation, electromagnetic interference (EMI) shielding, multilayer printed circuits, and
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Fig. 8. Plot of dc electrical conductivity (o) vs weight fraction of MWCNT in PTT/MWCNT
composites [inset shows the log-log plot of 6 vs [(p- pc)/ pc]

conductive coatings (Baughman, 2002; Dresselhaus, 2004; Holt, 2006; Martel, 1998; Minoux,
2005; Zhang, 2005). The rapid development of electrical industry, demands fabrication of
light weight and effective EMI shielding material for the protection of workspace and
environment from radiation coming from computers and telecommunication equipment as
well as for protection of sensitive circuits. Thus electrically conducting polymer
nanocomposites have received much attention recently compared to conventional metal-
based EMI shielding materials (Chung, 2001; Joo & Epstein, 1994; Kim, 2003; Yang, 2005a),
because of their light weight, resistance to corrosion, flexibility and processing advantages.
The use of CNT have significantly reduced the filler loading required to achieve desired
EMI SE, thus reduced the cost and weight of the material (Chung, 2001; Micheli, 2009;
Sundararaj & Al-Saleh, 2009; Yang, 2005b).

The effect of aspect ratio on EMI SE was shown by Sundararaj & Al-Saleh. They reported
that SE of 1 mm thick shielding plate made of 7.5 vol% MWCNT/polypropylene (PP)
nanocomposite was much higher ( 35 dB) than 7.5 vol% (HS-CB)/PP composite (18 dB) in
the X-band frequency range. Yang et al. (2005b) studied the EMI shielding behavior of
MWCNT/PS nanocomposites and achieved SE of ~20 dB at 7 wt % MWCNT loading.
Although, lower value of SE of CNT composites have also been reported, e.g., Liu et al.
(2007) achieved only ~17 dB at 20 wt% MWCNTs loading in polyurethane (PU) whereas
Kim et al. (2004) reported ~27 dB SE at 40 wt% CNT loading for MWCNT/PMMA films.
These observations suggest that SE of CNT filled polymer nanocomposite depends on many
factors including fabrication techniques, purity of CNT, dispersion etc. Recently significant
efforts have been made in understanding the EMI shielding mechanisms of polymer
nanocomposite as it is very important for the best utilization of shielding capabilities of
material and for designing nanocomposite at lowest possible filler loading and cost. Three
types of EMI shielding mechanisms have been proposed, namely: reflection, absorption and
multiple reflections [Sundararaj & Al-Saleh, 2009; Chung, 2001; Liu, 2007]. Some previous
studies have shown that in MWCNT/polymer nanocomposites, SE is mainly absorption
dominated where as SWCNT/polymer nanocomposites are mainly reflection dominated
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material. The application area of EMI shielding materials depends on the dominant
shielding mechanism like absorption based EMI shielding materials are used in radar,
microwave communication technology, stealth (self concealing) technology, microwave
darkroom and anti-EMI coating application.

6.3 Thermal properties

Thermal properties of a composite are equally important as its mechanical and electrical
properties because it gives more freedom in selecting processing conditions and also
application area. It is observed that incorporation of CNTs in polymer matrices results in
increase of glass transition, melting and thermal decomposition temperatures due to
hindered chain and segmental mobility of the polymers. To improve the thermal endurance
of CNT/polymer nanocomposites, surfactant as the wetting agent were also incorporated.
Gong (2000) and Velasco-Santos et al. (2003) reported that addition of 1 wt.% CNTs with a
surfactant in epoxy and PMMA matrix increased the glass transition temperature by ~25
and ~40 °C respectively. Incorporation of CNTs in polymer matrices also enhances the rate
of crystallization by acting as nucleating sites [Deshpande & Jape, 2009; Zhang, 2008] which
in-turn reduces the processing time and enhances mechanical strength. There are reports
according to which addition of CNTs in polymer matrix can hinder the crystallization of
polymer matrices (Jin, 2007; Diez-Pascual, 2009). Our recent study on MWCNT/PTT
nanocomposite suggested that presence of MWCNTs in PTT matrix delays the
crystallization and lead to formation of bigger crystallites (Gupta & Choudhary, 2010).
Thermal stability and melting temperature of polymer matrices were improved in presence
of CNTs. Kashiwagi et al. (2000) found that the thermal decomposition temperature of
polypropylene in nitrogen increases by ~12 °C on 2 vol. % MWCNTs loading. Because of the
excellent thermal conductivity of CNTs, incorporation of CNTs significantly improves the
thermal transport properties of polymer nanocomposites which lead to its usage as printed
circuit boards, connectors, thermal interface materials, heat sinks, and other high-
performance thermal management systems. Choi et al. (2003) reported 300% increase in
thermal conductivity of epoxy matrix at room temperature on 3 wt % SWCNT loading and
an additional increase (10%) when aligned magnetically. Biercuk et al. (2002) prepared an
epoxy nanocomposite with 1 wt % raw (not purified) laser-oven SWCNT and showed a
125% increase in thermal conductivity at room temperature. Alignment of CNTs also plays
an important role in improving the transport properties of a material. Choi et al. (2003)
found 10% increase in thermal conductivity of epoxy composite with aligned MWCNTs in
comparison to non-aligned MWCNTs.

7. Application of CNT/polymer nanocomposites

With their excellent range of properties, CNTs have opened up a new age of advanced
multifunctional materials. Incorporation of CNTs in polymer matrices provides materials
that could be used for many high performance engineering applications. Currently, the most
widespread use of CNT nanocomposites is in electronics. These nanocomposites could be
used to shield electromagnetic interference and as electrostatic-discharge components. The
microwave-absorbing capability of nanotubes could be exploited to heat temporary housing
structures and may have applications in space exploration. Thin layers of nanotubes on
plastics might also be used in transparent conducting composites. High mechanical strength
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of these nanocomposites could be utilized to make some high-end sporting goods such as
tennis rackets, baseball bat etc, and thus delivering superior performance. In short, the
biggest market for CNT nanocomposites will undoubtedly be for high-value applications
that can absorb the added costs, which includes commercial sectors such as electronics
especially aerospace (which requires lightweight, high-strength, high-temperature-resistant
composites) and energy (for example, in nanotube-reinforced rubber seals for large oil
recovery platforms). Once the cost of nanotubes becomes comparable to that of carbon fibre
(or even to that of the much cheaper reinforcing agent, carbon black), commodities such as
nanotube-filled rubber tyres could become a reality.

8. Conclusion and future scope

Studies on CNT/polymer nanocomposite suggests that CNT has great potential in altering
the properties of polymer matrices. The quality of CNT/polymer nanocomposites depends
on many factors including type of CNTs, chirality, purity, defect density, aspect ratio, %
loading, dispersion, alignment and interfacial adhesion between the nanotube and polymer
matrix. A lot of research work has been carried out to improve the quality of CNTs and
processing techniques. The biggest challenge in realizing the full potential of CNTs is to
achieve homogeneous dispersion of CNTs so that maximum filler surface area will be
available for load-transfer between filler and matrix. The functionalization of nanotubes
provides a convenient route to improve dispersion and stress transfer between CNT and
polymer matrix, but more improvement in this field is required to preserve the intrinsic
properties of CNTs. It is important to focus on different methods of noncovalent
functionalization of nanotubes and discover a route which can improve the dispersion and
compatibility without negatively affecting the composite properties. The actual task of
dispersing the CNTs in polymer matrix is performed during its manufacturing. The three
major processing techniques namely, solution, melt and in-situ polymerization have their
unique advantages in fabricating CNT/polymer nanocomposite. Although solution
blending produces high quality composite but melt compounding is much simpler and
provide option for large scale production. Recently, in-situ polymerization is also showing
great potential in fabricating CNT/polymer nanocomposite. The success of processing
technique is directly related to performance of composite. The maximum improvement in
mechanical properties of polymer matrix is observed in case of in-situ polymerization which
produces covalent bond between CNT and polymer matrix. However it negatively
influences the electronic properties of the composite. The increase in electrical conductivity
of polymer material on CNT addition is the biggest advantage of fabricating CNT/polymer
nanocomposite. As significant improvement in electrical conductivity is observed at very
low CNT loading, CNT/polymer nanocomposite is finding application as light weight, low
cost and highly effective ESD and EMI shielding material. The thermal properties of the
polymer matrix also modified by CNT addition like CNT increases the glass transition,
melting and thermal decomposition temperatures. CNT also influences the crystallization
rate and percentage crystallinity by acting as nucleating agent. Improvement in both
crystallization rate and percentage crystallinity enhances its mechanical and processing
properties. So finally we can conclude that CNT is ideal filler for fabricating polymer
composite but some serious challenges need to be addressed before fully realizing the
extraordinary properties of CNT in polymer nanocomposite.
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1. Introduction

Albeit initially reported by a Russian group and reported again by Oberlin and co-workers
(Oberlin et al., 1976), carbon nanotubes (CNTs) were first brought to the attention of greater
scientific community by IJjima in 1991. It was not until 1991 that CNTs came to limelight
unfolding its exotic properties. Following this report, academic interest in this one-
dimensional nanomaterial has grown remarkably and phenomenal number of research are
being carried out worldwide. Its outstanding properties such as high mechanical strength,
flexibility and impressive electrical and thermal conductivity make itself attractive and
potential candidate for various applications. Despite CNTs’s exceptional properties, there
are two main limitations that hinder its use. The surface energy of CNTs is significantly
different from that of matrices such as common organic solvents or polymers and CNTs
may not have chemical affinity to the organic matrices and thus, the dispersion of CNTs into
matrices is the biggest obstacle in practice (Song et al., 2005). In addition, the seamless
surface of CNTs cannot provide physical interaction between CNTs and matrix (Ajayan et
al., 2000). The modification of CNTs with other materials, makes it the most attractive and
ultimate candidate for a plethora of applications which includes nanodevices, to organic
electronics. In terms of the practical challenges that must be addressed to expand CNTs
application scope in various potential fields of nanotechnology; many protocols have been
proposed and considerable amount of research work is being focused on the interfacial
molecular engineering of CNTs, aiming at improving their state of interaction with
macromolecules, mainly to optimize the final properties of the hybrid nanomaterials. These
protocols to prepare such hybrid composites have triggered burgeoning interest and to
realize most of these applications practically, CNTs are most frequently functionalized with
various kinds of technologically important polymers to improve the properties of the end
material. Such assemblies have already suggested that the functionalization of polymers to
CNTs draws equal importance in materials development for future applications in
constructing optoelectronic devices. This chapter will focus and discuss the frequently used
methods to functionalize CNTs namely; covalent and non-covalent strategies. Of particular
importance, this chapter will also shed light on the “pros and cons’ of the frequent methods
and alternative methods that have been developed in the recent past which can open the
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path for their facile manipulation and processing in physiological environments and also to
overcome difficulties in processing CNTs.

2. Carbon nanotubes

CNT is one of carbon allotropes such as diamond, graphite, graphene, fullerene and
amorphous carbon. But, it is the one-dimensional carbon form which can have an aspect
ratio greater than 1000 makes it interesting (Figure 1). The bonding in carbon nanotubes is
sp?, with each atom joined to three neighbours, as in graphite. CNTs are rolled-up graphene
sheets (graphene is an individual graphite layer). This type of structural bonding, which is
stronger than the sp3 bonds found in diamond, provides the molecules with their unique
strength. Under high pressure, nanotubes can merge together, trading some sp? bonds for
sp® bonds, giving the possibility of producing strong, unlimited length wires through high-
pressure nanotube linking.
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Fig. 1. Crystal structures of different allotropes of carbon. (Left to right) Three-dimensional
diamond and graphite (3D); two-dimensional graphene (2D); one-dimensional nanotubes
(1D); and zero-dimensional buckyballs (0D) (Mikhail & Katsnelson, 2007).

The properties of nanotubes depend on atomic arrangement (on how the sheets of graphite
are ‘rolled’), the diameter and length of the tubes, and morphology, or nano structure.
Single walled nanotubes (SWNTs) consist of a single sheet of graphene rolled seamlessly to
form a cylinder with diameter of order of 1 nm and length of up to centimeters (Bethune et
al., 1993; Ijima et al., 1993). Multi-walled nanotubes (MWNTs) consist of an array of such
cylinders formed concentrically and separated by 0.35 nm, similar to the basal plane
separation in graphite (Ijima 1991). MWNTs can have diameters from 2 to 100 nm and
lengths of tens of microns. Apart from these two main types, there was also the few-walled
carbon nanotube (FWNTs) that was reported and found to have peculiar properties, often
with much better structural integrity (Hutchinson et al. 2001).

Fig. 2. TEM images of different types of CNTs: (a) single-walled carbon nanotubes; (b) few-
walled carbon nanotubes; (c) multi-walled carbon nanotubes (Huo et al. 2009).
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SWNTs are formed by rolling a sheet of graphene into a cylinder along an (i, n) lattice
vector in the graphene (Figure 3). The (m, n) indices determine the diameter and chirality.
Three types of SWNTs are revealed with these values: when n = m, the nanotube is called
“armchair” type (= 0°); when m = 0, then it is of the “zigzag” type (= 30°). Otherwise, when n
#m, it is a “chiral” tube and takes a value between 0° and 30°. The value of (1, n) determines
the chirality of the nanotube and affects the optical, mechanical and electronic properties.
For typical diameters, all armchair SWNTs and one-third of all zigzag nanotubes are
metallic, the rest are semiconducting (Hamada et al.; 1992).
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Fig. 3. (a) definition of the chiral vector describing the unit cell of a SWNT (Belin & Epron
2005); (b) CG images of armchair (1, n), zigzag (1, 0), and chiral nanotubes (Popov 2004).

It is clear that CNTs have many advantages over other materials in terms of mechanical,
electrical and thermal properties although there is no consensus on the exact properties of
CNTs (Table 1). Theoretical and experimental results have shown unusual mechanical
properties with Young’ modulus as high as 1.2 TPa and tensile strength of 50-200 GPa (Qian
et al.; 2002). The relatively high values of modulus and strength values have been measured
on high quality SWNT and arc discharge MWNT. However, CVD-MWNT was measured to
have a modulus of 0.45 TPa and tensile strength of ~4 GPa (Xie et al.; 2000). The much larger
variation in modulus for CVD-MWNT compared to arc-MWNT strongly suggests that the
modulus is very sensitive to defect concentration and type.

