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Abstract

The state-of-the-art properties of PVDF-MWCNT materiaave been reviewed in the
context of their structural, electrical, and dielecroperties. The novel idea of nano
dispersion to make nano-composite has been discusgdddtare directions investigated.
PVDF-MWCNT composites are widely used in sensor, thacsr and actuator
application. In Comparison to pure PVDF or CNT matsyithey have an advantage of
mechanical flexibility. In this research work, an ag¢nwvay made to understand the
processing and characterization of PVDF-MWCNT nanocoitggand to determine the
changes in the PVDF morphology and other materighmpaters. In addition PVDF-
MWCNT composites show a linear increase in the pergentd crystallinity with the
increase of MWCNT concentration in the composite. €2iglc spectroscopy results
indicate that by increasing the MWCNT concentration | ¢bhmposite, the dielectric
constant and the polymer conductivity increase.

Vi



Chapter 1

1.1 Review

In recent years, polymers materials have attractechtiiemtion of chemists,
physicists and material scientist & technologist alik@sidering their novel physical
properties, their electrical and dielectric propertiavenmade an important futuristic
material. The phenomenon of piezoelectricity cambgerved in crystalline materials or
in crystalline region of semi-crystalline materials dodack of center of symmetry. It is
possible to develop a piezoelectric amorphous polymerdiyng dipoles that behave
similar to the dipoles in the crystalline region ofzmelectric polymers. If the unit cell of
the crystal lattice is such that the center of grawifyits positive charges does not
coincide with that of the negative charges, it creatpgermanent dipole. A macroscopic
electrical polarization is observed if the dipoles atgned throughout the crystal.
Applying external mechanical stress will strain the digplwvhich alters the polarization
so that electric charges appear on the surface of gfsatrthis is the direct effect
mentioned. Conversely, applying an external electric fielthé crystal will deform the
natural dipoles inducing strains that change the dimensibtige crystal. The practical
use of piezoelectric materials became possible witl Pangevin's discovery of the
sonar in 1917 during World War |. The use of piezoelectricitgonar, create intense

interest in piezoelectric devices.

The existence of piezoelectric polymers has been knavae 4i924. However, the early
known piezoelectric polymers did not receive much atienbecause of their weak
electro-mechanical response. A growing interest stéties the work by Fukada in the
1950’s and 1960'’s, which is the discovery that rolled filmpaypeptides and numerous
other polymers induce surface charges when stressed. A migstone in this field was
recorded with Kawai's discovery of the strong piezodteaffect in polyvinylidene
fluoride (PVDF) in 1969. Later, other PVDF co-polymers eveiso reported to be
piezoelectric, including P (VDF-TrFE) and P (VDF-TFE).



1.2 PVDF polymer

Ppoly (vinylidene fluoride). It is also known as poly {idifluoroethlene) with a repeat
unit (CH2-CF2)asshown infig 1. PVDF was discovered as part of Dupont’s research on
fluoropolymers; the company went on to develop polyviaesie fluoride (PVDF) in
1961 and commercially introduce it in 1965. The breakthrough dani®69, when
Kawaii discovered the exceptional piezoelectric badragf PVDF, which at that time
was the highest among the known synthetic polymers. Aftee than 30 years of study
and development, the piezoelectricity and electromachhproperties of PVDF and its
copolymers have been improved significantly. Today, ¢lass of polymer still possesses
the highest electromechanical responses over a broadregomeerange among known
synthetic organic materials and it is the only comméyciavailable piezoelectric

polymer.
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Molecular steture of PVDF polymer chain

| Chemical structure of | | Ferroelectric Phase Crvstal |

Figl: Molecular structure, chemical struture and ferroelectric phase
crystal structure



PVDF has a simple chemical formula, intermediatevben polyethylene (PE) (CH2-
CH2), and polytetrafluoroethylene (PTFE) (CF2-CF2-). Thimpéicity of chemical
structure gives PVDF both strength and toughness as esflégst its tensile properties
and impact strength. In thin sections, such as filmgmént, and tubing, PVDF
components are flexible and transparent. PVDF hasamalisiy properties, such as high
dielectric constant, high strength, high thermal sitgbilesistance to most chemicals and
solvents, resistance to ultraviolet and nuclear radiatend resistance to weathering.
PVDF can take many molecular and crystal structures,hatti@ange depending on the
preparation conditions of the sample .Tablel shows sompertant Physical properties
of PVDF film

Table 1 Piezoelectric, pyroelectric, thermal expansmafficients and mechanical
properties of PVDF film.

.. Uniaxially
Material property Coefficient Blﬂ.‘ilall},’ oriented
oriented film .
film
Piezoelectric coefficient (pC/N) day 4.34 214
das 436 2.3
di3 -12.4 -31.5
ddy -4.8 -9.6
diz” -13.5 -33.3
Pyroelectric coefficient (10~ C/m” K) P -1.25 -2.74
P; caleulated -0.44 -1.48
Thermal expansion coefficients (10 K'lj oy 1.24 0.13
o2 1.00 1.45
Mechanical Properties E (10° Pa) 2.5 2.5
K (1077 Pa) 2.6 2.6
v 0.392 0.392
Sy (107 Pa™h) 4.0 4.0
S1p(10" Pa) - 1.57 -1.57
Ci1(10° Pa) 5.04 5.04
Cy2(10°Pa) 3.25 3.25




There are four known crystal forms of PVDF, threehvwaermanent dipole$(y ands
phases), wher@-phase is highly polar compared to the other two phasespiae non-
polar phase, which is thephase. Thai-phase is the most common phase and can be
obtained from melt directly. The chains are packed withe crystal lattice in specific
conformation. The crystal structures are described Iyocmations of the chains as a
series of trans (T) or gauche (G) linkages, by the atemt of these chains sequences
about the chain axis (parallel or antiparallel) and byrthative directions of adjacent
chains up-up (same direction) or down-down (opposite) drecs shown in figl.2.
Each phase will be described below.

