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General introduction

GENERAL INTRODUCTION

Lately electro-conductive polymer composites are intensively investigated
due to their valuable properties and perspectives of the application both for the
research purposes and in the industry. These materials are of high interest for the
practical use, as their electro-physical characteristics are close to those of metals,
whereas the mechanical properties and processing methods are typical for
plastics. By this time the conductive composite materials are represented by the
thermoplastic or thermoset polymers filled with dispersed conductive component,
such as metals, carbon fillers, conductive ceramic etc.

The usage of new nanofillers provides to the increased interest to obtain
the polymer composites filled with carbon nanotubes (CNTs). Owing to the unique
mechanical, electrical and thermal properties, CNTs are expected to be an ideal
filler for the electro-conductive polymer composites. Thus, due to the high
anisotropy of the carbon nanotubes, their application enables to obtain polymer
materials with a very low percolation threshold, i.e. with a low filler content. Such
materials filled with CNTs are characterized by a wide range of unique physical
properties and can be used as sensors, electrodes, supercapacitors, special
coatings protecting from electromagnetic radiation etc. The characteristics of such
materials can be also changed via the influence of electric and magnetic fields,
temperature, etc. Therefore, a special attention should be paid to the study of the
electro-conductivity, dielectric and thermo-physical properties of such
nanocomposites.

The urgency of the topic. An intensive development of the state of the
modern technologies, which demands the manufacture of materials with new
specific properties, results in the widening of the potential application of
composites, filled with nanoparticles, and, particularly, with carbon nanotubes. In
spite of the wide possible use of electroconductive polymer composites filled with
CNTs, nowadays they are mostly studied in order to satisfy the scientific interests.
This is caused by the dependence of the characteristics of the electro-conductive

composites on a lot of factors, such as: space distribution of the filler and its
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content in the polymer matrix; the electro-conductivity of the filler; the shape and
size of the particles; the existence of the interphase interactions polymer-filler;
the regimes of composite formation. Owing to the nanosize of the particles, the
formation of the conduction phase in the composites is characterized by special
properties, which had not been studied by now. Besides, there is another factor,
which diminishes the effectiveness of the CNTs usage as electrical filler — their
ability to create aggregates during the introduction into the polymer matrix.

Thus, one can conclude, that a possibility to control the structure formation
of the filler conduction phase becomes especially important, as this process
determines the electro-physical properties of the polymer. In this connection it is
necessary to provide the theoretical and experimental investigations of the
correlation between the conditions of the formation of composites and their
morphology and properties. The ascertainment of such a correlation will make it
possible to create the compositions with the preassigned electro-physical
properties.

The connection of the Thesis with the scientific programs, plans,
themes. The Thesis was performed in the Department of polymer composites in
the Institute of Macromolecular Chemistry, National Academy of Sciences of
Ukraine according to the scientific planes of the Institute according to the
Government’s themes: «The basics of conductive cluster creation in organic-
inorganic  polymers», 2007-2011, 2.1.115-10 (registration number -
0106U010376); «Synthesis and investigation of hybrid organic-inorganic systems
containing dispersed oxides and metals», 2008-2013, 2.1.11.5-11 (registration
number —0108U010723).

A part of the experimental research was performed in the Laboratory
IMP@LYON1, UMR CNRS 5223 “Ingénierie des Matériaux Polymeres”, University
Claude Bernard Lyon 1 (CNRS, France) according to the «Agreement on the joint
International supervision of the Thesis» between the Institute of Macromolecular
Chemistry NAS of Ukraine and the University Claude Bernard Lyon 1 (CNRS,
France) in the framework of the international scientific cooperation program
between the Institute of Macromolecular Chemistry NAS of Ukraine and the

Laboratory of Polymer Materials and Biomaterials, University Claude Bernard
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Lyon 1 (CNRS, France) and by agreement with the Higher Certifying Commission
of Ukraine from 15.09.2009 Ne 03-76-07/1999.