Depending on the relationship between this axial direction and the unit vectors describing
the hexagonal lattice, CNTs can either be metallic or semi-metallic. Semi-metallic nanotubes
have band gaps that scale inversely with diameter, ranging from approximately 1.8 eV for
very small diameter nanotubes to 0.18 eV for the widest possible stable SWNT (Elliot et al.;
2004). In addition, carrier mobility as high as 105 cm2?/Vs have been observed in semi-
conducting nanotubes (Kim et al.; 2004). Superconductivity has also been observed in
SWNTs at the transition temperatures of 5 K (Tang et al.; 2001). CNTs are also very
conductive for phonons. Theory predicts a room temperature thermal conductivity of up to
6000 W/m-" K (Che et al.; 2000 & Osman et al.; 2001) but, the values around 200 W/m- K
have been measured (Hone et al.; 2002). These properties offer CNTs great potential for
wide applications in field emission, conducting plastics, thermal conductors, energy storage,
conductive adhesives, thermal interface materials, structural materials, fibers, catalyst
supports, biological applications, air and water filtration, ceramics to name a few
(Thostenson et al. 2001; Ajayan et al.; 2003; Coleman et al.; 2006).
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Property Carbon nanotubes Graphite

(Cylindrical) hexagonal lattice helicity
Nanotubes: ropes, tubes arranged in|Planar hexagonal, plane-
triangular lattice with lattice parameters of | to-plane distance ¢=0.335

a =1.7 nm, tube-tube distance = 0.314

Specific gravity ~ [0.8-1.8 gcc? (theoretical) 2.26 gecl

. ~1 TPa for SWNT .
Elastic modulus ~0.3-1 TPa for MWNT 1 TPa (in-plane)

50-500 GPa for SWNT

Lattice structure

Strength 10-50 GPa for MWNT

Resistivity ~5-50 micro-ohm cm 50 (in-plane)

Thermal . 3000 Wm-1K-! (in-plane)
1K1

conductivity 3000 W m-tK- (theoretical) 6 Wm-1K1 (c axis)

Thermal . . -1 x 106 K-1 (in-plane)
expansion Negligible (theoretical) 29 x 104K-1 (c axis)

Oxidation in air | >700 °C 450-650 °C

Table 1. Theoretical and experimentally measured properties of carbon nanotubes (Schadler
2004).

The synthesis methods for CNTs include arc-discharge (Journet et al. 1997), laser ablation
(Rinzler et al. 1998), gas-phase catalytic growth from carbon monoxide (Nikolaev et al. 1999)
and chemical vapor deposition (CVD) from hydrocarbons (Ren et al 1999 & 2007). The arc-
discharge and laser ablation are well established in producing high-quality and nearly
perfect nanotube structures. But, due to their scale-up limitations the production cost is too
hight hence limiting its access. During the synthesis process, impurities in the form of
catalyst particles, amorphous carbon and non-tubular fullerenes are also produced. Thus,
subsequent purification steps are required to separate the tubes. The gas-phase catalytic
growth with carbon monoxide as the carbon source yielded in quantity high-purity single
walled nanotubes at the highest accessible temperature and pressure (1200 °C, 10 atm).
However, this method is not economically practical due to high temperature and pressure of
the synthesis conditions. The CVD process tended to tend nanotubes with fewer impurities
and was more amenable to large-scale processing. Therefore, the CVD method has the
highest potential to produce a large quantity and high purity of CNTs.

method arc discharge laser ablation chemical vapor deposition

description arc evaporation of graphite in the vaporization of graphite target by decomposition of hydrocarbons
presence of inert gas; N1 formed laser; CN'1 tormed on receiver over transition metal catalyst to
on electrodes during quenching during quenching form CNT

operating temperature =3000°C >3000 °C <1200 °C

operating pressure 50 TG00 Torr generally under vacuum 200 750 Torr generally under vacuum TG0 7600 Torr

advantages good quality CNTs good quality CNTs; single easy scale up; synthesis on

conformation SWNT formed (10, 10) templates possible
disadvantages difficult to scale up difficult to scalz up; expensive quality of CNT not as good

Table 2. Comparison of the established techniques for CNT synthesis (See et al. 2007).
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3. Functionalization of carbon nanotubes

The main problem with the majority of popular synthetic methods is that they produce
samples yielding a mixture of various diameters and chiralities of nanotubes that are
normally contaminated with metallic and amorphous impurities. Thus, post-synthesis
chemical processing protocols (Strano et al.; 2004 & Li et al.; 2002) that purify tubes that can
also separate individual tubes according to diameter and chirality by taking advantage of
their differential reactivities are often the only viable routes to rational and predictable
manipulation of the favorable electronic and mechanical properties of these materials
(Niyogi et al.; 2002 & Tasis et al.; 2003).

The full potential of CNTs as reinforcements has been severely limited due to poor
interfacial interaction, van der Waals interaction, between CNTs and polymer matrix. The
nature of dispersion problem for CNTs is rather different from other conventional fillers,
such as spherical particles and carbon fibers, because CNTs are characteristic of small
diameter in nanometer scale with high aspect ratio (>1000) and thus possessing large surface
area. In addition, the commercialized CNTs are supplied in the form of heavily entangled
bundles, resulting in inherent difficulties in dispersion.
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Fig. 4. Functionalization possibilities for SWNTs: a) defect-group functionalization, b)
covalent sidewall functionalization, ¢) non-covalent exohedral functionalization with
surfactants, d) non-covalent exohedral functionalization with polymers, and e) endohedral
functionalization with, for example, Cep. For methods B-E, the tubes are drawn in idealized
fashion, but defects are found in real situations (Hirsch 2002).
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To resolve those problems, it has been directed towards developing methods to modify
surface properties of CNTs. These approaches can be simply divided into chemical
(covalent) and physical (noncovalent) functionalization as interactions between active
materials and CNTs. The characterization corresponding to these methods are summarized
in Figure 4.

3.1 Covalent functionalization

The end caps of nanotubes tend to be composed of highly curved fullerene-like
hemispheres, which are therefore highly reactive, as compared with the side walls (Hirsch
2002 & Sinnott 2002). The sidewalls themselves contain defect sites such as pentagon-
heptagon pairs called Stone-Walls defects, sp3-hybrideized defects, and vacancies in the
nanotube lattice (Figure 5) (Hirsch 2002).

Fig. 5. Typical defects in a SWNT. a) five-or seven-membered rings in the carbon
framework, instead of the normal six-membered ring, leads to a bend in the tube. b) sp3-
hybrideized defects (R=H and OH). c¢) carbon framework damaged by oxidative conditions,
which leaves a hole lined with -COOH groups. d) open end of the SWNT, terminated with
COOH groups. Besides carboxyl termini, the existence of which has been unambiguously
demonstrated, other terminal groups such as -NO», -OH, -H, and =O are possible (Hirsch
2002).

Chemical functionalization is based on the covalent bond of functional groups onto carbon
form of CNTs. It can be performed at the end caps of nanotubes or at their sidewalls which
have many defects. Direct covalent sidewall functionalization is associated with a change of
hybridization from sp? to sp3 and a simultaneous loss of p-conjugation system on graphene
layer (Figure 6). This process can be made by reaction with some molecules of a high
chemical reactivity. In the first approach, fluorination of CNTs has become popular for
initial investigation of the covalent functionalization because the CNTs sidewalls are
expected to be inert (Bianco et al.; 2008 & Mickelson et al.; 1998). The fluorinated CNTs have
C-F bonds that are weaker than those in alkyl fluorides (Kelly et al. 1993) and thus
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providing substitution sites for additional functionalization (Touhara et al.; 2002). Successful
replacements of the fluorine atoms by amino, alkyl and hydroxyl groups have been
achieved (Stevens et al.; 2003). Other methods, including cycloaddition, such as Diels-Alder
reaction, carbene and nitrene addition (Hu et al. 2003), chlorination, bromination (Unger et
al. 2002), hydrogenation (Kim et al.; 2002), azomethineylides (Tagmatarchis 2004) have also
been successfully employed.

Another method is defect functionalization of CNTs. These intrinsic defects are
supplemented by oxidative damage to the nanotube framework by strong acids which leave
holes functionalized with oxygenated functional groups (Chen et al.; 1998). In particular,
treatment of CNTs with strong acid such as HNO3, HSO4 or a mixture of them (Esumi et al.;
1996 & Liu et al.; 1998), or with strong oxidants such as KMnOjy (Yu et al.; 1998), ozone
(Sham et al.; 2006), reactive plasma (Wang et al.; 2009) tend to open these tubes and to
subsequently generate oxygenated functional groups such as carboxylic acid, ketone,
alcohol and ester groups, that serve to tether many different types of chemical moieties onto
the ends and defect sites of these tubes. These functional groups have rich chemistry and the
CNTs can be used as precursors for further chemical reactions, such as silanation (Ma et al.;
2006), polymer grafting Sano et al. 2001 & Kong et al. 2003), esterification (Hamno et al.
2002), thiolation (Liu et al.; Science 1998), and even some biomolecules (Coleman et al.;
2006). The CNTs functionalized by the covalent methods has good advantage which that
was soluble in various organic solvents because the CNTs possess many functional groups
such as polar or non-polar groups.
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Fig. 6. Strategies for covalent functionalization of CNTs (A: direct sidewall functionalization;
B: defect functionalization) (Ma et al.; 2010).

However these methods have two major drawbacks. First, during the functionalization
reaction, especially along with damaging ultrasonication process (Figure 7), a large number
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of defects are inevitably created on the CNT sidewalls, and in some extreme cases, CNTs are
fragmented into smaller pieces (Figure 8). Namely, the carbon hybridization of CNTs was
changed from sp? to sp3. These damaging effects result in severe degradation in mechanical
properties of CNTs as well as disruption of 1 electron system in nanotubes. The disruption
of m electrons is detrimental to transport properties of CNTs because defect sites scatter
electrons and phonons that are responsible for the electrical and thermal conductions of
CNTs, respectively. Secondly, concentrated acids or strong oxidants are often used for CNT
functionalization, which are environmentally unfriendly. Therefore, many efforts have been
put forward to developing methods that are convenient to use, of low cost and less damage
to CNT structure.
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Fig. 7. (a) fluorescence excitation profile of sodium cholate-suspended SWNT in water, (b)
profile of the same SWNT after 10min of probe-tip sonication conducted without controlling
temperature (Heller et al.; 2005).
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Fig. 8. TEM images: (a) as prepared SWNTs rope; (b) acid treated SWNTSs rope (Monthioux
etal.; 2001).

3.2 Non-covalent functionalization

The advantage of non-covalent functionalization is that it does not destroy the conjugated
system of the CNTs sidewalls, and therefore it does not affect the final structural properties
of the material. The non-covalent functionalization is an alternative method for tuning the
interfacial properties of nanotubes. The CNTs are functionalized non-covalently by aromatic
compounds, surfactants, and polymers, employing 7-7 stacking or hydrophobic interactions
for the most part. In these approaches, the non-covalent modifications of CNTs can do much
to preserve their desired properties, while improving their solubilities quite remarkably. It
will summarize as followed: aromatic small molecule absorption, polymer wrapping,
surfactants, biopolymers and endohedral method.

Aromatic molecules, such as pyrene, porphyrin, and their derivatives, can and do interact
with the sidewalls of CNTs by means of 7-7 stacking interactions, thus opening up the way
for the non-covalent functionalization of CNTs (Figure 9). Dai and co-workers have reported
a general and attractive approach to the non-covalent functionalization of CNTs sidewalls
and the subsequent immobilization of biological molecules onto CNTs with a high degree of
control and specificity (Dai et al.; 2001). Hecht et al. fabricated CNTs/FET devices
functionalized non-covalently with a zinc porphyrin derivative, was used to detect directly
a photo induced electron transferring within the zinc porphyrin derivative-CNTs system
(Hecht et al.; 2006). (Hu et al.; 2008) prepared CdSe-CNTs hybrids by self-assembling the
pyrene-functionalized CdSe (pyrene/CdSe) nanoparticles onto the surfaces of the CNTs.

570,
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1)

Pyrone/CdSe-SWNT

Fig. 9. Aromatic small-molecule based non-covalent functionalization: (a) N-succinimidyl-1-
pyrenebutanoate coated CNTs; (b) zinc porphyrin-coated CNTs; (c) pyrene/CdSe coated
CNTs (Zhao et al. 2009).
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Polymers, especially conjugated polymers, have been shown to serve as excellent wrapping
materials for the non-covalent functionalization of CNTs as a result of 7-7 stacking and van
der Waals interactions between the conjugated polymer chains containing aromatic rings
and the surfaces of CNTs (Figure 10) (Star et al.; 2001, 2002, 2003 Cheng et al.; 2006 & Yi et
al.; 2008). Those has reported some organic-soluble conjugated poly(m-phenylenevinylene)-
co-(2,5-dioctoxy-pphenylene)  vinylene (PmPV) (Star et al; 2001) poly(2,6-
pyridinlenevinylene)- co-(2,5-dioctoxy-p-phenylene)vinylene (PPyPV) (Steuerman et al;
2002), poly-(5-alkoxy-m-phenylenevinylene)-co-(2,5-dioctoxy-p-phenylene)- vinylene
(PAmPV) (Star et al.; 2003), and stilbene-like dendrimers(Star et al.; 2002), to investigate
their non-covalent functionalization for CNTs.
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Fig. 10. The side arms of the 1,5-dioxynaphthalene containing PAmPV-decorated CNTs
hybrids associate with cyclobis(paraquat-p-phenylene) (CBPQT#*) rings (Zhao et al.; 2006).

In addition, surfactants polymers have also been employed to functionalize CNTs (Figure
11). The physical adsorption of surfactant on the CNTs surface lowered the surface tension
of CNTs that effectively prevented the aggregation of CNTs. Furthermore, the surfactant-
treated CNTs overcame the van der Waals attraction by electrostatic/steric repulsive forces.
The efficiency of this method depended strongly on the properties of surfactants, medium
chemistry and polymer matrix. The relation between surfactants and CNTs studied
previously as followed: (i) non-ionic surfactants, such as polyoxyethylene 8 lauryl or C12EOs
(Gong et al.; 2000), polyoxyethylene octylphenylether (Triton X-100) (Vaisman et al.; 2006),
(i) anionic surfactants, such as sodium dodecylsulfate (SDS), sodium
dodecylbenzenesulfonate (NaDDBS), poly(styrene sulfate) (PSS) (Islam et al.; 2003 & Yu et
al.; 2007) (iii) cationic surfactants, such as dodecyl tri-methyl ammoniumbromide (DTAB)
(Whitsitt et al; 2003), cetyltrimethylammounium 4-vinylbenzoate (Kim et al; 2007).
Although surfactants may be efficient in the solubilization of CNTs, they are known to be
permeable plasma membranes. They are toxic for biological applications. Therefore, the use
of surfactant-stabilized CNTs complexes is potentially limited for biomedical applications
(Klumpp et al.; 2006).
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NaDDBS sSDS Triton X-100
CazHas—()—S05 Na* CH3(CH;);,0S05Na*  O(CH,CH,0)-H—_— CgHy7
N=approx. 9.5

Fig. 11. The schematic representation of how surfactants may adsorb onto the CNTs surface
(Islam et al 2003).

The solubilization of CNTs with biological components is certainly more appropriate
towards integration of this new type of material with living systems (Figure 12). The
biomacromolecules for non-covalent functionalization of CNTs has included simple
saccharides and polysaccharides (Barone et al.; 2006; Star et al.; 2002; Chambers et al.; 2003 &
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Fig. 12. The conceptual generation of biomolecules-CNTs conjugates and their assembly to
yield functional devices.



102 Carbon Nanotubes - Polymer Nanocomposites

Ikeda et al.; 2007), proteins (Chen et al.; 2001), enzymes, DNA, etc. Various biomaterials
such as n-decyl-p-Dmaltoside (Ishibashi et al.; 2006), y-cyclodextrin (Chambers et al.; 2003),
n-cyclodextrin (Dodzuik et al.; 2003), chitosan (Yan et al.; 2008), pullulan (Kim et al.; 2003)
and phospholipid-dextran (Goodwin et al.; 2009) have been used for the non-covalent
functionalization of CNTs. They have been aided due to the fact that such saccharides and
polysaccharides have almost no light absorption in UV-vis wavelength region, so that the
CNTs hybrids can be characterized by photochemical experiments and also the saccharide-
and polysaccharide-coated CNTs hybrids are usually biocompatible and may be applicable
for many medicinal purposes.