B Drawing
p-Phase High-temperature annealing .
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Poli Poling
oling

Figl.1: Production and conversion of tleeystal forms of PVDF

Form | orB-phase has all-trans (TTT) conformation. All chains @nented essentially
parallel to the b-axis as shown in fig 3 of the unit eelh dipoles pointed in the same
direction, resulting in a non-centro symmetric criyspaphase PVDF has the highest
piezoelectricity. Form Il ora-phase has a trans-gauche-trans-gauche’ (TGTG’)
conformation with individual chains arranged to yield a mesymmetric unit cell. Thus
an anti-polar crystal resulted. Form llp &phase has the same conformation as form II
and follows from this form by rotation of every secondiohsuch that all chains are



aligned. Form Ill ory-phase has a trans-trans-trans-gauche (TTTG) conformahien;

molecular chains are packed in a parallel non-centro ggrmanpolar crystal.
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Figl.2: The conformatiaf the four PVDF phases

1.3 Processing of Piezoelectric PVDF Film

The non-polara-phase is obtained by cooling the melt at a normal (Hie20°C or
higher) as show in figl.1.In thephase, the polymer crystals are very small and arranged
as spherically symmetric polycrystalline aggregatesdadipherulites that have no net
polarization. These spherulites are composed of 10-2(hickn ¢rystalline lamellae that
grow out from the center of the spherulite and hawe rtbncrystalline component
interposed between them as shown in fig 1.3. The mostmoantiechnique to obtain
macroscopically polar PVDF film or conversion fromphase top-phase is by the
mechanical stretching of the film and then electricdingoto align the dipoles in the

same direction
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COMPONENT

Figl.3: A schematic diagram of a spherulite and detail of sectn emphasizing the

Lamellar structure (3)

Typically, the film is stretched 3-7 times its lengthetevated temperatures (60-140°C)
and then cooled at a rate of 10-20°C/min or higher whilé istithe stretched state.
Mechanical drawing or stretching of the sample causegakthown of spherulites and
orientation of molecular chains in the direction lod force. The drawing also rotates the
-CR- dipoles in the direction of the film thickness. Fréims point, the film is poled to
align the oriented dipoles of tiffephase and create the necessary strong resultané dipol

moment and remnant polarization. The remnant polarim{rits the polarization during

poling minus the electronic and the atomic polarizatiat thlaxes at room temperature
once the field is removed. Remnant polarization is theasure of degree of
piezoelectricity in the material; the higher thretrie more piezoelectric is the material.

figl.4 shows a schematic diagram of the common proaesshtaining piezoelectric
PVDF film.
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Fig 1.4: Schematic diagram of the common process in preparingezoelectric PVDF

A common method of poling is to apply a static electdtdfon the order of 0.5 MV/cm

at approximately 100°C with a low current, high voltage [@@ver supply for up to one
hour; this is called thermal poling as shown in figl.5. Cororally available PVDF

films, however, are typically poled via corona poling fidd.because this technique is
amenable to mass production and results in a product withr@ stable polarization over
time. In this process, a corona discharge caused byhaelegtric field, ionizes the air
surrounding a grounded sample; these ions deposit and ergadéential across the

sample resulting in poling.
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Figl.5: Types of polymer poling.

1.4 Carbon nanotubes

The carbon nanotubes (CNT) were discovered in 1976 whda Eynthesized vapour-
grown carbon fibers, however at the time, it was no¢miany thought and focus. It was
only after lijima’s work in 1991that global scientific ettion was turned to these
interesting carbon structures and intense studies enptbperties, structure, and

applications of these unique materials have been camted o

CNTs are considered to be a rolled-up graphene sheetfaimas long concentric
cylinders. Bonding in CNTSs is essentially’sghe circular curvature causesonds to be
slightly out of plane, ther orbital is more delocalized outside the tube. The progestie
nanotubes depend on the structure, morphology, dianstérlength of the tubes. The
structure of carbon nanotubes is described in termseditbe chirality, which is defined
by the chiral vector C ,, and the chiral angl@ as shown in figl.6. The chiral vector
indicates the way, in which graphene is rolled-up to formaotube. The chiral vector is

described as:

C, =na, +ma,

where the integersi( m) indicate the number of steps along the zigzag carbadsbof
the hexagonal lattice, @, and a, e unit vectors . The chirality of the carbon nanotubes

has a huge impact on their properties, especially electomes.



There are two main kinds of CNTs

[ Single wall carbon nanotubes (SWNTsare hollow single cylinders of a graphene
sheet, which are defined by their diameter and their alyirdlhe diameter of SWNTs
varies from 0.5 to 5 nm. Depending on the chirality SWNBy mither be metallic or

semiconducting.