The purpose and tasks of the research. The aims of the Thesis
investigation are as follows:

— to determine the peculiarities of the formation of the filler conductive
structure in polymer nanocomposites filled with carbon nanotubes and
combined nanofillers;

— to investigate the influence of the morphology of the heterogeneous
structure of the composite and interaction of nanofillers on the electrical,
dielectric, thermophycal and mechanical properties of the composites.

The attainment of the above described purposes provided for the following
objectives:

— to investigate the processes of CNTs conductive phase formation in
polymer nanocomposites based on thermoplastic polymers and their
blends;

— to study the influence of the interphase interactions between polymer and
filler on the percolation conductivity of the heterogeneous polymer
systems;

— to investigate the processes of CNTs conductive phase formation in the
polymer matrix filled with combined fillers;

— to find out the influence of the interaction between nanofillers on the
percolation conductivity and properties of polymer systems filled with
combined fillers;

— to study the electrical, mechanical and thermo-physical properties of the
segregated polymer systems, which include CNTs.

— to find out the correlations between the technological conditions of the
nanocomposite processing and their electrical, dielectric, thermal and
mechanical characteristics.

The object of the research — the regularities of conducting phase formation

of the filler and its influence on the properties of structural composites.
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The subject of research — the structural organization of carbon nanotubes
in the composites based on thermoplastic polymers and its effect on electrical,
mechanical and thermal properties.

Methods: differential scanning calorimetry method (DSC) was used to
study structural changes and phase transitions; dielectric relaxation spectroscopy
method (DRS) was applied to determine the dielectric parameters and electro-
conductivity in a direct current regime (ooc); two-electrode method of the electro-
conductivity measuring at direct current was used to study the conductivity opc;
thermomechanical analysis method (TMA) was applied to define the elastic
modulus and deformation properties of the composites; optical microscopy
method was used to study the microstructure; in order to study the morphology
and spatial distribution of composite fillings, transmission and electron scanning
microscopy were applied; dynamic mechanical thermal analysis (DMTA) was
applied for the detection of mechanical relaxation processes and the influence of
the fillers on them.

Scientific novelty of the results:

— For the first time it has been shown that the simultaneous introduction of
carbon nanotubes and layered silicate into the thermoplastic matrix
decreases the percolation threshold of composites due to the interaction
between the fillers and consequent better distribution of CNTs in the
polymeric matrix.

— For the first time it has been demonstrated, that the introduction of Ni
nanoparticles into the composites filled with CNTs results in the lower
percolation threshold due to the fact that metal nanoparticles connect,
while forming the conducting network (so-called "bridging"-effect).

— There have been found the laws of formation of CNT conducting phase
structure in the polymer matrix based on the polymer blends; the basic
factors, determining the space distribution of the filler in the polymer
matrix were classified.

— For the first time it has been shown, that nanoscale fillers being introduced
into the semi-crystal polymer affect only the crystalline phase of the

polymer matrix.
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— The conditions of the formation of the segregated polymer systems with
ultra-low percolation threshold were determined, as well as
thermomechanical, electrical and dielectric properties of such systems have
been researched.

The practical significance of the results. A filling of polymer matrix with
carbon nanotubes enables to form nanocomposites with a defined complex of
electro-physical properties, what makes them promising materials for the use in
various technical spheres. The obtained experimental results can be applied as a
scientific basis for the search of the optimal conditions to form the structure of the
conducting filler, which will enable to get the materials with necessary
preassigned properties. Such composites can be widely used in the electronic
industry as electroconductive adhesives, suitable for the manufacture of effective
screening covers, protecting from the electromagnetic radiation. Moreover, these
composites can be applied for the construction of various sensors, electrodes etc.