3.3 Alternative routes for the functionalization of carbon nanotubes

Though various methods for enhancing the interaction between CNTs and polymers were
adopted in the recent past, the two main routes; namely covalent and non-covalent
functionalization generally provided. As discussed earlier, both methods had their own
merits depending on the platform. Additionally, the traditional covalent functionalization
strategy of CNT is most frequently initiated by chemical acid oxidation acid treatment.
However, dramatic amounts of induced defects during functionalization hinder the intrinsic
mobility of carriers along CNTs, which is not preferred in any case. This method not only
functionalizes the nanotube surfaces with carboxylic acid groups but leaves behind
detrimental structures, hence hampering their potential for practical applications and can
also compromise the mechanical properties of the nanotubes. Therefore, as a common rule,
and a now widespread approach to alleviate these problems is to find alternative routes
such as an effective functionalization method that can not only introduce high density and
homogenous surface functional groups, which enhance the compatibility between CNTs
and the foreign matrix, but allow direct grafting and has little or no structural damage to the
CNTs, thus, optimizing their properties for various applications.

Method Principle Possible damage to  Easyto  Interaction with polymer  Re-agglomeration of CNTs in
CNTs use matrix' matrix
Chemical Side wall Hybridization of C atoms from v ba s v
method sp? to sp*
Defect Defect transformation v v s v
Physical Polymer Van der Waals force, m-m ® v v ®
method wrapping stacking
Surfactant Physical adsorption x v w x
adsorption
Endohedral Capillary effect x x w v

method

* S: Strong; W: Weak; V: Variable according to the miscibility between matrix and polymer on CNT.

Table 3. Advantage and disadvantage of various CNT functionalization methods (Ma et al.;
2010).

To overcome this challenge, Baek et al. (2005; 2004; 2006; 2007, 2010) have reported an
efficient route to covalently functionalize CNTs via direct Friedel-Crafts acylation technique
(Figure 13). This kind of covalent grafting of the nanotubes is a promising strategy to not
only improve nanotube dispersion but also provide a means for creating microscopic
interlinks. On the whole, this kind of surface functionalization not only enhances the
reactivity, but also improves the specificity and provides an avenue for further chemical
modification of CNTs. Considerable achievements have been made in enhancing the various
functionalities of CNT-polymer nanocomposites, generally not achievable for each of the
components individually. The approach is conceptualized on the basis of our foray into the
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CNT chemistry using ‘direct’ Friedel-Crafts acylation technique which has superior
operational simplicity. Not only a mild and an alternative route to functionalize CNTs, this
strategy was previously shown to be a less-destructive and/or nondestructive reaction
condition for the efficient dispersion and functionalization of carbon nanomaterials. As a
result, CNT damage from severe chemical treatments including oxidation and sonication
can be avoided to a larger extent. Thus, maximum enhanced properties can be expected
from improved dispersion stability as well as chemical affinity with matrices.
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Fig. 13. Friedel-Crafts acylation reaction of pyrene as a miniature graphene and organic
material in poly(phosphoric acid)/phosphorous pentoxide medium (Jeon et al.; 2010).

4. Conclusion and outlook

In light of the continuous progress of nanotechnology and material science over the last two
decades, CNT based materials have opened new pathways for developing novel functional
materials. In summary, CNTs were always been regarded as new and interesting type of
materials, especially for energy and electronic applications. All types of CNTs are being
investigated with equal importance. While few strategies have been developed so that the
handling and manipulation of CNTs be relatively easier, on the whole there is much room
for investigations in areas such as supercapacitors. Very recent reports show CNT based
supercapacitor devices with better capacitor performance. Precisely, the combination of
CNTs with particular macromolecules that offer to enhance the conductivity of the material
is one interesting research. Particularly, the large electrochemical window and the
environmental stability draw critical importance on such materials. Furthermore, the
extension of these functional methods to the 2D forms of carbon namely graphene based
materials are also now a fast growing area. While the quest for new materials are always on,
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the research on CNT based materials in special fields such as doping are still open for
investigations and discussion.
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1. Introduction

Polymer nanocomposites are increasingly desirable as coating, packaging, filtering and
structural materials in a wide range of aerospace, automobiles, membrane, and electrical
engineering applications [Mai and Yu, 2006; Ray and Bousmina, 2008]. This is due to our
increased ability to analyze, synthesize, and manipulate a broad range of nanofillers and
significant investment by laboratories and research centers in industry, government, and
academia. In addition, polymers possess general advantages of low cost, lightweight, design
flexibility, easy processing, and corrosion resistance. The polymer nanocomposites are one
kind of composite materials comprising of nanometer-sized particles, typically at least one
dimension less than 100 nm, which are uniformly dispersed in and fixed to a polymer
matrix. In this way, the nanoparticles are acting like additives to enhance performance and
thus are also termed nanofillers or nano-inclusions [Ramanathan et. al., 2007; Vaisman et. al.
2007]. The nanofillers can be plate-like, high aspect ratio nanotubes, and lower aspect ratio
or equiaxed nanoparticles. Frequently employed inorganic nanofillers include metals and
metal oxides, semiconductors, clay minerals, and carbon-based materials such like carbon
blacks, carbon fibers, graphite and carbon nanotubes (CNTs).

CNTs have received much attention for their unique structural, mechanical, and electronic
properties as well as their broad range of potential applications [Kim and Park, 2008; Kang
et al. 2008; Xu et. al., 2008; Kumar, 2002; Wong et al., 1998]. CNTs are cylinder-shaped
macromolecules with a radius as small as a few nanometers, which can be grown up to 20
cm in length [Zhu et. al, 2002]. Their properties depend on the atomic arrangement,
chirality, diameter, and length of the tube and the overall morphology. They exist in one of
two structural forms, single-walled carbon nanotube (SWNT) or multi-walled carbon
nanotube (MWNT). SWNTs are best described as a 2-D graphene sheet rolled into a tube
with pentagonal rings as end caps [Harris, 2004]. SWNTs have aspect ratios of 1000 or more
and an approximate diameter of 1 nm. Similarly, MWNTs can be described as multiple
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layers of concentric graphene cylinders also with pentagonal ring end caps. Conventional
MWNT diameters range from 2-50 microns [Harris, 2004]. Measurements using in situ
transmission electron microscopy and atomic force microscopy have produced estimates
that Young’s modulus of CNTs is approximately 1 TPa [Treacy et. al., 1996; Wong et. al.
1997]. For comparison, the stiffest conventional glass fibers have Young’'s modulus of
approximately 70 GPa, while carbon fibers typically have modulus of about 800 GPa. CNTs
can accommodate extreme deformations without fracturing and also have the extraordinary
capability of returning to their original, straight, structure following deformation [Harris,
2004]. In addition, they are excellent electrical conductors and have very high thermal
conductivities. Many of these exceptional properties can be best exploited by incorporating
the nanotubes into polymer matrix, and the preparation of nanotube containing composite
materials is now a rapidly growing subject.

Recently, our group has developed a process of simple saponification to make highly porous
nanocomposites. In this process, at least one vinyl acetate (VAc) containing polymer or
blend is dissolved in an appropriate solvent and a suitable viscosity of the solution is
achieved. A functonalized nanotube was dispersed in polymer solution and then the
polymer suspension was precipitated/saponified in alkaline non-solvent. This causes
separation of the heterogeneous polymer suspension into a solid nanocomposite and liquid
solvent phase. After rinsing off the coagulant and drying, sponge-like structure of connected
matrix polymer and nanotube were obtained. Production parameters that affect the pore
structure and properties include polymer and nanotube concentration, VAc content in
polymer, saonification time and temperature, and precipitation media. These factors can be
varied to produce porous structure with a large range of pore sizes, and altering chemical,
thermal and mechanical properties. Porous materials are heterogeneous systems with
complex micro-structure [Roberts and Knackstedt, 1996]. These systems are diphase
composites with a solid matrix and gaseous filler [Mills et. al., 2003]. Physical and
mechanical properties of such heterogeneous systems depend not only on the nature of the
materials but on their morphology as well [Garboczi, 2000]. Materials with highly pore
structure and controlled pore volume have potentials in a wide range of applications such as
cell culture media, enzyme immobilization, organic electronics, membranes, absorbents,
supports for liquid chromatography, ion-exchange applications, bio-separators, metal
recovery and tissue engineering [Kanny et. al., 2002; Benson, 2003; Sears, et. al., 2010;
Zeleniakiene, 2006]. It was the objective of the study reported here to use new approaches to
produce vinyl alcohol (VOH) group containing polymer/ MWNT nanocomposites with high
porosity and to study their properties and applicability.

2. Preparation and properties of highly porous nanocomposites

Using CNTs as a property enhancing nanofiller for a high performance, lightweight
composite is one of the lynchpins of nanocomposite research. The exceptional and unique
properties of CNTs offer a great advantage for the production of improved composites.
However, use of CNT reinforcements in polymer composites has been a challenge because
of the difficulties in optimizing the processing conditions to achieve good dispersion and
load transfer. Thus initial published results showed only modest improvement in
mechanical properties with MWNT nanofillers [Thostenson and Chou, 2002]. One of the
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major problems in the production of nanocomposites involving the use of nanofiller
particles is the aggregation of the nanoparticles that severely limits the filler loading level.
To improve dispersion, several techniques have been attempted, including the use of
surfactants, sonication, and other mixing methods. Recent work has demonstrated superior
dispersion of MWNTs in polymers by functionalization of the nanotubes to compatibilize
them with solvents and the matrix polymers [Chiu and Chang, 2007; Wu et. al., 2006;
Balasubramanian and Burghard, 2005; Yoon et. al., 2004]. The improved dispersion of
nanotubes with functional groups has been accompanied by increased mechanical
properties of the nanocomposite. Among of them, electron-beam irradiations are potent to
induce the uniform and consistent modification of the MWNTSs because of the high amount
of energy, they impart to the atoms via the primary knock-on atom mechanism. This study
investigated the preparation, properties and applicability of various VOH group conataing
nanocomposites with high porosity through simple saponification method using electron-
beam irradiated MWNT.

2.1 Functionalization of MWNT by electron-beam irradiation

CNTs are often formed in entangled ropes with 10-100 CNTs per bundle depending on the
method of synthesis. They can be produced by a number of methods: direct-current arc
discharge, laser ablation, thermal and plasma enhanced chemical vapour deposition (CVD)
process [Lau and Hui, 2002]. The method of production affects the level of purity of the
sample and whether SWNTs or MWNTs are formed. Impurities exist as catalysis particles,
amorphous carbons and non-tubular fullerenes [Thostenson et. al., 2001]. Fig. 1 shows the
SEM image and EDX analysis result of MWNT produced by a CVD process without any
purification. As-received MWNT contain some impurities and entangle into a bulk piece.
EDX results of the pristine MWNT show small peaks which are corresponding to Fe, Si and
S. The Si peak has its origin in silicon substrate whereas the other peaks are due to the
precursor gases present in the gas mixture and catalyst. The Pt peaks was due to the
platinum sputtering process during SEM sample preparation. Average diameter and
average length of MWNT were 15 nm and 20 pm, respectively.

The MWNT were electron-beam irradiated in air at room temperature using an electron-
beam accelerator. Irradiation dose of 800, 1000, and 1200 kGy were used, respectively. Fig. 2.
demonstrates a higher magnification SEM micrographs of MWNT before and after

0 2 4 6 8 ey

Fig. 1. SEM image and EDX analysis result of the pristine MWNT
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(a) 0 kKGy (b) 1200 KGy
Fig. 2. SEM micrographs of the surface morphology of pristin MWNT and MWNT1200

treatment with the electron-beam irradiation. The pristine MWNT has relatively smooth
surface without extra phase or stain attached on its sidewall. Although the electron-beam
irradiation increased up to 1000 kGy, the surface appearance did not changed compare to
the pristine MWNT. After the 1200 kGy EB irradiation, the smooth surface was disappeared,
many wrinkled structure were formed, and the surface roughness increased. In general, the
surface of the synthesized CNT is smooth and relatively defects free. However, stresses can
induce Stone Wales transformations, resulting in the formation of heptagons and concave
areas of deformation on the nanotubes [Thostenson et. al., 2001].

0 KGy

800 KGy

1000 KGy
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Fig. 3. FTIR spectra of the electron-beam irradiated MWNT

The pristine MWNT and electron-beam irradiated MWNT were further characterized by
FTIR spectroscopy. The pristine MWNT exhibit the peaks of C-C bond stretching appeared
in the range of 3000-2800 cm1. FTIR spectra of MWNT after electron-beam irradiation more
than 1000 kGy showed new peaks at 1782 cm-! due to the C=O bond resulting from C=0
stretch of the carboxyl and carbonyl groups (Fig. 3). Element analysis presented a decrease
in the hydrogen/carbon ratio up to 1000 kGy. After the 1200 kGy irradiation, the hydrogen
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/carbon ratio was significantly increased. This indicated that low irradiation dose clean the
impurities of MWNT, but the increase of irradiation doses could affect surface roughness
and chemical composition.