"1 Multiwall carbon nanotubes (MWNTSs) are a group of concentric SWNTs often
capped at both ends, with diameters in the range frearalenanometers up to 200 nm.
These concentric nanotubes are held together by vandals \Manding. MWNTSs form
complex systems with different wall numbers, strussurand properties and additional
features such as: tips, internal closures within the dgpard of the tube, forming a so
called “bamboo” structure as shown in figl.7 and even gtearjunction formation of

MWNTs.
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Figl.6: By rolling a graphene sheet in different directionsypical nanotubes can be
Obtained

Due to their properties CNTs have become very promisltagsfifor the fabrication of
new advanced composite systems. It is commonly underdt@idcarbon nanotubes
cannot be utilized without any supporting medium, such amiaix, to form structural
components. Therefore, significant developments haen lihe subject of numerous

studies in processing CNTs and CNT/polymer composite filmfgers[4, 5, 6, 7, 8].



The effective utilization of CNTs in composite appiioas depends strongly on the
ability to disperse them homogeneously throughout the xma@hemical modifications

have become an important issue due to the poor solubflitie CNTs in almost any

solvent. Therefore, various functionalization straegof the surface of the carbon
nanotubes have been developed. Chemical modification ®5@Nsures good dispersion
of nanotubes in a medium, and enhances the interfaoiadiing between filler and

matrix, which is crucial to achieve a load transfer ssithe CNT-matrix interface.

This is a necessary condition for the improvemernthefmechanical properties of such
composites and better stability of the systems. Varstugies include amorphous, semi-
crystalline, thermoplastic, water-soluble and conjugatdgnpe's; resins, ceramics, and
metal matricesas a supporting material for CNTs. As a result of tiesgmce of CNTs in
composite, improvements of the properties of the matraterial such as: enhanced
mechanical performance, high electrical conductivity, doettiermal conductivity, and
anisotropic optical properties.

Figl.7: High resolution transmission electron microscope imageof MWNTS used in
this study: A) multiwall carbon nanotube (“*hollow”) and B) “bamboo” type
of MWNT

10



1.5 Manufacturing methods

At present carbon nanotubes are manufactured by differetitods in laboratories and
industry. The production of CNTs with a high order of purifyge amount, low costs,

and uniformity are still one of the biggest issues incdmon nanotube society. The most

common techniques are in Table 2

Table2: An overview on the most common CNTs synthesis technigs and their

advantages and disadvantages

Method CVD Arc Discharge | Laser Ablation HiPCO
Decomposition of | Electric arc dis- | Graphite targetis | Gas-phase growth
hydrocarbon charge generated | vapaorized by laser | of singlewsll car-
gases in the pres- between two uradiation under bon nanotubes
Basi ence of metal graphite elec- flowing innert with carbon mon-
asics catalyst particles rodes under an gtmosphere and | oxide as a carbon
mmert atmosphere | high temperature source at high
(argen, helium) temperature and
pressure
SHNT long 0.6-4nm | shert, 1.2 -14nm | long 1-2 nm di- | ~0.7 mm diameter,
S diameter diameter ameter various lengths
MWNT long. 10-200 nm short, 1-3 nm not app%t:fn?:le bt not applicable
diameter diameter possible
Yield up to 100 % up to 90% up to 63 % up to 70 %
high purity, large | easy, defect-free | high purity, defect | large scale, high
Advantages scale production, nanctubes, ne free SWNTs purity
simple catalyst
limited control short, tangled expensive, low defects
Disadvanrages | over the strue- nanofubes, ran- scale production
tures, defects dom structures

1.6 Properties of CNTs

Carbon nanotubes have gained in interest as nanosatdeials due to their exceptional,
Outstanding properties such as: extremely high Young’s medand ultimate strength,
high electric and thermal conductivity. Moreover, CNTevte a remarkable model of a
1D system. More details on the properties of carbontodes are presented below.

* Mechanical properties:
The structural properties of CNTs with stromgoonds between the carbon atoms give
nanotubes a very high Young’s modulus and tensile strehbgéhstrength of the carbon-

carbon bonds in-plane, along the cylinder axis, retamstiucture exceptionally strong

11



resistance to any failure. CNTs also have very goosteelmechanical properties. The
two dimensional (2D) arrangement of the carbon atones gnaphene sheet permits a
large out-of- plane distortion. Both experimental andothtical investigations show
extraordinary mechanical properties of individual MWNTshwitoung’s modulus being
over 1 TPa and a tensile strength of 10 - 200 GPa , whdveral hundred times more
than that of steel, while they are only one-sixth aavlij. The elastic response of a
nanotube to deformation is also remarkable: CNTs camisugp to 15 % tensile strain
before fracture. Nanotubes are shown to be very fexiith the reversible bending up
to angles of 110° for both SWNT and MWNT. Due to the emélg high strength of
CNTs, they can bend without breaking. All of these prigeopen up broad possibilities
for the use of CNTSs as lightweight, highly elastioj aery strong composite fillers.

* Electrical properties
Carbon nanotubes possess unique electrical properties.diiheeter being in the
nanometer range gives rise to quantum effects. Therehifes in the conducting
properties are caused by the molecular structure. CNiiseither be conducting or
semiconducting, depending on their chirality. They are hietbthe integers of equation
are:n=m (armchair structure) angtm=3i (wherei is an integer). All other structures are
predicted to be semiconducting. The geometry of the nhmet determines band
structures and thus the energy band gap. The energy bprad gamiconducting CNTs
highly depends on the nanotube diameter and is given by:

2¥ ot

E — {-C

&4 a

Wher,,; denotes the C-C tight binding overlap energy (2.45 eVg.c the nearest
neighbor C-C distance (~1.42 A), ais the diameter of a nanotube.