Applicant's personal contribution. The author took part in the the
formulation of the main propositions and conclusions, in the experimental and
theoretical investigations, analysis and interpretation of the results. The problem
definition and determination of the research objectives, a part of theoretical and
experimental studies were performed in collaboration with the Head of the
Department of polymer composites of the Institute of Macromolecular Chemistry
of NAS of Ukraine, Academician, Professor E.V.Lebedev and the research
supervisor, Doctor Sci. Ye.P.Mamunya in collaboration with Doctor
S.S. Ishchenko, Doctor V.V. Davydenko, Doctor M.I. Shandruk in the Department of
polymer composites of Institute of Macromolecular Chemistry of National
Academy of Science of Ukraine (Kyiv, Ukraine). Planning and realization of
theoretical and experimental studies were also performed in conjunction with the
scientific supervisor, the Head of research CNRS, Doctor G. Boiteux, involving
Director of Laboratory of polymer materials and biomaterials of University Claude
Bernard Lyon 1, CNRS, France, Doctor G. Seytre, Professor Ph. Cassagnau, Doctor
A Rybak in the Laboratory of polymer materials and biomaterials of the

University Claude Bernard Lyon 1, CNRS, France (Lyon, France). The applicant
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took part in preparation of publications and in presentations of the results on
international conferences and symposia.

Approbation of the results. The main directions and results of the Thesis
were submitted on the IV Saint-Petersburg Young Scientists Conference “Modern
problems of polymer science” (Saint-Petersburg, Russia, 2008); 5t International
Conference “Broadband Dielectric Spectroscopy and its Applications (BDS-2008)”
(Lyon, France, 2008); VI Ukrainian Young Scientists Conference on
Macromolecular Compounds “MC-2008” (Kyiv, Ukraine, 2008); 5t International
Conference “Nanostructured Polymers and Nanocomposites” (Paris, France,
2009); World forum on advanced materials, “PolyChar17” (Rouen, France, 2009);
International conference “Eurofillers 2009” (Alessandria, Italy, 2009); The 2nd
International Meeting “Clusters and Nanostructured Materials (CNM-2)”
(Uzhhorod, Ukraine, 2009); 11t Pacific Polymer Conference (Cairns, Australia,
2009); 6% International Conference “Nanostructured Polymers and
Nanocomposites (ECNP-2010)” (Madrid, Spain, 2010); 14t International
conference “Polymeric Materials” (Halle, Germany, 2010); XII Ukrainian
conference on Macromolecular Compounds “MC 2010” (Kyiv, Ukraine, 2010);
Il International scientific conference ,Nanostructured Materials - 2010” (Kyiv,
Ukraine, 2010).

Publications. The applicant is the author of 15 scientific publications, 3 of
which are articles in specialized scientific journals and 12 — are the conference

abstracts.
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Chapter 1

Modern concepts of structure and
properties of conductive polymer
nanocomposites

Introduction
1.1. General characteristics and properties of the conductive polymer
composites filled with carbon nanotubes.

1.1.1. The properties of carbon nanotubes.

1.1.2. The formation of the conductive cluster in the polymer composites.

1.2. Methods of formation of the conducting polymer composites.
1.2.1. Conductive polymer composites prepared by solution mixing.
1.2.2. Formation of conducting polymer composites by “in situ”-polymerization.
1.2.3. Formation of the conducting polymer composites by melt mixing method.

1.3. Conducting polymer composites based on polypropylene filled with CNTs.
1.4. Segregated electro-conductive nanocomposites.
1.5 Polymer blends, filled with electro-conductive filler.

1.6. Polymer composites filled with combined nanoparticles.



Chapter 1. Modern concepts of structure and properties of conductive polymer
nanocomposites

Introduction

Nowadays, carbon nanotubes (CNTs) are considered as one of the most
promising fillers for polymer composites. The first idea of introduction of the
CNTs into the polymer matrix has been formulated by Ajayan et al. [1]. After that
similar materials were widely investigated in the whole world. The introduction of
CNTs into the polymer matrix is the basis for the formation of the various
functional materials. These CNTs are characterized by unique physical and
chemical properties [2]. These materials with a wide range of the specific
properties can be used as chemical and biological sensors, electrodes for batteries,
supercapacitors, protective coatings from electromagnetic radiation, aerospace
structural materials, etc. [2-12]. The improving of the electrical conductivity of
polymer composites by introducing of the carbon nanotubes, can play an
important role in a numerous of applications [10]. In particular, the growth of
conductivity of some elements of aerospace apparatus provides the protection
from electromagnetic interference [11].