2.2 Preparation of porous VOH group containing polymer/MWNT nanocomposites
Highly porous VOH group containing polymer nanocomposite particles were created by
simple saponification method. A VAc group containing polymer/MWNT/toluene
suspension was saponification by dropwise addition to KOH in alcohol solution which
saponifying the VAc groups in polymer selectively. The VAc group containing polymer
used in this study was poly(ethylene-co-vinyl acetate) (EVA, VAc content 28 and 40 wt%)
and poly(vinyl acetate) (PVAc). The heterogeneous suspension was stirred at room
temperature for ambient time, and then the solution was filtrated, and washed with
methanol. The approximate size of the prepared particles is 30-50 pm. The abbreviation of
the sample name, EVA40/MWNT1200, for example, means that the content of VAc in the
EVA was 40 wt % and MWNT was electron-beam irradiated 1200 kGy does.

lum

(d)

Fig. 4. SEM micrographs of the 3h-saponified PVAc/MWNT1200 (a: ethanol/KOH, c:
methanol/KOH), EVA40/MWNT1200 (b: ethanol/KOH) and EVA28/MWNT1200 (d:
ethanol/ KOH) coagulants

After rinsing off the coagulant and drying, sponge-like structure of connected matrix
polymer and MWNT were obtained. This causes separation of the heterogeneous polymer
suspension into a solid nanocomposite and liquid solvent phase. The precipitated
coagulants form a porous structure containing a network of uniform open pores. Production
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parameters that affect the pore structure and properties significantly include the MWNT
concentration, the VAc content in polymer, the precipitation media and the saonification
time. At low polymer/ MWNT suspension concentrations, the particles were less porous and
the precipitated polymer phase had a granular structure consisting of aggregates of
precipitated polymer micelles. While at high concentrations, void porosity was increased
and the precipitated polymer phase became a spongy-like structure. It was also found that
as the VAc content in polymer was decreased, the average pore size increased and number
was decreased. In sharp contrast, the irradiation does of MWNT was not affected in pore
size and structure. The pore size was obtained directly by image analysis from higher
magnification SEM micrographs. Pore size control can be achieved with sub-nanometer 10
to 200 nm range by selecting the matrix materials and the saponification conditions

500nm 500nm

(@) (b)

500nm

(d)

Fig. 5. SEM micrographs of the saponified PVAc/MWNT1200 in methanol/KOH along with
that of its corresponding saponification time [(a) precipitated in hexane, (b) 1 h, (c) 3 h, and
(d) 6 1]

Fig. 5 represents the SEM image of PVAc/MWNT1200 coagulant surface prepared using
methanol/KOH solution as the saponification time. The surface of the PVAc/MWNT1200
coagulant shows a dense skin layer, which appears to be nonporous. The formation of the
skin layer and lack of an interconnected pore structure is likely due to the rapid
precipitation where the rate of inter-diffusion depends on the value of the solubility
parameters of the solvent and non-solvent. As the saponification time increase, the PVAc/
MWNT1200 nanocomposite coagulant form a porous structure containing a network of
open-cell pores at the nanometer length scale.
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2.3 Mechanical properties of EVOH/MWNT nanocomposites

Table 1 demonstrates the tensile properties of the electron-beam irradiated MWNT
(MWNT1200) filled EVA nanocomposites before and after saponification in KOH/metanol
solutuion. PVAc/MWNT1200/toluene and EVA/MWNT1200/toluene suspensions were
prepared with MWNT1200 loadings of 10 wt%. The suspensions were solvent-casting onto a
PTFE film-supporting surface and the prepared film was subsequently hot pressed to sheet
of uniform thickness. Dumbbell specimens for tensile tests were prepared in accordance
with IEC 60811-1-1 specification. Tensile properties of samples were determined with a
universal test machine. The hot-pressed sheets of PVAc/MWNT-10% nanocomposite are
very brittle and can not be perform the tensile test.

Tensile properties

Sample code

Tensile strength (MPa) Elongation at break (%)
EVA28 10.6 £0.9 1472 £ 106
EVA28/MWNT1200-10% 89+0.8 162 £ 20
EVA28/MWNT1200-10%-6h 17.6 £2.0 412 +50
EVA40 9.0+1.0 1625 £ 156
EVA40/MWNT1200-10% 72+09 522 +59
EVA40/MWNT1200-10%-6h 18.7+£23 756 + 81

Table 1. Tensile properties of the hot-pressed specimens

As shown Table 1, addition of 10 wt% of MWNT1200 reduced the tensile strength of EVA28
and EVA40 by 16 and 20 %, respectively. This means that MWNT1200 contents were at
values of 10 wt%, the MWNT did not disperse uniformly and they formed agglomerations
in the polymer matrix. In addition the elongation at break of both nanocomposites
decreased with the presence of filler that indicates interference by the filler in the mobility or
deformability of the matrix. It is noteworthy that tensile strength and elongation at break of
nanocomposite samples prepared by simple saponification method were significantly
increased than those of corresponding unsponified ones. After 6h saponification time, the
tensile strength of EVA28/MWNT1200-10% and EVA40/MWNT1200-10% was increased by
about 98 and 160 %, respectively. This is indicated that saponification process enhances the
overall dispersion state of the MWNT nanofibers due to enhanced interactions between the
filler and the polymer matrix.

2.4 Resistivity of saponified VAc containing polymer/MWNT nanocomposites

The surface electrical resistance of the hot-pressed films (80 mm length x 10 mm width) was
detected by a megohmmeter according to ASTM D 257. The charge time was 10 s, and the
current stress of the measurements was 5000 V at 20 + 1 °C. Volume resistivity (py) of
prepared films was calculated by use of equation (1).

ARV "

Py :T @

Where A, R, and L represent the area of the effective electrode (cm?), measured resistance
(), and distance between electrodes (cm), respectively.
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Fig. 6 show a rapid decrease in p, of PVAc/MWNT1200, EVA40/MWNT1200,
EVA28/MWNT1200 nanocomposites with increasing MWNT content. This rapid decrease is

characteristic of the loading level at which the MWNT particles begin to come into contact
with one another to form a electroconductive network. As MWNT particles are loaded in a
polymer matrix over a percolation threshold concentration, the nanocomposite becomes an
electrical conductor at room temperature. The percolation threshold of the PVAc/
MWNT1200, EVA28/MWNT1200, and EVA40/MWNT1200 nanocomposites formed by
solution mixing was approximately 2.5, 2.5 and 5 wt%, respectively due to the advantageous

effect of composites with higher aspect ratios compared with spherical or elliptical fillers in
forming conducting networks in the polymer matrix.
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Fig. 6. py change of the PVAc/MWNT1200, EVA40/ MWNT1200 and EVA28/MWNT1200
nanocomposites with increasing MWNT content

The electron transport in CNT assemblies is different from that in individual nanotubes. It
has been reported that SWNT fibers exhibit room temperature resistivity in the range of 1
x104 to 7x104 Q-cm, which is nearly 100 times higher than that of single CNT. The
resistivity of MWNT fibers are one or two orders of magnitude higher than that of SWNT
fibers [Zhang et. al., 2004; Zhu et. al, 2006]. Such large differences between single nanotubes
and fiber assemblies may arise from high impurity content such as amorphous carbon and
catalytic particles in the fibers, which may profoundly affect electron transport by causing
significant scattering, and contact resistances between nanotubes [Li, 2007]. Therefore, two
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approaches can be used to improve the electrical conductivity of polymer/CNT
nanocomposites: 1) reduce the impurity content of CNTs by post treatments [Li, 2007]; 2)
minimize the contact distances between nanotubes by enhancing the dispersity of individual
nanotubes.

Fig. 7 shows the dependence of p, change for PVAc/MWNT1200, EVA40/MWNT1200 and
EVA28/MWNT1200 nanocomposite films with the saponification time. Among them,
PVAc/MWNT1200 nanocomposite showed lowest p, and it has also the lowest p, after
saponification process. It can be also founded that the p, almost maintained with
saponification time. This may be because of the easy dispersion of MWNT particles in the
rubbery phase and hence the high VAc polymers disperse the fillers well. The EVA28 and
EVA40 consists of more crystalline phase and hence the MWNT particles find it more
difficult to disperse and hence form relatively more agglomerations, whereas in high VAc
grades, the amount of free volume is more and hence the fillers can disperse relatively easily
[George and Bhowmick, 2009]. In sharp contrast, the p, of saponified EVA40/ MWNT1200
and EVA28/MWNT1200 nanocomposites decreased significantly with the saponification
time. An increase of VOH units would raise the intermolecular interaction between EVOH
molecules, and it enhanced crystallization of EVOH molecules. When the matrix polymer
crystallinity increased, filler particles segregate to the non-crystalline interlamellar and
interspherulitic regions and forms more inter-connective pathways, which results in
lowering the resistivity [Lee et. al., 2011].
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Fig. 7. py change of PVAc/MWNT1200, EVA40/MWNT1200 and EVA28/MWNT1200
nanocomposite powders with saponification time

In fact, this can be confirmed from XRD spectra of EVA28 in Fig. 8. On curve, there is a
strong diffraction peak at 26=20.8° and a weak diffraction peak at 20=5.8°. These diffraction
peaks attribute to the crystallization of the main chain. Both the relative intensity increment
and the peak shift at higher 20 with the saponification time is a strong indication of the
increased crystallinity of the saponified samples relative to the pure EVA28. All the
observations are in accordance with the tensile properties discussed above.
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Relative intensity

26

Fig. 8. XRD spectra of the saponified EVA28 along with that of its corresponding
saponification time

3 Applicability of VOH group containing polymer/MWNT nanocomposites

3.1 Positive temperature coefficient (PTC) heating elements

Electroconductive polymer nanocomposites are becoming increasingly useful because of their
unique combination of metallic electroconductivity and polymer properties. Currently, there
are several methods that can be used to impart electroconductivity to polymers: doping of
intrinsically electroconductive polymers, incorporation of electroconductive additives into an
insulating polymer matrix and coating of fibers with metals or electroconductive chemicals.
Applicability of VOH group containing polymer/ MWNT nanocomposites can be used in a
variety of industrial applications such as heating elements, temperature sensors and current
limiters [Kim and Park, 2008; Park et. al., 2004; Park et. al., 2005; Park, 2005; Park, 2006]. This is
mainly due to their positive temperature coefficient (PTC) of resistivity. It has been well
accepted that the strong PTC effect of them is caused by an increase in the average inter
particle distance of filler, which is created by the large thermal expansion that occurs as a
result of the melting of the polymer crystals [Park et. al., 2003].

Fig. 9 indicates resistivity-temperature behavior of the saponified EVA28/MWNT-10wt%
nanocomposites. All nanocomposites exhibited both negative temperature coefficient (NTC)
and PTC effect. A NTC indicates that resistivity decreases with temperature; a PTC indicates
that resistance increases with temperature. However, this NTC effect could be eliminated
easily by chemical or electron-bam radiation crosslinking. As the saponification time
increased, the PTC maximum peak temperature of nanocomposites is shifted at higher
temperatures. A reproducible PTC composite should have high PTC effect to prevent the
composite from overheating and relatively low room temperature resistivity to ensure
sufficient thermal output. From Fig. 9, 3h- and 6h-saponified nanocomposites showed good
PTC behavior with high melting temperature. They have great potential for use in industrial
applications such like PTC heating elements and coating materials for surface film heater.
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Fig. 9. PTC peak temperature change of the EVA28/MWNT-10wt% nanocomposites with
saponification time

3.2 Electromagnetic interference (EMI) shielding materials

As electromagnetic radiation, particularly that at high frequencies tend to interfere with
electronics, EMI shielding of both electronics and radiation source is needed and is
increasingly required by governments around the world [Chung, 2001]. The radiation may
be either electromagnetic in nature, such as X-rays and gamma rays, or charged particles,
such as beta particles and electrons. The lifetime and efficiency of them can be increased by
the effective shielding. Generally, highly electroconductive materials such like metals are
used for shielding application. However, metals have their own shortcomings like heavy
weight, susceptibility to corrosion, wear, and physical rigidity [Wu et al., 2006]. The
polymer nanocomposites filled with carbon materials are attractive for EMI shielding
materials which helps to reduce or eliminate the seams in the housing that is the shield.
Many researches have been conducted to improve the EMI shielding of polymer materials
by coating an electroconductive layer on the surface, incorporating electroconductive fillers,
or utilizing electroconductive polymers. Among various electroconductive fillers that have
been utilized, CNT is one of the most promising candidates, not only because of its good
electrical conductivity but also because of its ability to improve mechanical properties.
Recently, the mass production of MWNT causes price reduction. The MWNT is more
affordable for EMI shielding material application in nanocomposites [Wu et. al., 2006].

3.3 Antibacterial agents

In our previously study [Lee et. al., 2011], it is curious to observe that saponified EVA had
some antimicrobial activity against Staphylococcus aureus (S. aureus) and Escherichia coli (E.
coli). Antibacterial activity of EVA28 powders was gradually increased with saponification
time. 6h-saponified EVA extirpated 45 and 57% of the viable cells of S. aureus and E. coil,
respectively. As shown in Fig. 10, it possesses a porous structure that can adsorb various
ions and organic molecules easily in its pores and on its surfaces. Bacterial growth or
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movement may be restricted by porous media physical conditions. Bacteria are small living
organism; their length change between 0.5-10 pm and their diameters are between 0.2-10
pm. Porosity networks with pore throat sizes narrower than the bacterial cell diameter
prevent bacterial penetration into these regions [Fredrickson et al., 1997]. Porous regions are
diffusion-limited or that are experiencing biomass sloughing due to rapid flow-induced
shear forces [Applegate and Bryers, 1991] may be less likely to harbour significant bacterial
populations. Furthermore, CNTs have been recently demonstrated to possess antimicrobial
properties, and their relevant activities were ascribed to the behaviour of ‘nanodart” with the
proposed physical damage mechanism [Kang et. al., 2008].

(b)

Fig. 10. SEM micrographs of the EVA28 (a) and 6h-saponified EVA28 (b) in ethanol/KOH
solution

3.4 Membrane for purification and separation

The development of advanced membrane technologies with controlled and novel pore
architectures is important for the achievement of more efficient and cost effective
purification. Present polymeric membranes are well known to suffer from a trade off
between selectivity and permeability, and in some cases are also susceptible to fouling or
exhibit low chemical resistance [Sears, et. al., 2010]. Due to the simplicity of their
preparation, Bucky-papers were one of the first macroscopic structures fabricated from
CNTs [Baughman et. al., 1999; Kim et. al., 2006]. The Bucky-paper is used to describe a mat
of randomly entangled CNTs prepared by filtration [Kim et. al., 2006; Endo et. al., 2003] or
alternative papermaking processes. CNTs are known to have a strong tendency to aggregate
due to van der Waals interactions, and it is these van der Waals interactions which also hold
the CNTs together into a cohesive Bucky-paper. Longer, narrower and more pure CNTs
typically lead to stronger Bucky-papers with higher tensile strengths. With increasing
MWNT diameter, the attractive van der Waals forces between CNTs become less effective,
leading to Bucky-papers with lower tensile strength and poor cohesiveness. This can be
improved to some extent through functionalization of MWNTs or the addition of polymers
[Xu et. al., 2008]. Recently, EVOH membranes have attracted plenty of research interest in
fields of biomedical science and water treatment because of its good blood compatibility and
hydrophilicity [Guerra et. al. 1995; Young et. al., 1997]. As noted in the previous section,
highly porous EVOH/MWNT nanocomposites with higher tensile strength were easily
prepared by simple saponification method. As such they are of interest for applications such
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like direct contact membrane distillation, capacitive deionization, and filtration of particles
including bacteria and viruses.

3.5 Carriers of catalyst and functional materials

The highly porous nature of materials enables their use as carriers [Benson, 2003]. High
surface area and controlled pore size distribution available as the raw material to the shape
or monolith forming process. Capillary forces are quite strong, and will tightly contain
many substances for slow release. In some cases, an encapsulation step may be required to
ensure long term retention of contained substances. In one experiment, an accelerator
component was placed into highly porous spheres, retained, and premixed with an
adhesive. The two parts were mixed without fear of reaction since capillary forces prevented
viscous liquids from escaping. Later, the reaction was initiated when the beads were
crushed or heated to the activation temperature [Benson, 2003]. In addition any catalytic
material attached to highly porous nanocomposite surfaces would have more efficient
interaction with reactants due to large cavities and interconnected pores. As a main
constituent for carrier materials provide a controlled surface area and porosity for the final
catalytic system. This unique structure permits reactants to flow into spheres, interact with
catalysts, form products, and still allows room for products to flow out and away from
newly arriving reactants. Such accessibility of the catalyst to reactants is important for rapid
and efficient reactions. Carboxyl groups and other functional groups could be modified on
the MWNT surface [Chiu and Chang, 2007].