Multiwall carbon nanotubes are expected to behave dikantum wires due to the
confinement effects on the tube circumferences. Thdwdance for carbon nanotubes is
given by

G=GOM={@e)M

12



where G0=(2€/h)=(12.%¢ -) is the quantum unit of the conductaneeis electron
chargeh is Planck's constani] is an apparent number of conducting channels including
electron-electron coupling and inter-tube coupling effectsaddition to intrinsic
channels. In general, MWNTSs are quite often found to Edmensional conductors
with a high electrical conductivity (even >1@/cm). The metallic properties of the
MWNTs are due to their multiple-shell structure consgstiof tubes with various
electrical properties, where additional electronic cagplbetween shells takes place.
Moreover, MWNTSs are predicted to have ballistic e@cttransport at room temperature
(it refers to conduction where Ohm’s law does not apply;resistance is not dependent
on the CNT’s length).The electrical current that colod passed through a multiwall
nanotube corresponds to a current density in excess’of/tfh2. If nanotubes were
classical resistors, the power dissipated by such a cumeud heat the nanotube so
much that it would vaporize. The fact that this doeshappen suggests that the electrons
in nanotubes are strongly decoupled from the lattice

» Chemical properties
Functionalization of the carbon nanotubes (chemicaploysical modification of the
surface of CNTs, e.g. by the attachment of certain ecoéds or functional groups) is a
very important issue in order to overcome their poor slitpim solvents. Functionalized
CNTs are very attractive for chemical and biologaaplications because of their strong
sensitivity to chemical or environmental interactiom$is leads to a broad range of
applications, e.g. as sensors. Covalent and non-covélewationalization, doping,
decoration with organic as well as inorganic specieketurface of CNTs lead to direct
changes of the properties of carbon nanotubes (optieatrical, and mechanical).

* Other properties
Besides the outstanding mechanical and electrical prepe@NTs exhibit interesting
thermal and optical properties. Defect-free nanotubgmcedly SWNTSs, offer a direct
band gap and a well defined band and sub-band structure, iwhdadal for optical and
optoelectronic applications. The experimental measurenwdrthe optical absorption of
a bundle of single-walled carbon nanotubes show thatetlare several groups of
absorption peaks and each group is closely related to timtulee geometry. Typically,
the optical absorption spectra of the SWNTs revediptt correspond to the transition

13



between the density of states , which strongly dependbke structure of nanotubes, e.g.
chirality and the diameter.

CNTs are thermally stable up to 800 °C in vacuum; th&rntlal conductivity in the
axial direction is about twice as high as of presemiroercial synthetic diamond but has
very small values in the radial direction. CNTs witghaspect ratio and small tip radius
of curvature are found to be excellent field emittetscteon emission). It was shown
that relatively low voltages are needed for effectidd emission with a high field
amplification factor, this offers an advantage ovéreotmetallic emitters which need a
high voltage for emission.

1.7CNT- Polymer composites

Nowadays polymers play a very important role in numefields of everyday life due to
their advantages over conventional materials (e.g. metadh as lightness, resistance to
corrosion, low-cost production, and ease of processinghétunnprovement of their
performance is still being intensely investigated. Alteramgd enhancement of the
polymers’ properties occur, for example, through dopind wirious fillers such as
metals, semiconductors, organic and inorganic particldsfiaers, as well as carbon
structures and ceramics; thereby enabling polymers to be sisestraictural unit .

Fillers are used in polymers for a variety of reasangproved processing, density
control, optical effects, thermal conductivity, andizol of thermal expansion, electrical
properties, magnetic properties, flame resistance, mpdoved mechanical properties,
such as hardness, elasticity, and tear resistance. Palpmposites can be used in many
different forms in various areas ranging from structurats in the construction industry
to the composites of the aerospace applications.

There are several important requirements for an effeéthprovement of CNT-based
composites’ properties, such as: a large aspect rate fdler, good exfoliation and
dispersion of nanotubes, and good nanotube-nanotube andilmespotiymer interfacial
bonding. Numerous studies have shown already, thatfaatie¢ performance of the
carbon nanotubes in composites for a variety of applieatstrongly depends on the
ability to disperse the CNTs homogenously throughout miagrix. Good interfacial
bonding and interactions between nanotubes and polymeadsareecessary conditions
for improving mechanical properties of the composites. Oufe nanoscale size of the
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CNTs the active CNT/matrix interface is significgnthigher than that of other

conventional fillers

1.8 Various approaches for the fabrication of CNT/polymer compates:-

1. Solution processing of compositesThe most common method based on the mixing
of the CNTs and a polymer in a suitable solvent beforparating the solvent to form a
composite film. The dispersion of components in a sajvaixing, and evaporation are
often supported by mechanical agitation (e.g. ultrasonicatitagnetic stirring, shear
mixing).

2. Melt processing of bulk composites This method concerns polymers that are
insoluble in any solvent, like thermoplastic polymersiniolves the melting of the
polymers to form viscous liquids to which the CNTs can becddd mixed.

3. Melt processing of composite fibersCNTs are added to the melts of the polymers.
The formation of CNT/polymer fibers from their meltscars through e.g. the melt-
spinning process.

4. Composites based on thermoset\ thermoset polymer is one that does not melt
when heated such as epoxy resins. The composite is fdrorada monomer (usually
liquid) and CNTs, the mixture which is cured with crosshigkcatalyzing agents.

5. Layer-by-layer assembly (LBL): CNTs and polyelectrolytes are used to form a
highly homogeneous composite, with a good dispersion, goorpémetration, and a
high concentration of CNTs. This method involves ad&ng adsorptions of a

monolayer of components which are attracted to eduwdr dity electrostatic interactions

resulting in a uniform growth of the films.