Such composite materials can also be used as case for computers and the
external parts of the cars. The properties of polymer nanocomposites filled with
CNTs depend on many factors, in particular: the types of polymer matrix and
CNTs, the number of impurities in the CNTs, the ratio of length and radius of CNTs,
the polymer-filler interaction, the degree of the distribution and orientation of the

filler in the polymer matrix, the parameters of the composite [7].

1.1. General characteristics and properties of the conductive

polymer composites filled with carbon nanotubes.

1.1.1. The properties of carbon nanotubes.

As it was notice by different authors, first, carbon nanotubes were reported
in 1991 by S. lijima [2, 6, 7]. Carbon nanotubes are long cylinders of covalently
bonded carbon atoms. The ends of the cylinders may be capped by hemi-
fullerenes [7]. In the nature there exist two types of carbon nanotubes single-

walled and multi-walled [13]. Ideal single-walled carbon nanotube (SWCNT) is a
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graphene sheet rolled in a cylinder, i.e. the surface of CNTs contained regular
hexagons of the carbon atoms. The various ways of rolling graphene into tubes are
described by the tube chirality, i.e. the angle of the orientation of graphene sheet
relative to the axis of the tube. Electrical properties of CNTs are defined by the
chirality namely. Fig. 1.1 shows the graphene sheet with marked possible
directions of its rolling. The chirality of the nanotubes are identified by symbols

(m, n) which indicate the number of steps along the unit vectors (& and a,) [7].

The chirality of CNT can be also identified by the angle 6 between the direction of
nanotube rolling and the direction in which adjacent hexagons have a common
side. Depending on the chirality single-wall carbon nanotubes are divided into
three types: "armchair"” (n, n); "zigzag" (n, 0); and "chiral” (n, m) (Fig. 1.2). In the
simplified model, the single-wall CNT does not form the seams during rolling and
ending by hemi-fullerenes, which contain regular hexagons and six regular
pentagons. However, idealized CNT structure differs from the experimentally

observed.

% L]

L %
L L]
] ]

% w
L bl
‘', Armchair N
b L
LY L]

‘\ \k

Fig. 1.1 The graphene sheet with marked possible directions of its rolling.

Carbon nanotubes can be metallic or semiconductor, what depended on
their diameter and chirality. During synthesis a mixture of nanotubes is usually
received, two-thirds of which have semiconductor properties and one-third —
metal ones. All the carbon atoms in nanotubes have ternary coordination,

therefore nanotubes are conjugated aromatic systems. In such structure each
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three of four valent electrons of carbon atom form sp2-hybrid orbitals with
localized o-bonds C-C and the fourth electron is involved in the formation of the
delocalized m-system [13]. These m-electrons are weakly connected with their
atoms, so that they are involved in charge transport. High (metallic) conductivity
appears when occupied m-states are not separated by energy gap from vacant m-
states. If this condition is not fulfilled and the energy gap is quite narrow, the
carbon nanotube is semiconductor; when a gap is wide, then a CNT is insulator.
The conduction takes place along the nanotube, which makes the CNTs the

functional quantum wires.

Fig. 1.2. Carbon nanotubes are divided into three types: "armchair” (a);
"zigzag" (b); and "chiral” (c).

All armchair SWCNTSs are metallic with a band gap of 0 eV. SWCNTs with n-
m=3i (i being an integer and is not equal to 0) are semimetallic with a band gap
about few meV, while SWCNTSs with n-m#3i are semiconductors with a band gap of
(0.5+1) eV [7].

In the nature there are also multiwalled carbon nanotubes (MWCNTS)
which differ from single-walled with wider variety of shapes and configurations
[14]. There are several types of multi-walled structures of CNTs. The first

structure is known as the Russian dolls and the second structure is a roll (Fig. 1.3).