3.6 Chromatography and bio-processing

Large interconnected cavities contained within chemically stable EVOH containing
polymer/MWNT nanocomposites are ideally suited for liquid chromatography
applications, including bio-processing. Because cavities of them are relatively uniform and
are individually connected through a network of smaller pores, sample molecules find clear
ingress and egress through the matrix, and diffusion limitations characteristic of
conventional porous polymers are absent [Benson, 2003]. Therefore, mass transfer
characteristics are extremely attractive. The focus of bio-processing is using living cells to
make desired products, which is commonly carried out in a bioreactor. Downstream
processing from this reactor gives concentrated and purified products. Separation of
proteins and other biopolymers on conventional porous polymers occurs only in the outside
few angstroms of the spheres [Krijgsman, 1992]. In contrast, because of the interconnections,
separation on porous MWNT nanocomposites occurs throughout the entire volume of
particles. Furthermore, since there are no needs to be modified by coating the surface with a
hydrophillic polymer to avoid low recovery, pressure drop through columns of these
particles is extremely low. In addition, the synthetic polymer-based media is their resistance
to extreme chemical conditions, such as pH. These properties, and the suitability of such
structures for containment and separation of biopolymers, make them ideal candidates for
bio-processing applications.

3.7 Polymeric fillers

Surface modification of filler is an important topic. Fillers are commonly incorporated into
polymeric resin compositions in order to modify the properties of the resin. However, most
inorganic fillers have a naturally hydrophilic surface which is therefore not easily wetted by
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polymeric resin compositions which are generally hydrophobic. This problem is especially
acute when the resin is in the form of a low-viscosity liquid because under these conditions
it is difficult to dissipate sufficient energy in the composition by mechanical agitation to
effect dispersion of the inorganic filler in the polymeric resin. A further disadvantage of
conventional inorganic fillers is that they generally have associated with them a small, but
significant, quantity of water. EVOH copolymers have been widely used as food packages,
biomedical and pharmaceutical industries due to their excellent gas barrier properties, high
resistance to oils, good mechanical strength and harmlessness to health [Okaya and Ikari,
1992]. They also have significant potential for polymeric filler and inorganic filler surface
modifier due to their combined effect of hydrophilicity, as a consequence of the -OH side
groups. Since the materials prepared by this method for industrial applications such like
polymeric filler in electro-conductive and electrostatic discharge composite systems,
polymer compound systems, and aqueous coating systems.

50um 10um

@ (b)

Fig. 11. SEM image of the EVOH/MWNT/ sodium silicate hybrid composites prepared
from aqueous coating system (a) and EVOH coated nanofiller (b).

4. Conclusion

Current interest in nanocomposites has been generated and maintained because CNT-filled
polymers exhibit unique combinations of properties not achievable with traditional
composites. Some studies were carried out to investigate the properties and applicability of
highly porous VOH group containing polymer/MWNT nanocomposites produced by
simple saponification method. As has been shown in this study, the possible applications of
highly porous MWNT nanocomposites range widely, from heating elements to polymeric
filler. In addition, they can be easily processed by various techniques such as extruding,
injection molding, laminating, film-casting, and printing. Since the nanocomposites
prepared by this method have highly porous, good hydrophilicity, good mechanical
strength and thermal properties, they can be used for various industrial applications.

Furthermore, MWNTs were subjected to electron-beam irradiation at various doses to
determine the incidence of surface modification and, resultantly, deformation or destruction
to the otherwise pristine graphitic structure. FTIR spectra obtained from electron-beam
irradiated MWNT samples provide insight into the level of surface modification. Functional
groups such like carboxyl and carbonyl groups on MWNT surface can interact with -OH
group in polymer chains by hydrogen bonding and result in a better dispersion of MWNT
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in EVOH matrix. Such modified MWNT could be also functionalized to introduce covalent
groups onto the nanotube surface, thus aiding in the uniform dispersion into polymer
composite systems. Afterward we carry out extensive studies to investigate the properties
and applicability for VOH group containing polymer coated and reacted nanotube prepared
by simple saponification method.
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1. Introduction

With large aspect ratio, high strength and stiffness, carbon nanotubes (CNTs) have been

widely used as the reinforcement for polymer-based nanocomposites with prospective

application in aerospace engineering, automotive industry, etc. Generally, there are two
typical representatives: three-phase hybrid CFRP laminates (CNT/Polymer/CF) and two-
phase CNT-reinforced polymer (CNT/Polymer) nanocomposites.

For three-phase hybrid CFRP laminates which use CNTs to improve the interlaminar

mechanical properties of CFRP laminates, the fabrication methods can be categorized into

the following three ways:

i.  Matrix reinforcement, which uses the two-phase CNT/Polymer nanocomposites as the
matrix for CFRP plies before lay-up [Yokozeki et al., 2007; Karapappas et al., 2009; Inam
et al., 2010];

ii.  Filler reinforcement, which employs the CNT-grafted carbon fibres as reinforcement filler
for CFRP plies before lay-up [Thostenson et al., 2002; Veedu et al., 2006; He et al., 2007;
Kepple et al., 2008];

iii. Interface reinforcement, which adds CNTs into the interface between CFRP plies during
lay-up [Garcia et al., 2008; Arai et al., 2008].

Although great progress has been made for the first two ways, less work is reported on the

third one.

Therefore, in the present work, a newly simple fabrication method, i.e., Powder method was

developed to disperse the CNTs at the interface between CFRP plies. The improvement of

interlaminar mechanical properties was investigated by DCB (double cantilever bending) tests and

FEM (finite element method) analysis.

For two-phase CNT/Polymer nanocomposites, numerous experimental investigations have

been carried out on the reinforcement effect of CNTs addition in thermosetting ones, e.g.

epoxy [Schadler et al., 1998; Gojny et al., 2005; Ci & Bai, 2006], polyimide [Ogasawara et al.,

2004; Jiang et al., 2005], and phenolic [Tai et al., 2004], as well as thermoplastic ones, e.g.

polypropylene (PP) [Bhattacharyya et al., 2003; Chang et al., 2005], polystyrene (PS)

[Thostenson & Chou, 2002; Chang et al., 2006], polymethylmethacrylate (PMMA) [Cooper et

al., 2002; Lee et al., 2006] and polyether ether kentone (PEEK) [Deng et al., 2007;

Bangarusampath et al., 2009]. However, the reported improvement of mechanical properties

of these nanocomposites is far more less than the expectation because of poor dispersion,

difficult alignment of CNTs, and weak interface between CNT and polymer matrix, which
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are involved in geometrical properties of CNTs themselves, polymer properties, fabrication
method of CNT/Polymer nanocomposites.

To overcome these obstacles, various efforts, such as ultrasonication [Safadi et al., 2002; Ding
et al., 2003], surface treatment [Curran et al. 1999; Vigolo et al., 2000; Gojny et al., 2003],
shear mixing [Andrews et al., 2002], bi/tri-axial rolling [Rosca & Hoa, 2009; Gojny et al.,
2004], extrusion [Cooper et al., 2002; Wong et al., 2003], and their combination, have been
firstly made to effectively achieve good dispersion of CNTs in polymer. Moreover, several
techniques have been proposed to control CNTs alignment using shear [Ajayan et al., 1994],
elongation [Jin et al., 1998], melt processing [Haggenmueller et al., 2000], as well as magnetic
field [Kimura et al.,, 2003] or electrical spinning [Sen et al., 2004]. Furthermore, great
progress has been made on the investigation of the interfacial properties. For example, direct
CNT pull-out experiments were made in telescope electron microscopy (TEM) [Qian et al.,
2000; Deng, 2008], or by atomic force microscopy (AFM) [Barber et al., 2003, 2004], Raman
spectroscopy [Schadler et al., 1998], scanning probe microscope (SPM) [Cooper et al., 2002].
However, difficult manipulation in nano-scale and measurement on force/displacement
makes large data scattering inevitable, which makes numerical simulation a powerful
alternative approach. Continuum mechanical, molecular mechanics (MM), conventional or
ab initio molecular dynamics (MD), or their combinations, have also been attempted to
investigate the interfacial properties. For instance, some continuum mechanics based models
(e.g. cohesive zone model [Jiang et al., 2006], shear lag model [Xiao & Zhang, 2004; Gao & Li,
2005; Tsai & Lu, 2009], and pull-out model [Lau, 2003; Natsuki et al., 2007]) were developed
to investigate the interfacial properties between CNT and polymer matrix. Compared with
Natsuki’s suggestion [Natsuki et al.,, 2007] of that maximum interfacial shear stress (ISS)
occurs at the pull-out end of CNT, Gao [Gao & Li, 2005] predicted that ISS approaches
maximum at the two ends of CNT, but keeps zero at the middle part. On the other hand,
most of MM/MD simulations [Lordi & Yao, 2000; Liao & Li, 2001; Frankland et al., 2002;
Gou et al., 2004; Zheng et al.,, 2009; Al-Ostaz et al., 2008; Chowdhury & Okabe, 2007]
assumed constant ISS during the whole pull-out process with uniform distribution along the
contact surface between CNT and polymer. Obviously, the above totally different
distribution forms of ISS leads to great confusion in understanding the inherent interfacial
characteristics of CNT/Polymer nanocomposites. Moreover, all of the previous MM/MD
simulations are limited to a specified SWCNT with a fixed length and diameter. The
influences of CNTs” dimension on the pull-out behaviour have never been investigated.
Therefore, in the present work, the other focus is put on the clarification of interfacial properties
between CNT and polymer matrix, in which the effects of CNTs’ dimension (i.e. nanotube length,
diameter and wall number) were explored for the first time. Moreover, the obtained interfacial
properties were combined with the theoretical model of continuum mechanics to develop a sequential
multi-scale model for predicting the overall mechanical properties of CN'T/Polymer nanocomposites,
which were verified using tensile tests and SENB (single-edge notched bending) tests.

Here, two commercial CNTs products, i.e. MWCNT-7 (Nano Carbon Technologies Co., Ltd.
Japan) and VGCF® (Showa Denko K.K., Japan) as shown in Fig. 1, were employed as
reinforcement fillers at the interface of conventional CFRP laminates to fabricate three-phase
hybrid CFRP laminates, and in epoxy to fabricate two-phase CNT/Polymer
nanocomposites, respectively. The average diameter of VGCF® is around two times higher
than that of MWCNT-7. Moreover, wall thickness of VGCEF® is larger, while the central wall
is much smaller than that of MWCNT-7. The corresponding geometrical and mechanical
properties of these two CNTs are listed in Table 1.
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Enlarged

(a) VGCF® (b) MWCNT-7

Fig. 1. TEM pictures of two commercial CNTs

CFRP prepregs Commercial CNTs VGCEF® MWCNT-7
Matrix #2500 Radius 7y (nm) 75 32.5
PAN-based CF | T700S Length Ir (um) 15 (10~20) 7.5 (5~10)
Young's modulus (GPa) = Density pr (kg/m3) 2.0 21
. . . Young's modulus 516.5 850
Fibre direction | 116.8 E/ (GPa) (273~760) [Demezyk et al, 2002]
Transverse .83 Tensile strength 3100 1.5X105
direction ' oulr (MPa) (2700~3500) [Demczyk et al., 2002]

Table 1. Properties of CFRP prepregs and two commercial CNTs

2. Three-phase hybrid CFRP laminates

Powder method was developed to disperse CNTs directly at the interface between CFRP
prepregs to fabricate three-phase hybrid CFRP laminates. The improvement on the
interlaminar mechanical properties was confirmed by DCB tests and FEM analysis.

2.1 DCB experiments

2.1.1 Materials and specimen fabrication

The CFRP prepregs (T700S/#2500 Toray, Co. Ltd., Japan) were used, where their physical

and mechanical properties are also given in Table 1.

Here, CNTs, as the reinforcement at interface, was dispersed at the mid-plane of

unidirectional [0°/0°]14 CFRP laminates during the hand lay-up process, where a simple

fabrication method with low cost, i.e. powder method, was employed. The detailed process
is described in Fig. 2 as below.

a. Initially, 14 pieces of CFRP plies were stacked together to form two pieces of [0°]; CFRP
unidirectional sublaminates, respectively;

b. CNTs powder was spread by half on the surface of lower sublaminate using a sifter
with mesh size about 70um. The zigzagged spreading path makes the distribution of
CNTs at the interface as consistent as possible;

c.  The left half of CNTs powder was spread after placing a 25 um thick polyamide film
(Kapton, Toray Co. Ltd., Japan) to make an initial crack;
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d. The upper sublaminate was piled up;

e. Finally, it was put into an autoclave for 3 hours at the temperature of 130°C to cure.

The obtained laminates are typed in Table 2 according to CNTs’ area density pa at the
interface. Obviously, the measured thicknesses of formed CNTs interlayer f; increases
linearly with area density pa. For reference, base CFRP laminates were also fabricated.

(Cc ‘I 1) ((c
[0°], / - e ONTs

[0°]7 / Polyamide film
|———— 4

@) (b) ©

£ ? Autoclave

(d) ©

Fig. 2. Powder method

Reinforcement | px (g/m?) Notation tr (um)
10 CFRP/VGCEF(10) 70
VGCF® 20 CFRP/VGCF(20) 140
30 CFRP/VGCEF(30) 210
5 CFRP/MWCNT(5) 66
MWCNT-7 10 CFRP/MWCNT(10) 97
20 CFRP/MWCNT((20) | 148

Table 2. Fabricated hybrid CFRP laminates

2.1.2 DCB test procedure

To evaluate Mode-I interlaminar fracture toughness, DCB tests were carried out using a
universal material testing machine (AG-100kNE, Shimazu Co. Ltd, Japan) at 20°C according
to Japanese Industrial Standards (JIS K7086). Five specimens for each type were cut from the
fabricated laminates, where marked lines were painted on side surface for crack length
measurement. The specimens were approximately 20mm wide and 120mm long, with the
initial crack of 34mm. The thickness of hybrid CFRP laminates was thicker than that of base
CFRP laminates with 3.14mm due to the formed CNTs interlayer. The crosshead speed was
0.5mm/min. Tests were terminated when the increment of crack length Aa reaches 70mm.
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2.1.3 Mode-l interlaminar fracture toughness

From the obtained load-COD (crack opening displacement) curves of the above various
types of hybrid CFRP laminates, the average critical load at crack growth, i.e. peak load P,
are plotted in Fig. 3a which shows the obvious increase. The highest P. occurs at
CFRP/VGCF(20) and CFRP/MWCNT(10) , which are about 41% and 17% higher than that
of base CFRP laminates, respectively. Obviously, VGCF® performs better than MWCNT-7.
Since P. is dominated by Mode-I interlaminar fracture toughness Gjc and interlaminar
tensile strength N, it is anticipated that Gic and N also increase. The average Gic and fracture
resistance Gpr are demonstrated in Fig. 3b and Fig. 3c. Note that Gz is the average value
when the crack length varies from 20mm to 60mm in the obtained R-curves. In Fig. 3b, there
are 96% and 58% increase of Gic for CFRP/VGCEF(20) and CFRP/VGCEF(10), respectively,
which can be considered as the optimal addition. In Fig. 3c, CFRP/VGCF(20) has the highest
Gir, which is about 25% higher than that of base CFRP laminates. However, the effect of
MWCNT on G is unpromising. The largest value occurs at CFRP/MWCNT(5) which
increases only 6%. Moreover, there is even minor negative influence for some cases on Gix.
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Fig. 3. Reinforcement effects of two commercial CNTs in three-phase hybrid CFRP laminates

The reinforcement mechanism can be explained from crack propagation process observed
by an optical microscopy. At the initial stage, crack initiates from crack tip at the CNTs
interlayer for all cases (Fig. 4a), which explains the increase of Gic. Moreover, for
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CFRP/VGCF(10,20) and CFRP/MWCNT(5), crack extends forward in a zigzag pattern
CNTs interlayer (Fig. 4a) creating much more fracture surfaces and consuming much more
energy, which leads to the improved Gi. However, for CFRP/VGCF(30) and
CFRP/MWCNT(10,20), crack transits from toughened CNTs interlayer toward CFRP plies
and propagates forward (Fig. 4c), which results in the decreased Gir compared with that of
base CFRP laminates.