6. In-situ polymerization: The polymer macromolecules are directly grafted dht®

walls of carbon nanotubes. This technique is often usedngmiuble and thermally
unstable polymers which cannot be melt processed. Polatierizoccurs directly on the
surface of CNTs . In general, all of these differeathniques give various results in
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terms of the efficiency of the nanotubes’ dispersionerfacial interaction between
components, properties of the composites, and possibleatjpis.

1.8. Potential applications of CNTs and their composites

Carbon nanotubes are being wildly considered for the usmergy storage materials
(fuel cells), advanced aerospace composites, co-axial,cablé emitting devices,
transistors, EMI shielding in electronic devices, nanopsobnd sensors, composite
materials, to name a few. The potential applicatiohsarbon nanotubes and their
composites are listed below:

a) Field emitters: Carbon nanotubes have been shown to have exceallaigsion
characteristics: emission has been observed at f@hky than 1 V/m, and high current
densities of over 1 A/lcm2 have been obtained

b) Energy storage The advantages of considering CNTs to store energytlaeir
cylindrical and hollow geometry, nanometer scale diame#tsd perfect surface
specificity. Energy carriers such as hydrogen can bediaran adsorbed form on CNTs,
which are capable of absorbing and releasing large quardftidss element easily and
reliably .

c) Sensors Strong dependence of the properties of CNTs on surfaudifioation,
mechanical deformation, doping, coating, etc. make themry attractive material for
chemical, biological, and physical sensors. Small cremgthe environment of the CNT
can cause drastic changes to its electrical properties .

d) High strength composites The outstanding properties of CNTs have enabled the
development of composite systems with improved mechigmécéormance.

e) Conducting polymer composites A high aspect ratio of CNTs allows for lower
percolation than other fillers .

f) Heat dissipation coatings Extraordinary thermal properties make CNTs a promising
filler for heat dissipating materials

g) EMI shielding materials CNTs act as an absorber/scatterer of radar and wawe
radiation.

h) Aligned CNT systems for data storage, optical transmitters, and detestosory

systems etc.
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1.9 Aim of the present Work:-

Poly(vinylidene fluoride), is a polymer that has betenlied for over four decades due to
its stability and durability in various environments Thesréture review that the polymer
(PVDF) has low dielectric properties as compared torotherganic ceramic materials.
The main objective of this project was to develop homogendispersion of the MWNT
in PVDF polymer matrix and also studies its effects andielectric properties of pure
PVDF polymer system. This research focuses on the miogeand characterization of
PVDF-carbon nanotubes (PVDF-MWCNT) nanocomposites, tmddetermine the
changes in the PVDF morphology due to the additiorad§@n nanotubes in the polymer
matrix. In addition, PVDF-CNT nanocomposites shownadr increase in the percentage
of crystallinity with the increase of CNT concenioat in the composite. Dielectric
spectroscopy results indicate that by increasing the CN&ectration in the composite,
the dielectric constant and the polymer conductivity iasee The thermal and electrical
properties of the PVDF and PVDF-MWCNT composites we igated several
characterization process, including Differential Scanniagp@netry (DSC), Dielectric

spectroscopy as well as optical microscope analysis.
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Chapter 2

Experimental

2.1 Materials

Multiwall carbon nanotubes with “hollow” and “bambowoiorphologies with a diameter
in the range of 110 - 170 nm, lengths between 5-9 micron, artiepwf 98% (Aldrich),
were used in this study. The chemicals that have beeah insthe functionalization

processes and composite fabrications are described texhbelow.

2.1.1 Functionalization and dispersion of MWNTs

Various methods of functionalization of multiwall ban nanotubes were used in order
to achieve a good level of exfoliation of the bundled agglomerations of CNTs. Since

chemical modification of CNTs is crucial for obtainingiform dispersions and a high

stability of nanotubes in organic or agueous solvents, botlalent and non-covalent

functionalization of the surface of MWNTSs were irduzed

2.1.1.1 Oxidation with acids

Carbon nanotubes were oxidized with a mixture of swfamd nitric acids (1:3 v/v,
(H2SOy: Sigma-Aldrich, >95 %; HN@ Sigma-Aldrich, >70 %). MWNTs were
suspended in this solution followed by sonication (ultrasbatb) for 4 hr. The magnetic
stirring was done about 24 hrs afG0Oxidation disrupts the bonding symmetry of the
sp? hybridize carbon atoms and therefore leads to numesidesdefects along the entire
length of CNTs. Oxidized CNTs (carboxylic groups are domintn@refore the CNT-
COOH abbreviation is used to refer to oxidized nanotubasiin stable in aqueous
solvent for months as shown in Fig. 2.

Fig2:- Schematic of covalent functionalization of the oxidized BT
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2.1.2Composite preparation

Functionalized carbon nanotubes were incorporated intpmgo$ utilizing different
approaches including solution processing and sol gel methozk &arious experimental
setups used in this study require different samples ¢@ and shape, assembled on
different substrates or free-standing films, solutiagspersions or solid materials), the
CNTs-polymer composites were suitably processed and prefmamedet all necessary
experimental conditions and requirements of applied invéstiganethods. A general
description of the preparation techniques that have beenirusbid study is presented
below.