Fig. 1.3. The models of multi-walled CNTs: Russian dolls (a) and a roll (b).

10
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With the increase of the numbers of walls the deviation from the ideal
cylindrical shape occurs. In some cases the outer wall of the nanotube takes a
shape of polyhedrons. Also on the outer wall such defects as pentagons and
heptagons can be formed, and they lead to the disruption of cylindrical form. The
presence of similar defects leads to the appearance of curved and spiral carbon
nanotubes [13].

Carbon nanotubes are also characterized by unique mechanical properties,
in particular - strength and stiffness. It is explained by the fact that CNTs have a
high degree of structural perfection, i.e. a small number of structural defects. In
addition, carbon rings of walls which form a regular hexagon, being bent can
change its structure. This is caused by the fact that C-C bonds can be sp2-
hybridized and change the hybridization during bending [13]. This property of
carbon nanotubes provides them with great values of Young modulus and
ultimate tensile strength. In the polymer/carbon nanotubes composites external
tensile loads were successfully transmitted to the nanotubes across the
tube/polymer interface [11].Thus, polymer composites filled with carbon
nanotubes composites demonstrate excellent mechanical properties and high

mechanical module values.

Table 5.1. Theoretical and experimental properties of single- and multi- walled

carbon nanotubes.

Property CNTs
. . 0.8 g/cm® for (SWCNTSs)
Specific gravity 1.8 g/cm® for (MWCNTS)
Elastic modulus ~ 1 TPa for (SWCNTs)
~0,3-1 TPa for (MWCNTYS)
Strength (50+500) GPA for (SWCNTSs)
(10+60) GPA for (MWCNTSs)
Resistivity (5+50) pOhm-cm
Thermal conductivity 3000 W/(m-K) (theoretical)
Thermal expansion Negligible (theoretical)
Thermal stability >700 °C (in air)
2800 °C (in vacuum)
Surface area (10+20) m?/g
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Moreover, except unique mechanical and electrical properties, carbon
nanotubes have very interesting magnetic, optical and thermal characteristics [2,
13, 15-27]. The basic properties of CNTs calculated theoretically and obtained
experimentally are listed in Table 1.1. [2].

Analyzing the above mentioned data, one can suggest that CNTs is a good

filler for making electrically conductive polymer systems.

1.1.2. The formation of the conductive cluster in the polymer composites.
The conductive polymer composites are thermoplastic or thermoset
polymers filled with dispersed conductive components such as metal, carbon
black, carbon nanotubes etc. The composites which contain an electro-conductive
filler in insulating polymer became electroconductive at certain value the so-
called percolation threshold ¢. (i.e. the critical concentration of filler above which
the conductivity appears) [28, 29]. The percolation threshold is very important
parameter of such systems, and the lower it is, the better is the structural
organization of conductive phase. In two-component system, some components of
which are characterized by high and low conductivity, the distribution of filler
particles in the volume of the polymer can be random or ordered. Formally, such
systems can be characterized as a combination of conductive and non-conductive
particles. The conductivity of the first one is indicated as o1, and another one as o,
(02 <o1). During the growth of the filler content (from very small values) in the
system small associates start to form, and then conductive separate clusters are
formed. The average size of the clusters is characterized by the so-called
correlation length & At a certain concentration of conductive particles ¢,
between the isolated clusters conductive bridges are formed and they can consist
both of individual particles and of their aggregates. This way the connection of
the initially isolated clusters into the infinite conductive cluster takes place. At this
moment a stepwise of transition system from the non-conductive to conductive
state is observed. At further increase of the concentration of conducting phase the
infinite cluster grows, absorbing some small clusters, what results in the

monotonous increase of the system conductivity. Percolation threshold is
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characterized by the sharp change of the conductivity by several orders of
magnitude, what is connected with the creation of three-dimensioned conductive
network of the filler inside the matrix. In numerous reports there were presented
different models, which characterize the dependence of percolation threshold on
the composite conductivity and on the content of the conductive filler [30-36].