(a) CFRvF(ZO) (b) F/ VGF(O) ( CFRP/ VGCF(O)
(4a=0mm) (4a=10mm) (42=10mm)

Fig. 4. Crack propagation process for CFRP/VGCEF laminates

Moreover, fracture surfaces of DCB specimens were also investigated using scanning
electron microscopy (SEM). For CFRP/VGCF(10) and CFRP/MWCNT(5), naked carbon
fiber (Fig. 5a) indicates insufficient addition of CNTs at interface. On the other hand, for
CFRP/VGCE(30) and CFRP/MWCNT/(20), there are obvious defects (Fig. 5¢c) caused by the
poor CNTs dispersion. It explains that CFRP/VGCF(20) and CFRP/MWCNT(10) with good
dispersion of CNTs (Fig. 5b) provide best reinforcement effect, respectively.

20.0kV X500

(a) CFRP/ VGCF(10) (b) CERP/ VGCF(20) (c) CFRP/ VGCF(30)
Fig. 5. Fracture surfaces of CFRP/VGCF laminates

2.2 Numerical simulation using FEM

Instead of experiment, such as butt-joint test under tensile load, FEM simulation on
delamination propagation was employed to predict approximately Mode-I interlaminar
tensile strength N.

Here, a brick element of 8 nodes [Cao et al., 2002] and a cohesive element [Camanho et al.,
2002] were used to model CFRP sublaminates and CNTs interlayer, respectively. The
corresponding material properties are listed in Table 3, where the latter was obtained by
matching the numerical load-COD curves to experimental ones (see Fig.6). Here,
experimental Gjc was directly adopted. Interlaminar tensile strength N and initial stiffness K
were determined by matching peak load P, and the initial slope of the numerical load-COD
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curves before the peak load, respectively. In Table 3, although N increases with CNTs
addition, which are about 75% and 50% higher than that of base CFRP laminates,
respectively, there is no any difference among them for different CNTs addition. This can be
attributed to that peak load is mainly dominated by Gic while N influences it slightly.

In conclusion, the improvement of interlaminar tensile strength N was confirmed by FEM
simulation, and the correctness of experimental Gic was verified from good consistence
between numerical and experimental results (Fig.6).

Brick element Cohesive element | N (MPa) | K (N/mm3) | Gic (k]/m?)
E1 (GPa) 120 CFRP 20 3.5X103 0.221
Ex»=Es; (GPa) | 8.8 CFRP/VGCEF(10) 35 3.5x10-3 0.318
G12=G13 (GPa) | 6.0 CFRP/VGCEF(20) 35 3.5x10-3 0.432
G2 (GPa) 3.7 CFRP/VGCE(30) 35 3.5x107 0.302
V=L 0.25 = CFFRP/MWCNT(5) 30 3.5X%108 0.296
U3 045 CFFRP/MWCNT(10) 30 3.5X103 0.350
CFFRP/MWCNT(20) 30 3.5x10-3 0.337

Table 3. Material properties for brick element and cohesive element in FEM simulation

80
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Fig. 6. Comparison of experimental and numerical load-COD curves for CFRP/VGCF(30)

3. Two-phase CNT/Polymer nanocomposites

Pull-out simulations based on MM were carried out to investigate the interfacial properties
between CNT and polymer matrix, which were further incorporated into the theoretical
model of continuum mechanics to develop a sequential multi-scale model for predicting the
overall mechanical properties of two-phase CNT/Polymer nanocomposites. The present
method is expected to be applied in CNT-reinforced nanocomposites with various matrices
(e.g. metal, ceramics, etc.), which provides useful information for material design.

3.1 Pull-out simulation on Interfacial properties between CNT and polymer matrix

To investigate the interfacial properties between CNT and polymer matrix in two-phase
CNT/Polymer nanocomposites only due to van der Waals (vdW) interactions, a series of
CNT pull-out simulations from polyethylene (PE) matrix were carried out. Here, the
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condensed phase optimization molecular potentials for atomistic simulation studies
(COMPASS) force field [Sun, 1998] was employed to calculate the systematic potential
energy, which has been broadly testified for CNT itself and CNT-reinforced nanocomposites
because of providing reliable results as compared with more accurate tight-binding or ab
initio density functional theory based methods. The PE was chosen as matrix because its
structural simplicity can effectively reduce the computational cost. Moreover, PE as a
representative polymer matrix can give a general picture of the possible interfacial
behaviour of various CNT-reinforced polymer nanocomposites. The simulation cell was
composed of a fragment of CNT totally embedded inside PE matrix. Taking
SWCNT(5,5)/PE nanocomposites as a benchmark, the processes of model building and CNT
pull-out are described in detail in the following.

3.1.1 Model building
The unit cell of simulation system, which was of periodic boundary conditions in y-z plane,
was initialized by randomly generating 36 PE chains with initial density of 1.2g/cm3
surrounding an open-ended SWCNT(5,5). Each PE chain had 20 repeating units of -CHo.
The length and diameter of the SWCNT(5,5) fragment were [=4.92nm and D=0.68nm,
respectively. Note that the unsaturated boundary effect was avoided by adding hydrogen
atoms at both ends of the SWCNT. The hydrogen atom had charge of +0.1268e and the
connected carbon atom had charge of -0.1268e, which made the SWCNT neutral. The
corresponding computational cell constructed was in the range of 2.69nmX2.69nm X4.9nm in
which the volume fraction of SWCNT was V=9.0vol.%. Note that the size of computational
cell at x axis (i.e. the axial direction of CNT) had to be set large enough to eliminate the
interaction among polymer itself [Marietta-Tondin, 2006]. As shown in Fig. 7a, the vacuum
layer was set for the CNT pull-out without extending the cell. The size of vacuum layer was
about the sum of the cut-off distance of vdW interaction (0.95nm) and nanotube length.

The equilibrated structure of SWCNT/PE nanocomposites in Fig. 7 was obtained as follows:

1. While holding SWCNT as a rigid, by virtue of MD simulations, the model was first put
into a constant-temperature, constant-volume (NVT) ensemble for 50ps and then a
constant-temperature, constant-pressure (NPT) ensemble for another 50ps with
temperature of T=298K, pressure of P=10atm, and time step of At=1fs after the initial
minimization. The purpose of this step is to slowly compress the structure of the PE to
generate an initial amorphous matrix with correct density and low residual stress.

2. The nanocomposite system was further put into NVT ensemble and equilibrated for
50ps at the same time step of At=1fs with releasing all rigid constraints on SWCNT. This
step is to create a zero initial stress state.

3. Finally, the nanocomposite system was minimized again using MM to obtain the
equilibrated configuration in vacuum.

The equilibrated separation distance /i between SWCNT and PE matrix due to vdW

interaction was about 0.23nm in the present work as shown in Fig. 7b, which is very close to

the value of 0.18nm obtained by Han et al. [Han & Elliott, 2007] for SWCNT/PMMA
nanocomposites. The difference can be attributed to the different types of polymer.

3.1.2 Pull-out process
The pull-out simulations of SWCNT from PE matrix were carried out by applying
displacement-controlled load on the atoms at the right end of CNT. The displacement
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Vacuum layer

(a) Side view

(b) Enlarged cross section

(CNT: [=4.92nm, D=0.68nm, C atoms: purple, H atoms: grey)
Fig. 7. Equilibrated structure of simulation cell for SWCNT!(5,5)/ PE nanocomposites

increment along the axial (x-axis) direction of CNT was Ax=0.2nm. Snap shots of the atom
configurations for SWCNT/PE nanocomposites system during the pull-out process are
shown in Fig. 8. Note that the deformation of PE matrix during the pull-out process was
neglected by fixing the matrix to reduce the computational cost, since it was confirmed
numerically that the influence of the enforced conditions on polymer was very small.

After each pull-out step, the molecular structure was relaxed to obtain the minimum
systematic potential energy E by MM. The potential energies of the SWCNT/PE
nanocomposites were monitored and recorded during the whole pull-out process, which
will be discussed in the following.

Exn ey

(c) x =3nm

Fig. 8. Snap shots of CNT pull-out from PE matrix

3.1.3 Variation of potential energy during pull-out

In view of that the work done by the pull-out force equals energy increment of
nanocomposite system at each pull-out step, the trend of potential energy variation, and the
energy increment at each pull-out step becomes very important for analyzing the
corresponding pull-out force, and the ISS between CNT and polymer matrix.

The obtained systematic potential energy E during the pull-out is shown in Fig. 9a, which
increases gradually accompanied with the CNT pull-out. This trend is just identical to all of
the previous simulation results of CNT/Polymer nanocomposites [Liao & Li, 2001;
Frankland et al., 2002; Gou et al., 2004; Zheng et al., 2009].
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Fig. 9. Variation of E and AE during the pull-out of SWCNT(5,5)

Generally, this variation of E can be divided into four parts, i.e. the variation of potential
energy in polymer matrix; the variation of potential energy of CNT; the variation of
interfacial bonding energy between CNT and polymer matrix; and possible thermal
dissipation. Since the polymer was fixed during the pull-out process and the potential
energy change of CNT was very small as confirmed in our computations, the variation of E
in the present simulation can be mainly attributed to the variation of interfacial bonding
energy between CNT and polymer matrix by neglecting thermal dissipation.

Taking an example of the above SWCNT(5,5) pull-out from PE matrix, the calculated energy
increment AE versus pull-out displacement Ax is shown by pink balls in Fig.9b, where three
successive stages can be discerned: in initial stage I, AE increases sharply; after that, AE goes
through a long and platform stage II, followed by final descent stage III until the complete
pull-out. As plotted, the total energy change during the pull-out (i.e., the pull-out energy)
and the average energy increment in stage II are referred to as AE and AEjy, respectively.
Moreover, stage I and stage III have the same approximate range of a=1.0nm which is very
close to the cut-off distance of vdW interaction. This trend is surprisingly coincident with
that observed sliding behaviour among nested walls in a MWCNT [Li et al.,, 2010]. The
obvious severe fluctuation of energy increment may be attributed to the non-uniformity of
polymer matrix in the length direction of CNT. Note that the pull-out energy may also be
calculated by using the developed continuum theoretical model for short-fibre reinforced
composites (e.g. [Fu & Lauke, 1997]), which plays important role in predicting the fracture
toughness of the composites.

On this basis, the effects of CNTs’ dimensions on interfacial properties of CNT/Polymer
nanocomposites, were explored for the first time by comparing the energy increment of
several CNTs with different nanotube length, diameter, or wall number.

3.1.4 Effects of CNTs’ dimension
3.1.4.1 Effect of nanotube length

The variation of energy increment corresponding to the pull-out of several SWCNTs(5,5)
with different lengths, are plotted in Fig. 10. Just as that in Fig. 9b, three distinct stages are
clearly observed for each case. Moreover, among these three curves, there is no obvious
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change in the magnitude of the platform stage II related to the stable CNT pull-out, which
indicates that AEy is independent of nanotube length.

25 T T T T
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—*—[=6.15nm

Energy increment AE (kcal/mol)

0 1 2 3 4 S 6
Pull-out displacement x (nm)

Fig. 10. Effect of nanotube length on energy increment of SWCNT(5,5)

Due to this length-independent behaviour of AEy, the length of [y=3.44nm was employed for
all CNTs in the following simulations.

3.1.4.2 Effect of nanotube diameter

The energy increment AE corresponding to the pull-out of several SWCNTs with different
diameters are illustrated in Fig. 11a, which increases with nanotube diameter. Both ZAE and
AE;; were found to increase linearly with nanotube diameter D as shown in Fig. 11b, which
can be fitted as follows:

SAE=277.79D+62.39 (1)

AE;=19.29 D+4.27 ®)

where D has the unit of nm, ZAE and AE;; have the unit of kcal/mol. This linear correlation
can be explained by the increase of interfacial atoms accompanied with the increase of
nanotube diameter. Note that the formula of Eq. (1) for calculating the pull-out energy is
only applicable for the pull-out of CNT with the length of [p=3.44nm, in contrast to the
length-independent behaviour of AEy. In view of that ZAE increases with nanotube length,
for a real SWCNT with length of I, which is far longer than the present length Ip, XAE can be
estimated as follows

SAE*=SAE+AEy (1-1o)/ Ax (Io<1,) 3)

where I, is of the unit of nm, and the displacement increment here is Ax=0.2nm. Note that
2AE represents the pull-out energy of SWCNT with length of [;=3.44nm which can be
calculated by Eq. (1).

In a word, the average increment in stage II (4Ep) during the pull-out process of the
armchair SWCNT from polymer matrix, corresponding to the interfacial properties between
CNT and polymer matrix, is independent of nanotube length, but proportional to nanotube
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Fig. 11. Effect of nanotube diameter on energy increment of SWCNT(5,5)

diameter, which is similar to that for the sliding among nested walls in a MWCNT [Li et al.,
2010]. Moreover, by using Egs (1-3), the pull-out energy YAE and average energy increment
in stage II AEy for the pull-out of any armchair SWCNT can be predicted.

3.1.4.3 Effect of wall number

To investigate the effect of wall number 7, three MWCNTSs with different wall number were
embedded in PE matrix: SWCNT(15,15) with n=1, DWCNT(15,15)/(10,10) with n=2, and
TWCNT(15,15)/(10,10)/(5,5) with n=3. The corresponding nanocomposites are referred to
as: SWCNT/PE, DWCNT/PE, TWCNT/PE, respectively. Note that the above three CNTs
have the same outermost wall with diameter of Dy=2.03nm and length of [y=3.44nm.

The corresponding energy increment AE are plotted in Fig. 12, whose average value in stage
IT (AEp) are listed in Table 4. From this table, it can be found that the AE; for DWCNT/PE is
about 20% higher than that for SWCNT/PE. However, there is only a minor change of AEy
between DWCNT/PE and TWCNT/PE. The reason can be explained by the increase of
distance between newly inserted inner walls and the interface. As the vdW interaction is
mostly dependent on the distance, the longer the distance is, the weaker the induced vdW
interaction is.
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Fig. 12. Effect of n on energy increment
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Therefore, AE;; for the MWCNT (122) pull-out can be approximately estimated as 1.2 times
of that for corresponding SWCNT, which is actually the outermost wall of the MWCNT. To
some extent, this finding is consistent with the reports of Schadler [Schadler et al., 1998] who
concluded that only the outer walls are loaded in tension for CNT/Epoxy nanocomposites
based on the observation of Raman spectrum.