2.1.2.1 Solution Processing

Carbon nanotube dispersions were mixed together withdlyeners in suitable solvents.
To form a composite, the solvents were then evapbfeden the mixture. The formation
of a homogeneous mixture was supported by intensive ultasgiiation and mixing.
MWNT-based composite was obtained utilizing this method:

MWNT-PVDF Composite

An appropriate amount of poly (vinylidene fluoride) (SigmakAdh, Mw=530,000) was
added to well dispersed MWNT with the PVDF in an organidvesd N,N-
dimethylformamide (DMF) and the solution was ultrasorgated for 2 hrs..The final
mixture was then thoroughly mixed with magnetic stirreés@€ for 24 hrs until a stable,
black-colored DMF solution of MWNT-PVDF composite wagnied. The MWNT-
PVDF samples were prepared with 0.05, 0.07 wt% of PVDF.firtasmixture is further
treated for making of thin film and powder by using varieehhiques i.e. Dip Coating,
Spin Coating, Chemical Precipitation, and Solution Gésthod. We have used solution
cast method and spin coating techniques.

2.1.2.2 Dip coating

This process divided into five stages; immersion, stpstdeposition, drainage, and
evaporation.

With volatile solvents, such as alcohol, evaporationmally accompanies the start-up,
deposition, and drainage steps. The thickness of the deghdditn is related to the
position of the streamline dividing the upward and downwamaVving layers. Film
thickness depends on six forces;
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a) Viscous Drag Upward On the Liquid by the Moving Substrate.

B) Force of Gravity

C) Force of Surface Tension

D) Internal Force of the Boundary Layer

E) Surface Tension Gradient

F) Pressure

After dip coating the film was heat treated in vacuawan forl5- 18 hrs and then

characterized for further investigation.

2.1.2.3Spin Coating:

Spin coating process is also divided into four stages;si#pm spin-up, spin-off and
evaporation. An excess of liquid is dispersed on the saidaring the deposition stage. In
the spin-up stage, the liquid flows radially outward, dril®y centrifugal force. In the
spin-offstage, excess liquid flows to the perimeter aalds as droplets. As the film
thins, the rate of removal of excess liquid by spingiffws down. In the last stage,

evaporation takes place over as the primary mecharfigmmaing.

Fig. 2.1 Spin Coating Unit
An advantage of spin-coating is that a film of liquidds to become uniform in thickness

during spin-off. The balance between two main forcesnisortant; Centrifugal force,
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which drives flow radially outward, and viscosity force @fhacts radially in ward. Again
after the deposition, the film is annealed in vacuum oa&bout 15-18 hrs and then
characterize for further investigation.

2.1.2.4Chemical Precipitation

By using this process we prepared nano composite powde&rusasieps have been
followed given as:

An appropriate amount of poly (vinylidene fluoride) was adaedell disperse MWNT
with the PVDF in an organic solvent N, N-dimethylformam({@MF) and the solution
was ultrasonic treated for 2 hr. The final mixture wantthoroughly mixed at 80 for
24 hrs until a stable under constant stirring, black-edlobMF viscous solution of
MWNT-PVDF composite was formed. Then this viscous solutias water treated to
remove nitrate ion, sulfate ion, chloride ion, and phase ion existed by using filter
paper .By adding water in the solution, it is convertendeh powder form .Then this
wet material was further heat treated in vacum ovenlf19hrs. With the help of
Morser-pistill as shown in fig2.2 we further reduced the sizparticle and pallet of this
powder for further investigations.

Fig.2.2Morser-pistill

2.1.2.5 Solution Cast Method:

In this method, we first prepared the solution by using soluprocessing as written
above. Then this viscous solution was kept between twoplatés and pressed. The

resultant material was come in the form of disk.
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2.2 Characterization Techniques:

The structural, dielectric, and thermal properties ef MWVNT-based composites were
characterized utilizing various experimental techniques inefudCR meter, differential
scanning calorimetry (DSC). The general description oetperimental setups used in
this study, as well as conditions and parametersaf egperiment are the purpose of the

following section.

2.2.1 Differential Scanning Calorimetry.

Differential Scanning Calorimetry (DSC) is a thermadlssis technique used to study
the thermal transitions in polymers, such as the meltingt pemperature, rI and the

glass transition temperatureg,. Two pans sit on a pair of identically positioned matfs

connected to a furnace by a common heat flow path. Tlgenposample is placed in one
pan while the other is used as the reference pan. The@dwns are then heated or cooled
until they reach the selected starting temperature pidytemperature program is set to
increase the temperature at a fixed rate. As the progras) the system monitors the
temperature of each pan and keeps the heating rate mathstaughout the experiment. It
is important for the system to keep the two separatelpzated at the same rate. The pan
with the polymer sample will take in more heat to kdeptemperature of the sample pan
increasing at the same rate as the reference pdhe Ifemperature differs from the

programmed temperature in either pan, the pan is heatedoted to keep a constant

temperature.
Furnace
Reference Pan  Sample Pan
=.-j ¢ Polymer
. ]
1
I h Thermocouple Measurement

Fig. 2.3 Differential Scanning Calorimeter
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The difference in the energy supplied to the two pansipétime (dg/dt) is proportional
to the heat capacity of the sample.

2.2.2 Optical polarizing microscopy

The optical studies observed in CNTs dispersed PVDF inatstigusing an Olympus
optical polarizing microscope (Model BX51P) at a magniiicaof 50X under crossed

polarizers using long working distance objective lens. djical micro-textures of LC

materials were also investigated as a function of tembpes, voltage and other physical
parameters.