The composites polymer/CNTs are characterized by the low percolation
threshold because of the great value of the ratio between the length and diameter
of the CNTs, which reaches (100 + 1000). The dependence of the composite
conductivity on the CNTs content and polymer matrix conductivity and on the

percolation threshold were introduced by D. S. McLachlan et al. [31]:

S
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oo o, =0 ——|, p<q, 11
o ((coc—co)] (1.1)
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where o¢ — is the conductivity of the composite, or — is conductivity of CNTSs, o;- is
the polymer conductivity, ¢. — is the percolation threshold, ¢ - is CNT
concentration, s and t — are critical exponents.

It should also be noted that polymer nanocomposites filled with CNTs are
characterized by the electrical conductivity values which are significantly lower
than the conductivity of individual carbon nanotubes. This is caused by the fact
that a polymer can create a thin insulating layer in the contact point between
nanotubes. This thin layer can not prevent the tunneling process between
neighboring nanotubes, however, it can significantly increase the value of contact

resistance between them.

1.2. Methods of formation of the conducting polymer composites.

As it was mentioned above, carbon nanotubes, owing to their unique
mechanical and electrical properties (see Table 1.1.), are an ideal filler for the

manufacturing of the polymer nanocomposites. In general, the process of the CNT
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introduction into thermoplastic and thermoset polymers can be achieved by three
methods, namely:
* solution mixing;
* "in situ"-polymerization;
e melt mixing;
Each of these methods has its advantages and disadvantages as well as
certain restrictions in the formation of the polymer composites and in the

achievement of uniform distribution of the nanotubes in a polymer matrix.

1.2.1. Conductive polymer composites prepared by solution mixing.

The solution mixing is one of the commonly used methods of the
preparation of polymer composites filled with CNTs [37-45]. The advantage of this
method is low viscosity of the system, what provides a high degree of random
distribution of the nanotubes in a polymer matrix. This method is used to form a
thermoset and thermoplastic composites. The principal stages of the formation of
the polymer nanocomposites based on polycarbonate (PC) and prepared by
solution mixing are presented in Fig. 1.4. [37]. First, nanotubes have been oxidized
in nitric acid to from carboxyl groups on their surface, which can interact with the
carbonate groups of the polymer. After that, the oxidized nanotubes have been
dissolved in the tetrahydrofurane (THF) and mixed with the polycarbonate, also
dissolved in THF. Further, the precipitate of the nanocomposite material, which
was formed during introduction of the obtained suspension into methanol, was
removed by filtration. The scanning electron microscopy (SEM) images have
confirmed the uniform distribution of nanotubes in polycarbonate matrix. The
introduction of CNTs into the PC matrix has provided the growth of the elastic
modulus of the composites, compared to the pure PC.

The method of solution mixing was also used for the synthesis of the
nanocomposites based on the epoxy matrix and filled with chemically modified
carbon nanotubes [38]. The transmission electron microscopy (TEM)
microimages have revealed that ultrasound treatment of the polymer solution,
filled with modified CNTSs, provide the random distribution of carbon nanotubes in

the polymer matrix. The authors have found that the introduction of a small
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number of CNTs into the polymer matrix causes a significant increase of the
thermal conductivity of the composites compared to the pure epoxy. Solution
mixing is a quite effective method for the introduction of carbon nanotubes into
the polymers which have high viscosity and can not be processed on extruders.
The solutions of high viscose polymers have low viscosity, thus the filler can be
easily distributed in the matrix. Particularly, there have been reported about the
introduction of nanotubes in a solution of polyvinylchloride (PVC) [39, 40]. After
that in order to obtain polymer composite the solvent was evaporated in a

vacuum heater.

s

Asrecelved SWNTx in Orxbdized SWNTs in THF x Palycarbonate in THF

Nitric Acid (Oxidation)

Mix-up Topgether

Filiration -
l Frecipitation in Methanol
Comngprasshve Maold Nanotube- Composite

Fig. 1.4. Fabrication of nanocomposite samples: (a) Schematic of the
solution-mixing technique used for dispersing oxidized SWNT in the polycarbonate
matrix [37].