Moreover, the calculated energy increment in the present simulation on the CNT pull-out
from polymer matrix is compared with the reports [Li et al., 2010] on the pull-out of
outermost wall in the same MWCNT as listed in Table 4. Obviously, the former is smaller
than the latter. It may indicate that even for some CNTs with fractured outer walls in the
CNT/PE nanocomposites, the CNT is easier to be pulled out from matrix instead of that the
fractured outer walls are pulled out against the corresponding inner walls.

AEqn
(kcal/mol)
SWCNT/PE 43.07
DWCNT/PE 51.13

Model

CNT Pull-out

fromPE =V eNT/PE | 5271
Pull-out of the DWCNT 55.11
outermost wall TWCNT 59.32

Table 4. Comparison of AEjfor two types of pull-out

3.1.5 Pull-out force

In practical CNT/Polymer nanocomposites, the real pull-out force can be contributed from
the following factors [Bal & Samal, 2007; Wong et al., 2003]: vdW interaction between CNT
and PE matrix, possible chemical bonding between CNT and PE matrix, mechanical
interlocking resulted by local non-uniformity of nanocomposites, such as waviness of CNT,
mismatch in coefficient of thermal expansion, statistical atomic defects, etc. Consequently,
the pull-out force can be divided into two parts, i.e., F=Foaw+F.. Here, Foaw is the component
for overcoming the vdW interaction at the interface which can be calculated by the
following Eq. (4); and F,, is the frictional sliding force caused by the other factors stated. The
magnitudes of these two parts strongly depend on the interfacial state and CNT dimension.
For almost perfect interface, F,sw dominates the pull-out force. On the other hand, for the
case of chemical bonding or mechanical interlocking, which in general occurs easily for large
CNTs, F,, mainly contributes to the total pull-out force. In the present study, only Foaw and
the related ISS for perfect interface are considered as mentioned in the beforehand work.
According to that the work done by the pull-out force at each pull-out step is equal to the
energy increment of nanocomposites, the corresponding pull-out force for the stable CNT
pull-out stage should be also independent of nanotube length, but proportional to nanotube
diameter, just as energy increment is.

From the obtained energy increment AEjy in Eq. (2) and pull-out displacement increment of
Ax=0.2nm, we can get the pull-out force as follows:

Fip= AEH/AJC=/1(O.67D+O.15) (4)

where Fiy and D have the units of nN and nm, respectively. The value of A represents the
effect of wall number, which is 1.0 for SWCNT and 1.2 for MWCNT with consideration of
the contribution of the inner walls.
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3.1.6 Interfacial shear stress (ISS) and surface energy density

Based on the above discussions, the corresponding ISS and surface energy density are
analyzed in the following.

The pull-out force is equilibrated with the axial component of vdW interaction which
induces the ISS. Conventionally, if we employ the common assumption of constant ISS with
uniform distribution along the embedded CNT, the pull-out force Fj; will vary with the
embedded length of CNT, which is obviously contradict with the above length-independent
reports of AEj. For the extreme case of CNT with infinite length, the ISS tends to be zero,
which is physically unreasonable. This indicates that the conventional assumption of ISS is
improper for the perfect interface of CNT/PE nanocomposites. Therefore, in view of the
above characteristic of the variation of energy increment AEy, such as that the range of stage
I or stage III is around 1.0nm, it is concluded that the ISS is distributed solely at each end of
embedded CNT within the range of a=1.0nm at the beginning of stage II or the end of stage
I. In view of the dependence of vdW force upon the distance between two atoms, the ISS at
each end of the embedded CNT which is induced by the variation of vdW force, should at
first increase sharply and then decrease slowly to zero after reaching the maximum. Here,
by assuming its uniform distribution within two end regions for simplicity, the effective ISS
can be derived as

= FU/ (ZTEDﬂ) (5)

By using Egs. (1-5), the pull-out energy JAE, the average pull-out force Fyy and the ISS 7 for
CNT/PE nanocomposites can be calculated. As shown in Fig. 13a, the calculated ISS is
found to decrease initially with nanotube diameter and saturate at the value of 106.7MPa for
SWCNT/PE nanocomposites. For MWCNT/PE, the saturated value is 128MPa, which is
about 1.2 times of that for SWCNT/PE, both of which has the same outermost wall.

On the other hand, in view of that two new surface regions are generated at the two ends of
CNT after each pull-out step, the corresponding surface energy should be equal to the
energy increment AEj; by neglecting thermal dissipation. Therefore, the surface energy
density can be calculated as

s = AEn/ (2nD Ax)=Fp/ (2nD) (6)
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Fig. 13. Dependence of ISS and surface energy density on nanotube diameter
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As shown in Fig. 13b, the surface energy density has the same trend as the ISS, which
initially decreases slightly as nanotube diameter increases and finally converges at the value
of 0.11N/m. This value is very close to the previous reports of 6-8meV/ A2 (e, 0.09-
0.12N/m) [Lordi & Yao, 2000] and 0.15 kcal/ molA2 (i.e., 0.1 N/m) [Al-Ostaz et al., 2008] for
SWCNT/PE nanocomposites, which indicates the effectiveness of the present simulation.

3.1.7 Comparison with previous reports

The predicted ISS in the present study as given in Table 5 is obviously higher than that in
the previous reports [Frankland et al., 2002; Zheng et al., 2009; Al-Ostaz et al.] which is
calculated from

'=25AE/ (xDI?) %)

The reason of this big difference is that the assumption of the constant ISS with uniform
distribution along the total embedded length of CNT employed in previous numerical
simulation, which has been verified to be unreasonable here.

SWCNT | Experimental reports | Present prediction
Ref. D I 2AE* T 2AE® T
(nm) | (nm) | (kcal/mol) | (MPa) | (kcal/mol) | (MPa)
[Frankland et al.,, 2002] | 1.36 | 5.3 X 2.7 707.4 123.9
[Zheng et al., 2009] 136 | 59 ~500 33 798.8 123.9
[Al-Ostaz et al., 2008] | 0.78 | 4.2 224 133 352.2 137

Table 5. Prediction in previous simulations for SWCNT/PE nanocomposites

For the pull-out force, the calculated values using the proposed formulae of Eqs.(1-4) are
compared with that reported in direct CNT pull-out experiments at nano-scale from several
different polymer matrices, as shown in Table 6. Obviously, the reported pull-out forces are
much higher than the calculated values only when vdW interactions are considered at the
interface between CNT and polymer matrix, although severe experimental data scattering
has been observed which may be caused by manipulation process or force/displacement
measurement. The reason can be attributed to the following factors.

Firstly, if we take into account the curvature of CNT (Fig. 14a), the necessary pull-out force
will increase. Considering a special case with the highest probability where an inclined
angle & between the axial direction of CNT and the pull-out direction is 45° (Fig. 14b), the

F
Polymer Polymer Py
—> F ~—>F
/ 4
CNT CNT
(a) Curved CNT (b) Oblique CNT

Fig. 14. Simplified model for the pull-out of curved and oblique CNT
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. MWCNT Pull-out force (uN)
Ref. Matrix D (nm) Exp. Prediction

49 1.04 0.04

[Deng, 2008] PEEK 89 36 0.07
[Barber et al., 2003] PE-butene 80 0.85 0.07
8.2 3.8 0.01

11 2.8 0.01

[Cooper et al., 2002] Epoxy 134 0.6/23 0.01
24 6.8/12.8 0.2

Table 6. Prediction of previous experiments for MWCNT/Polymer nanocomposites

corresponding pull-out force will increase about 40%. By observing the data in Table 6, this
increase effect is still too small compared with the experimental data.

Secondly, for the effect of the pressure or residual stress in nanocomposites, a simple
representative volume element (RVE) model (Fig. 15a) was constructed to perform FEM
analysis. This continuum mechanics based computation is valid, at least qualitatively when
the diameter of CNT is over several tens of nanometers. Assuming the symmetrical
structure, the quarter part of interface region (i.e. the blue part in Fig. 15b) was employed.

Interface
ressure p Interface
Matrix
(a) Simplified composite model (b) FEM model of interface

Fig. 15. Simplified FEM model of interface between CNT and matrix

The inner wall surface of the interface region was fixed as boundary condition, which
represents the rigid CNT. The uniform static pressure was applied on the outer wall of
interface region. Two values of Young’s modulus E; for the interface region were
considered, i.e., 1GPa and 3GPa. The corresponding FEM model is shown in Fig. 15b, where
the size of element size was taken as 0.05nm for convergence and accuracy.

The relationship of strain energy density y and the applied pressure p is shown in Fig. 16, in
which strain energy increases by the power of square with p. It can be found that a large
pressure p can only cause very small increase of strain energy density y, which indicates that
the effect of pressure or residual stress is not as strong as we expected. In general, the
residual stress in polymer nanocomposites ranges from 25.0MPa to 40.0MPa. For instance,
for the case of E=1GPa of interface region, by applying for the pressure of 30.0MPa, the
strain energy density is around 2.85X10-°N/m, which is still much smaller than the surface
energy density of y=0.11N/m caused by vdW interaction as stated previously. It means that
the pressure or residual stress in polymer nanocomposite system is not a dominant factor.
The above discussion leads to an important conclusion, i.e., the interface properties between
CNT and polymer matrix contributed by vdW interaction is quite minor for the real
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Fig. 16. Relationship between applied pressure and strain energy density

CNT pull-out from polymer matrix. Therefore, to accurately evaluate the interfacial
properties for real case, it is necessary to incorporate the effects of frictional sliding caused
by mechanical interlocking, atomic statistical defects, or chemical bonding. Moreover, for
effectively improving the interfacial properties and therefore the mechanical properties of
bulk nanocomposites, it is vital to incorporate into chemical bonding and mechanical
interlocking, which will be the topic in the future.

Note that although the type of polymer will influence the value of ISS which is not
discussed in the present work, the characteristics of pull-out force and the corresponding ISS
will be similar to those discussed in CNT/PE nanocomposites here.

3.2 Characterization on overall mechanical properties of CNT/Polymer
nanocomposites

To investigate the overall mechanical properties of CNT/Polymer nanocomposites, tensile
tests and SENB tests were carried out, in which MWCNT-7 and VGCF® were used as
reinforcement filler, respectively. Moreover, a sequential multi-scale model was developed
by incorporating the interfacial properties between CNT and polymer matrix obtained from
previous pull-out simulations into the conventional continuum theory, which connects the
interfacial properties to overall mechanical properties of CNT/Polymer nanocomposites.

3.2.1 Mechanical tests for CNT/Epoxy nanocomposites

Epoxy resin jER806 (Japan Epoxy Resins Co., Ltd., Japan) and the hardener Tohmide-245LP

(Fuji Kasei Kogyou Co., Ltd., Japan) were used to prepare the polymer matrix with the

weight ration of 100:62. According to the weight fraction IV of reinforcements, two groups

of nanocomposites were fabricated: MWCNT/Epoxy with Wy of MWCNT-7 varying at 2, 3,

4%, and VGCF/Epoxy with Wr of VGCF® varying at 2, 4, 6%. The fabrication process as

shown in Fig. 17 is described below:

1. The epoxy resin was first heated to 60°C in an oven to decrease the viscosity for its
better miscibility with MWCNTs;

2. Then the CNTs were dispersed into the epoxy resin using the planetary centrifugal
mixer at 2000rpm for 10min;
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@

After adding the hardener, the mixture was agitated for another 10 min at 1000rpm;

4. Subsequently, the mixture was poured into the silicon mould for a pre-curing process
with 12h at room temperature, followed by a post-curing process which was performed
at 80°C in the oven for 6h.

MWCNT Hardener
Epoxy i >

Fig. 17. Fabrication of MWCNT/Epoxy nanocomposites for mechanical tests
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Fig. 18. Comparison of theoretical and experimental Young’s modulus and tensile strength

24
E
2 2.0 - @ MWCNT/Epoxy
Q - - VGCF/Epoxy
S L6t
pt
3
=
£ 12f o
= PR \\
g .
° 08 .-° ‘o
FE S e
s 04r 0'—»-._,_,___'» ______ L
0.0 , , ‘ . .
0 1 2 3 4 5 6

Nanofiller loading Wf(wt“o)

Fig. 19. Experimental fracture toughness

According to ASTM D638 (Type V) and ASTM D5045 standards, tensile tests and SENB tests
were preformed. Three specimens of the above fabricated composites at a specified CNT
loading were prepared. A universal materials testing machine (Instron 5567) was used with
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a cross-head speed of 0.25mm/min. The Poisson’s ratio of nanocomposites measured in
tensile tests by using bi-axial strain gages was directly used in the evaluation of fracture
toughness in SENB tests.

The obtained Young’s modulus E,, tensile strength o. of MWCNT/epoxy and VGCF/Epoxy
nanocomposites are plotted in Fig. 18. As shown in Fig. 18a, the largest increase of 31% and
36% in E. from 2.14GPa of neat epoxy occur at 4wt% loading for MWCNT/Epoxy and at
6wt% loading for VGCF/Epoxy, respectively. In Fig. 18b, o. increases obviously for
nanocomposites. At 4wt% loading, the highest increases are 14.1% for MWCNT/Epoxy and

(e) MWCNT/Epoxy (2wt%)
Fig. 20. SEM pictures of SENB specimens
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23.1% for VGCF/Epoxy from 39.4MPa of neat epoxy. The effect of VGCF in o is slightly
better than that of MWCNT. Moreover, o; decreases slightly when the addition is over 4wt%
for VGCF/Epoxy. However, there is no obvious saturation trend in o; even at 4wt% loading
of MWCNT, which means that o may be enhanced with further addition of MWCNT. The
corresponding Mode-I fracture toughness Gic is given in Fig. 19, a remarkable increase, i.e.
85.5% can be identified for 2wt% MWCNT loading, although the effect of VGCF to Gic is
unpromising.

In order to clarify the reinforcement mechanism, SEM observations were performed on the
fracture surfaces of SENB specimens as shown in Fig. 20. Even there are some small
aggregates at a high loading, e.g. 4wt% in Fig. 20(b), good dispersion of MWCNT or VGCF
can be identified, which leads to the increase of E and ¢ in both nanocomposites. As shown
in Fig. 19, 6wt% VGCF leads to the lowest Gic while 2wt% MWCNT provides the highest
Gic. However, it is difficult to distinguish them through the fracture surfaces from Fig. 20 (d)
and (e), although the former demonstrates a clear brittle fracture feature. One possible
reason for the increase of Gic in 2wt% MWCNT may be there are more pull-out holes of
MWCNT, which improves the fracture toughness.

3.2.2 Theoretical prediction on tensile properties of MWCNT/Polymer nanocomposites
With consideration of fibre length and fibre orientation distribution, Cox’s shear-lag model
[Cox, 1952; Krenchel, 1964] predicts the longitudinal modulus of short-fiber reinforced
composites as

E=nomEVrtEn(1-V) ®)

where Vyis the volume fraction of fiber, Ef and E,, are Young's moduli of nanofiller and
matrix, respectively. The orientation efficiency factor 7, is 1/5 for three-dimensional random
distribution, and the nanofiller length efficiency factor 7 was given in Ref. [Cox, 1952]. The
predicted Young's modulus is also plotted in Fig. 18(a), which is a bit higher than
experimental ones, especially for higher nanofiller loadings, which may be caused by the
difficult dispersion of nanofiller in experiments.