Fig 2.4 Optical Microscope and temperature controller

2.2.3 Dielectric measurements

The dielectric measurements were carried out using grgmmable automatic RCL
meter (FLUKE PM 6306) in the frequency range 50Hz to 1MHz.cHtliewas calibrated
using air and benzene as standard references. The frecuathdyas dependence of the
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real and imaginary parts of the complex dielectric ety have been studied in
detailed at different temperatures. The dielectric ptegseof the PVDF/MWNT were

taken at off voltages.

— s bELE
il

el gk bbb

Fig. 2.5 LCR Meter

Dielectric spectroscopy technique measures the dielecogepies of a medium as a
function of frequency. In the case of polymeric mediuhelectric spectroscopy is a
powerful technique that is capable of probing the moleculatiom and the electric

properties. The dielectric constant or relative pamity of a material is the ratio of the
dielectric constant of the material to that of vacu(iaguation 1). The capacitance

measures the extent to which charge can be stored.

The complex dielectric properties, the relative peivitiy (') and the loss factok() are
determined by scans as a function of frequency. An aliaghatirrent (Mms= 0.005-1.1
volts) external electric field is applied across thatenal placed in a capacitor plate
configuration (Figure2.2). The displacement of the chargapipyying the electric field is
called “polarization”. The dielectric properties of aterial are defined by a complex

dielectric permittivity,e

*

e=¢g+ig"
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MWNT/PVDF

Fig. 2.6 Parallel plate works as a capacitor for dielectricneasurement

Whereeg' is the dielectric constant of the material, alsmwn as the relative dielectric
permittivity, and it is used to define the ability of timaterial to store electrical charge.
¢” is the imaginary part, which is related to the matdaas and known as the dielectric
loss. The dielectric constatitis calculated, where C is the capacitance, d ighlokness
of the sample, A is the area of the parallel electmadujso is the dielectric permittivity

of vacuum §, = 8.85 x 10-12 F/m).

. Cd
E =—
A.g,

The dielectric constant of the material depends omtaerial’'s polarization, the higher
the polarizability of the molecules, the higher thelatitric constant. Polarization

mechanisms have several types discussed below.

There are four different types of polarization mechartisat can affect the dielectric
constant and dielectric loss of the material: etaatr polarization, atomic polarization,
orientation polarization and interfacial polarizatidn.a given dielectric material, the
total polarization is a sum of all the polarizatioasulting from each one of them.

The polarizability of non-polar molecules arises friwo polarization mechanisms,
electronic and atomic. While in polar molecules dependdmpolar and interfacial

polarization mechanisms.
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Electronic polarization mechanismecurs at the molecular level and arises from a shift

the center of mass of the negative electron chargel darrounding the positive atomic

nucleus when an electric field is applied, as showrgi2 f(a). This charge displacement
acts to neutralize part of an applied field. This occamaterials where the structure is
formed from the molecules of different atoms with eliéint electro negativities. Forming

molecules of different types of atoms, results indisplacement of their electron clouds
towards the stronger binding atom. This shift of the sdectloud results in change of
atoms polarity, whose equilibrium position is furthéranged when electric field is

applied

No Field Field Applied
—

Fig. 2.6(a) Effect of electric field on electronic polariation

Atomic polarization mechaniswccurs due to the shift of the atom itself, and it isally

due to the deformation of positive and negative atoms whdeorce of the applied field.

fig 2.6(b) is a schematic diagram of the atomic polaonat
No Field Field Applied
@M @—fvmwm/\r\@
Fig 2.6(b) Effect of electric field on atomic polarization

Dipolar polarization mechanisnalso known as orientation polarization, occurs when

applying field to a randomly oriented dipolar material, inick the applied field cause a

net orientation parallel to it, as illustrated in fig 2)6(c
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No Field Field Applied

\‘_:/ N
A =4

Fig 2.6(c) Effect of electric field on dipolar polarization

Interfacial polarizationalso known as ionic relaxation, is comprised of ionicduativity
and space charge relaxation. lonic conductivity predomiragtdsw frequencies and
introduces only losses to the system. Interfacialkeglan occurs when charge carriers
become trapped at interfaces of heterogeneous systensehématic of interfacial
polarization mechanism is shown in fig. 2.6(d).

No ficld Field applied

Fig .2.6(d) Effect of electric field on interfacial polarzation

Each dielectric mechanism effect has a characterigiaxation frequency. As the
frequency becomes larger, the slower mechanisms dropAadiielectric permittivity

spectrum over a wide range of frequencies includes thearghlimaginary parts of
permittivity are shown in fig 2.7. Electronic and atomaldarizations due to the inertia of
orbiting electrons, known as the inertia effect, havermall magnitude except at the

resonant frequency. Electronic polarization occurs etaaacteristic frequency of about

15 12
10 Hz and atomic polarization occurs at about Hz. Lower frequencies of Each
dielectric mechanism effect has a characteristaxetlon frequency. As the frequency

becomes larger, the slower mechanisms drop off. A dregquermittivity spectrum over
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a wide range of frequencies includes the real and imagpang of permittivity are
shown in fig 2.8. Electronic and atomic polarizations dueh#® inertia of orbiting
electrons, known as the inertia effect, have a smalgnitude except at the resonant

15
frequency. Electronic polarization occurs at a charstie frequency of about 10Hz

12
and atomic polarization occurs at about Hy.