In addition, a significant advantage of this method is the possibility to treat
by ultrasound a polymer solution filled with nanotubes [37, 39, 40]. G. Broza et al.
[40] have noted that ultrasonic treatment of PVC dissolved in THF and filled with
carbon nanotubes, provides a random distribution of CNTs in the composite.

Obtained in such a way composites are characterized by low percolation
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threshold, as far as nanotubes have introduced into low viscous environment with
further ultrasonication of the solution. For example, the composites based on

polymethylmethacrylate filled with CNTs are characterized with low percolation
threshold - ¢.=0.11 vol. %. It has been also shown that when a content of

nanotubes is such small, the mechanical properties of the composites improved
significantly [40].

Better dispersion of CNTs in the polymer solution can be realized by the
functionalization of the carbon nanotubes surface. The modification of the CNT
surface by functional groups can provide the increase of the interaction between
the filler and the polymer chains, which will promote a more random dispersion
of CNTs in the composite [37, 44, 45]. H. K. Lee et al. [45] have found that the
presence of diazo-compounds on the external wall of functionalized carbon
nanotubes has significantly increased the interfacial interaction between the CNTs
and polyisoprene matrix. A strong interaction between the filler and the polymer
has been confirmed by a significant increase of the viscosity of the investigated
composites.

Thus, the advantage of solution mixing method is the low viscosity of the
polymer solution, what makes easier the distribution of CNTs in the polymer
matrix. The disadvantage of this method is the requirement to dissolve the
polymer, what is quite difficult for some types of polymers, such as polyethylene
and polypropylene. Moreover, such a method demands to use a huge amount of
solvents, which may be harmful for ecology. This factor is a significant

disadvantage for this composite preparation method to be used in the industry.

1.2.2. Formation of conducting polymer composites by “in situ”-

polymerization.

The method of “in-situ"-polymerization is applied to improve the
dispersion of nanofiller and to increase the interaction between the filler and the
polymer matrix. Polymerization "in-situ™ occurs at the simultaneous presence of
carbon nanotubes and monomer in a solvent. A low viscosity of the system

ensures the distribution of nanotubes in a polymer matrix and subsequent
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polymerization of monomer leads to a random polymer interaction with the
surface of the nanotubes. In many cases the synthesized polymer can be
chemically deposited on the surface of the CNTs through the functional groups or
through direct grafting of the polymer chains on the surface of nanotubes in the
presence of initiators [46-52]. C. Velasco-Santos et al. [46] have compared the
properties of the composites filled with functionalized CNTs (f-CNTs) and non-
functionalized CNTs (n-CNTs) obtained by “in-situ"-polymerization of
methylmethacrylate. The results have revealed that n-CNTs can chemically
interact with the polymer through the open m-bonds. However, the reaction
groups of f-CNTs were more effective for the formation of the bonds with the
polymer chains during polymerization. The investigation of the composite
characteristics has revealed that the mechanical properties of composites with f-
CNTs were much better than those, containing n-CNTs. This difference appears in
enhance of the elastic modulus and increase of glass transition temperature by
33°C.

The growth of polymer chains from the surface of nanotubes has also been
studied. S. Qin et al. [47] have investigated polymer composites based on n-butyl
methacrylate obtained by controlled polymerization from the surface of carbon
nanotubes. H. Kong et al. have described a similar method of composite
preparation [48], when methyl methacrylate was polymerized on the surface of
CNTs by radical polymerization with the atom transfer. The use of "in-situ"-
polymerization in the presence of nanotubes for the formation of the conductive
composites has both advantages and disadvantages. On the one hand, the
polymerization around CNTs provides better interaction between the filler and
polymer matrix. On the other hand the polymer formed the layer around the
surface of carbon nanotubes, which prevents the formation of contacts between
them and reduces the conductivity of composites. It should be noted that the
formation of composites by "in-situ"-polymerization requires the functionalization
of CNTs surface, which can affect their properties negatively. In particular, S. M.
Yuen et al. [53] reported that prolonged modification of carbon nanotubes can
reduce their length, as well as facilitate the formation of the defects on their

surface.
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1.2.3. Formation of the conducting polymer composites by melt mixing
method.