For short-fiber reinforced composites under the assumption of iso-strain state in the fibers
and matrix, Fukuda and Chou [Fukuda & Chou, 1982] developed a probabilistic theory as
follows

) ’
aulthf[l—Z;fJCo+0'm (1-v;) (>1)
Oulte = (9)

! ,
oV (JJCO +o, (1-v;) (<L)
c

where Iy is the length of fiber, Gy the tensile strength of fiber, &, the matrix stress at the
failure of composites, and Cy the orientation factor which is 1/8 in the case of three-
dimensional random array model. The critical length I. is defined as [Kelly & Tyson, 1965]

lc= Uumer/‘l}/ (10)

where ryis the fiber radius, and g, is the shear strength of fiber/matrix interface.
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Fig. 21. Prediction of o, for MWCNT/Epoxy

Here, the key point is how to define the shear strength 7, by using the previous MM
simulation results. With consideration of its distribution which is only at each end of
embedded CNT within 1.0nm, the shear strength should be around 106.7MPa for SWCNT,
and 128.04MPa for MWCNT which is about 1.2 times of that for SWCNT. On the other hand, if
we define the shear strength based on the whole embedded length of CNT (e.g., 5um for
present experiments), the corresponding shear strength can be calculated as 0.09MPa for
SWCNT, and 0.1MPa for MWCNT. Naturally, these values defined from the conventional
conception of shear strength seem to be very small from common sense. It further confirms the
previous analysis, which indicates that the contribution from vdW interaction to the pull-out
force may be comparatively small in practical nanocomposites compared with that from
frictional sliding caused by possible chemical bonding or mechanical interlocking. From the
above statements, no matter what kind of definition for the shear strength is used, the
interfacial shear strength can be assumed to range from 0.1MPa to 128.04MPa for MWCNT.
Naturally, by considering the obliqueness of CNT (Fig.14) to the direction of pull-out force,
this shear strength range can modified as 0.14~179.26MPa. With consideration of the effects of
residual stress in polymer systems, and especially possible chemical bonding or mechanical
interlocking, the above range may be increased significantly. Taking the possible range of
0.5~200MPa, the corresponding critical length is about 9750 ~24.38um, all of which are much
longer than that of the MWCNTs used, ie. [[<l. It means that the reinforcement effect
predicted theoretical in Eq. (7) is unpromising. Replacing o,, by the measured tensile strength
of neat epoxy o, the tensile strength of MWCNT/Epoxy nanocomposites can be predicted. As
shown in Fig. 21, the interfacial shear strength of 15~25MPa provides good consistence
between experimental measurements and theoretical prediction. Therefore, the previously
stated wide range for ISS can rightly cover this narrow band, which indicates that the present
multi-scale method is meaningful. Moreover, if we employ the conventional definition of
interfacial shear strength which leads to a value lower than 1MPa, it is obviously lower than
15~25MPa. This indicates that the contribution from frictional sliding dominates the interfacial
shear strength, which is at least 10 times higher than that from vdW interaction. Taking the
value of 20MPa for interfacial shear strength, the predicted value is plotted in Fig. 18b, which
indicates good consistence with experimental results.
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4. Conclusion

The above research results clearly clarify the different reinforcement effects of two kinds of
CNTs (i.e., MWCNT-7 and VGCEF®) in two types of nanocomposites (i.e., three-phase hybrid
CFRP laminates and two-phase CNT/Polymer nanocomposites).

For three-phase hybrid CFRP laminates, a new simple fabrication method powder method
was developed to disperse CNTs at the interface between CFRP plies. DCB experiments and
FEM analysis were carried out which verifies the significant improvement of interlaminar
mechanical properties.

For two-phase CNT/Polymer nanocomposites, the interfacial properties between CNT and
polymer matrix was clarified, where the effects of nanotube length, diameter and wall
number were explored for the first time. Moreover, the obtained interfacial mechanical
properties were incorporated into the continuum mechanics to develop a sequential multi-
scale model, which predicts the overall mechanical properties of nanocomposites and
indicates the relationship between the interfacial properties and overall mechanical
properties.
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1. Introduction

Polymers are more readily processible than metals and ceramics, but are not as strong or as
stiff. But the mechanical attributes of the polymer can be significantly improved by reinforcing
polymers with high Young's modulus fibers. The resulting polymer composites are an
important class of light weight materials with excellent specific mechanical properties. Unlike
micron size particles and short fibers used in conventional composites, carbon nanotubes
(CNTs) allow polymers to be reinforced at the molecular level and thus impart significantly
greater improvement in mechanical properties. This is because for the reinforcement to be
effective, it is necessary that the fibers be sufficiently long and the interface between the fiber
and the matrix be strong, features that are provided by CNTs. The advantages of polymer-
nanotube composites (PNCs) were discussed by Calvert (Calvert, 1999). Besides the economic
advantage brought about by mixing costly CNTs and inexpensive polymer matrices, it is
possible that a synergy exists between the CNTs and polymer matrices so that it is possible to
go beyond the simple rule of mixture, and make full use of CNTs" exceptional mechanical
properties to enhance the mechanical properties of the composite.

There are several reviews of PNCs (e.g., Breuer & Sundararaj, 2004, Moniruzzaman &
Winey, 2006, and Coleman et al., 2006). The present chapter is different from these excellent
reviews in that it focuses on the structure and morphology of the reinforced structures, and
the consequence of these structures to their performance. The general features of the PNCs
will be further illustrated using the results from our work on the study of reinforcements in
polyacrylonitrile (PAN) with multi- and single-wall carbon nanotubes (CNTs).

2. Polymer nanocomposites

2.1 Carbon nanotubes and nanofibers

Carbon nanotubes (CNTs), discovered by lijima in 1991, are seamless cylinders made of
rolled up hexagonal network of carbon atoms (Iijima, 1991). Single-wall nanotubes (SWNTs)
consist of a single cylindrical layer of carbon atoms. The details of the structure of multi-wall
carbon nanotubes (MWNTs) are still being resolved, but can be envisioned as a tubular
structure consisting of multiple walls with an inter-layer separation of 0.34 nm. The
diameter for inner most tube is on the scale of nanometer, and the length of the tube can be
up to ~ um. In one model, the MWNTs are considered as a single sheet of graphene that is
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rolled up like a scroll to form multiple walls (Dravid et al., 1993). In another model, MWNT
is thought to be made of co-axial walls consisting of hexagons aligned in helical manner, the
individual tubes forming a nested-shell structure. Ge and Sattler (Ge & Sattler, 1993) found
that as the graphene sheet rolls up and matches at joint line seamlessly, different wrapping
angles resulting in different helicities is necessary for tubes to be separated by a uniform
spacing. It is also likely that there could be the coexistence of scroll-type (open cylinder) and
perfect Russian doll (nested shell) structures (Zhou et al., 1994). These two different
structure models have an impact on the mechanical as well as the optical and electronic
properties of CNTs. The carbon atoms in the plane of graphene sheet are bound with strong
covalent sp2 hybridized bonds. The interaction between walls can be approximated by weak
van de Waals force or m bond. Thus, the sliding of walls with respect to each other might
significantly reduce axial modulus of MWNT compared to SWNT, more so in the nested
shell structure than in the scroll-type structure.

Vapor-grown carbon nano-fibers (VGCNF), which are also used as reinforcements, are 50-
200 nm in diameter, 20-100 pm in length, and bear resemblance to MWNT, except that
graphite sheets make an angle (~15°) to the long- axis (Uchida et al., 2006). Compared to the
CNTs, VGCNEF is less costly to produce.

CNTs have exceptional mechanical, optical, electrical and thermal properties (Chae et al.,
2009; Chae et al., 2007; Guo et al., 2005; Koganemaru et al., 2004; Sreekumar et al., 2004; Ye et
al., 2004). The elastic modulus of an isolated CNT, estimated using intrinsic thermal
vibrations in TEM, is 1.8 TPa. (Treacy et al., 1996), almost an order of magnitude larger than
that of carbon fibers. This axial modulus is higher than the 1 Tpa in-plane modulus of a
single graphene sheet due to the wrap-up of the graphene sheet into a cylinder. Bower et al.
measured the fracture strain of MWNT 218% in polymer composites, almost one or two
orders of magnitude larger than carbon fibers (Bower et al, 1999). Chae and Kumar
suggested that, because the tensile strength of CNTs is 100-600 GPa, about two orders of
magnitude larger than that of ordinary carbon fibers, the CNTs might be the ultimate
reinforcing materials for strong fibers (Chae & Kumar, 2009).

2.2 CNT/Polymer composites
The advantages of using CNTs as reinforcements in polymer matrices can be illustrated with
the following empirical relationship between the critical length (I;), and fracture stress oy of
the reinforcing fiber ( Wang et al., 2008a):
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where d is the fiber diameter, and t. is the interfacial strength. The critical fiber length is the
minimum length of the fiber such that the failure occurs within the fiber, and thus ensures
that it acts as an effective reinforcement. This relationship shows that nanotubes with their
smaller diameter, and greater interfacial strength when molecularly dispersed serve as
effective reinforcements even at smaller lengths.

The importance of bonding between CNTs and matrices for effective load transfer without
slipping of contact surfaces has been widely recognized (Calvert, 1999). It is desirable that a
large fraction of the load applied to the composites is efficiently transferred to CNTs
through the interaction or bonding between the outer surface of the CNTs and the
surrounding polymer matrix (Ajayan et al., 1997). It is widely accepted that larger the area
of interface between the matrix and nano-fillers, the better the mechanical enhancement.
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Several load-transfer models have been proposed and examined using atomistic molecular
dynamic simulations. Most recent molecular dynamics simulations suggest that weak van
der Waals force (Srivastava et al., 2003), as well as thermal expansion mismatch can
contribute to strong interfacial interaction (Wong et al., 2003; Zhang & Wang, 2005).
Panhuis’s model suggests that the polymer chains will adapt their conformations to wrap
around a single CNT (Panhuis et al., 2003; Wong et al., 2003). Frankland’s model suggests
that a small fraction of chemical bonds are formed between polymers and carbon atoms of
the CNTs thus cross-links are formed between the matrix and CNTs (Frankland et al., 2002).
Chemical bonding between CNT and polymer is apparent in the adhesion of polymers to
CNT on the fracture surface through transmission electron microscopy (TEM) (Bower et al.,
1999). However, Raman spectroscopy along with the SEM images of fracture surface by
Ajayan et al. showed the sliding of SWNT bundles with respect to the matrix suggesting that
the actual load transfer was poor between CNT and the polymer matrix, which rules out the
chemical bonding model (Ajayan et al., 2000). A number of experiments have been carried
out to test these models for the interaction between polymer matrix and CNTs (SWNTs and
MWNTs) through tensile tests, microscopy and x-ray scattering. Deformation of the CNTs
observed by x-ray scattering measurements (see section 3.3) shows an interaction between
the matrix and CNTs that is sufficient to transfer the load from the matrix to the CNTs
(Wang et al.,2008b). Actual measurements of the adhesion between the matrix and CNTs
were also carried out using scanning probe microscope to pull out the CNTs from the matrix
(Cooper et al., 2002). Coleman et al. found that a layer of polymer attached to the CNTs after
pullout was very similar to the crystalline polymer coating nucleated by the MWNTs. The
presence of interfacial crystalline layers partly contributes to the mechanical properties of
composites (Coleman et al., 2006). Pull-out measurement can also be carried out by atomic
force microscopy (AFM). Barber et al. attached one end of a single CNT to the tip of AFM
and embedded the other end into the polymer matrix. The critical force needed to pull the
nanotube from the polymer matrix was then recorded (Figure 1).

Fig. 1. Left panel shows that one end of a single CNT is attached to the AFM tip and the
other is embedded in the solid polymer matrix. Right panel shows the process of pull-out of
CNT. The critical force needed for pull-out can be recorded by AFM (Reprinted from
Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering
Sciences, vol. 366, W. Wang, P. Ciselli, E. Kuznetsov, T. Peijs and A.H. Barber. “Effective
reinforcement in carbon nanotube-polymer composites”, Figure 2, Copyright 2008, with
permission from the Royal Society.).
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Because of the interfacial interaction between CNTs and the polymer matrix, the properties
of the matrix in the interfacial regions are different from the bulk materials (Schadler, 2007).
CNTs dispersed in the polymer matrix, despite the small volume fraction (usually 1-5 vol%),
enhance the overall mechanical properties, also affect the structure of the matrix during
conventional processing. Many observations show that the presence of CNTs can affect the
crystallization behaviors of the polymers (Brosse et al., 2008; Grady et al., 2002; Liu et al.,
2004) and alter the morphology of matrix (Brosse et al., 2008; Chatterjee et al., 2007). For
instance, instead of the expected spherulites, crystalline lamellae were observed growing
perpendicular to the surface of CNTs. (Brosse et al., 2008). Therefore, the microstructure of
the polymer matrix should be taken into account when evaluating the performance of
nanocomposites (Advani, 2006).

Two other factors that affect the performance of CNT-reinforced nanocomposites are the
degree of dispersion and alignment of nanotubes. Poor or nonuniform dispersion causes the
fillers to aggregate, acting as defect sites (Advani, 2006). Dispersion process is affected by
interactions of CNT-CNT and CNT-matrix. It is controlled by several factors such as filler’s
size, specific surface area, and interfacial volumes (Moniruzzaman & Winey, 2006). The
degree of dispersion of CNTs in polymer matrix can be assessed using small angle x-ray
scattering as described in the following section. Rheological study of dispersions of MWNTs
in the polymer matrix by Huang et al (Huang et al., 2006) also suggests that a satisfactory
dispersion can be achieved if the mixing time exceeds a critical value (characteristic mixing
time).

2.3 Processing of PNCs

CNTs are dispersed into the polymer matrix to form a polymer/CNTs composite, and there
are several ways to achieve a good dispersion. Following is a condensed version of the
various processing methods as discussed by Coleman et al. (Coleman et al., 2006). Solution
processing is the easiest if the polymer can be dissolved in a suitable solvent. Typically,
nanotubes well dispersed in a solvent is mixed with a polymer solution with energetic
agitation (e.g., sonication), and the solvent is allowed to evaporate in a controlled way
leaving a composite film. For insoluble thermoplastic polymers, the polymer is heated above
either glass transition (if amorphous) or melt temperature (if semicrystalline) to form a
viscous liquid, and the CNTs are mixed into this viscous liquid to be then processed into a
fiber or a film using common production processes. For thermosetting polymers such as
epoxy, the CNTs are blended when epoxy is in a liquid state, and the mixture is then
allowed to cure. Chemical processing of Polymer/CNTs composites aims at formation of
chemical bonds between the polymer matrix and the CNTs; this provides for stronger
interaction between the polymer and CNTs and better dispersion, and thus results in better
mechanical properties. Chemical methods include in-situ polymerization and
functionalization of CNTs with polymer, also called polymer grafting.

3. Characterization of CNT/Polymer composites

Although the CNTs" high strength and stiffness as well as high aspect ratio promise
significant improvement in mechanical properties of polymer nanocomposites (Treacy et
al., 1996), the actual measured enhancement is below these expectations (Schaefer et al.,
2003). The major reason might be the intrinsic van der Waals’ attraction makes CNTs
entangled agglomerates incapable of fully blending into the polymer matrix. Since the fou