The melt mixing of polymer with inorganic filler and, in particular, with
carbon nanotubes is a very attractive method for the formation of the
nanocomposites based on a wide range of polymers. The advantage of this method
is a direct mixing of the polymer with the filler at high temperature without the
solvent. Thus melt mixing is easier to use and more environmentally friendly
compared to the other methods. However, melt mixing requires high-quality
mixing equipment what enables to apply high shear forces to blend the polymer
melt with nanofiller.

The random distribution of the filler in the polymer matrix can be achieved,
mainly due to high shear deformations in the extruder. Also, better mixing of the
organic and inorganic components can be improved by the increase of the
composite mixing time or by the regulation of the mixing temperature, which
affects the viscosity of the polymer. Formation of composites by melt mixing has
been described in [54-58]. P. Potschke et al. [59] have obtained the
nanocomposites based on polycarbonate by melt mixing in twin-screw mini
extruder at the temperature of 240 °C and rotation speed of 280 rpm. The authors
reported that such mixing parameters provided random distribution of CNTs in
the polymer matrix. The parameters of the composite preparation influence
significantly the final characteristics of the conductive systems. In particular, the
prolonged mixing with high shear deformation applied can reduce the length of
CNTs [60, 61]. Thus the value of the conductivity of nanocomposites can be
decreased as well. R. Andrews et al. have reported that the length of CNTs
decreased by 25%, when mixing of the material in the extruder was longer than
15 minutes [60].

The materials can be also received by the combining of several methods. In
particular, M. X. Pulikkathara et al. have obtained the composites, combining the
methods of the melt and solution mixing [62]. First, CNTs and PE powder of were

dissolved in chloroform. The solvent was removed by the drying of the solution in
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the thermal heater. Then the obtained material was melt mixed in the extruder at
110 °C during 10 min.

In conclusion, it should be noted that melt mixing is the most appropriate
method of the preparation of the nanocomposites based on thermoplastic
polymers being filled with nanofillers. However, this method does not provide a
uniform distribution of the filler particles in a thermoplastic matrix, particularly in
polypropylene - due to the high viscosity of the polymer melt and low wettability
of the filler by the polymer.

1.3. Conductive polymer composites based on polypropylene filled
with CNTs.

Polypropylene (PP), which belongs to the group of polyolefins and has a
valuable complex of potential applications, is one of the mostly used polymers.
Because of the low cost, low density, high thermal stability and corrosion
resistance, PP is widely used in various fields of industry [63]. The introduction of
the fillers gives an opportunity to steer the properties of the materials, obtained
from PP.

Last decade a great attention has been paid to the formation of the
nanocomposites based on polypropylene and carbon nanotubes. Introduction of
carbon nanotubes into polymer matrix results in the significant enhancement of
thermophysical properties of the polypropylene matrix. It is well known that the
properties of polymer composites strongly depend on the distribution of the filler,
and, therefore, all properties of PP/CNTs composites depend on the morphology
of the composites.

The effect of the CNT concentration on the electrical properties of PP/CNT
composites was intensively studied [64-74]. It was found that the conductivity of
the composites increased with the increase of the CNT content. The percolation
threshold for the PP/CNTS composites was in the range of (0.6+3) vol. % [64-68,
73]. Electrical conductivity of PP/CNT composites depends on many factors, in
particular - the types of CNT and PP [75], viscosity of PP [64] and parameters of
the composite preparation [70]. M. MicusSik et al. [64] have 