G
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Fig2.7. Frequency respaighe dielectric mechanism

The effect of crystalline phase on the red) &nd imaginary £") parts of the relative
complex permittivity on PVDF has been studied at both réemperature and under
linear heating of the sample as shown in fig 2.8. At rdemperature measurements,
Gregorio et alobserved increase in the dielectric considnn the whole frequency
range with the increase in tlfiephase present in the sample, which also increasés wit
the drawing ratio. The difference in morphology of S@&mples may also affect the
orientation of PVDF dipoles resulting in different éiefric constante() values. It is
observed that results may vary due to the porosityanipges. Samples obtained from
solutions are more porous than those obtained from mdlitleese results in different
dipole densities. These results can also be affectethdydifference in morphology
related to the sample thermal history. The dieleatnostante’ value increases by
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heating the sample because an increase in temperadueesethe tension on the

molecules caused by drawing, reducing packing and making thesslifrek to orient.
This increases the dipolar orientation and resultsanritrease of’ value.

—— [phase

leg &

) * oo pphase
.ti-l-i"'.

L i i A J_I
-100 -50 0 50 100
Temperature (°C )

Fig. 2.8 PVDF Dielectric relaxation
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CHAPTER 3

Results and discussions

3.1 Structural properties of the samples
This chapter discusses results obtained from the vacioargcterization techniques like
optical microscopy, thermography and dielectric spectpg results from optical

microscopy for structural and related investigation foemnd CNT doped .

3.1.1 Morphological studies of composite films

Fig. 3.1 shows micrographs of optical textures exhibitingeddWNT dispersed in the
continuum of PVDF prepared by solution processing technigoe filims were prepared
by spin coating technique and were given heat treatmermsbfeent evaporation as well
as annealing to achieve the solid film form and then chenae. For various
compositions we studied the uniform dispersion of MWNT\WDF.

Fig 3.1 Microstructure of Pure PVDF film at 50X

0.05% MWNT were dispersed uniformly in PVDF by oxidatiorcht@que .the
corresponding optical textures are shown in fig 3.2(2paK, (b) at 200X, (c) at 50X.
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b) (
Fig.3.2 Optical microscopy at 0.05%MWNTin PVDF

(c)
Fig3.2c Optical microscopy at 0.05%MWNTin PVDF
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Fig 3.3 Optical microscopy at 0.07%MWNTin PVDF at (a) 200X, (b) 50X
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Fig 3.3 shows micrographs of a 0.07% MWNT concentratioraiobd at room
temperature.

3.2 Thermography Investigation:

Differential Scanning Calorimetry (DSC) was used to dei®e the changes in the
thermal behavior of different PVDF samples after aldelition of CNT to the polymer
matrix. The results were compared with respect to dbecentration of the CNT

dispersed amount in PVDF polymer matrix
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Fig.:- 3.4 DSC profile of the pure PVDF sample

The scanning rate of the temperature profile was cordratloC per minute from room
temperature to 25CQ. The transition temperature was found at°C70VNe found that,
transition peak in pure PVDF shifted to lower temperatutie the addition of MWNT as
shown in fig 3.5, and fig 3.6. This may be due to the increasmmnductivity of the
PVDF. All figures shows linear relation, whereby incregsiCNT concentration

increases the percent crystallinity.
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Fig 3.5 DSC profile for 0.05MWNT in PVDF
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Fig 3.6 DSC profile for 0.07%MWNT in PVDF
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3.3 Dielectric Spectroscopy

In the dielectric measurements section, the diaetecionstant was measured for the
PVDF and PVDF-MWCNT composite samples prepared by solgasting method and
the results were compared with the control samplelteesThe dielectric constant)(of

the samples used in the current study was first measuredm temperature.
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Fig3.7: Graph between dissipation vs frequency at differeniemperature (PVDF)
As it is clear from the graph shown in fig3.7 that dissgrawas decreasing with

increasing frequency but at higher frequencies it is almosstant. Also it's clear that
there is no effect of temperature on the loss at hifjeguencies.
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Fig 3.8 Graph between dissipation vs frequency at high tempetare (0.07%CNT in
PVDF)

At higher temperature and lower frequency, the losses anmndnt but as we increase
the frequency the loss decreases and become conslagh &tequency. This behavior is

shown in above fig 3.8.
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Fig3.9: Graph between dissipation vs frequency at higher dérent temperature
(0.05%CNT)
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With the addition of CNT, there was a decrease in &dsgher temperature and lower

frequency, but at higher frequency it is almost constans clearly shown in the fig3.9.
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Fig 3.10:- Graph between dielectric vs frequency at differg concentration of CNT
in PVDF at room temperature

These observations prove that the electric propestitise polymer improved by adding
CNTs to the polymer matrix. The increase in the dieleconstant of PVDF-CNT is due
to the conductive properties of the CNTs. The incréashe dielectric constant allows
the material to carry more current and energy to tlezoglectric dipoles, which

improved the material’'s piezoelectric effects resgltin a better sensor or actuator
properties.
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Fig3.11: Graph between dissipation(in log) Vs frequency at 170 temperature for
different concentration of CNT in PVDF

On increasing the concentration of MWNT on PVDF we tbthvat there was increase in
loss at lower frequency but as the frequency increabesdame constant as shown in fig
3.11.

37



dielectric (g)

10 4 0-05%CNT transition temperature 162.5°C
l
'l.l.
m
94 fl. "
. "h
Ill. ]
ﬁﬁi []
o
[ ]
o
Wﬂi

u
] - '

m

6 ﬂ 'm
LN
<4 I.\
m
w
T T T T T T T T T
0 50 100 150 200 250
Temperature(’C)

Fig3.12: Graph between dielectric vs. temperature at 100 kHzdquency of

0.05% CNT

At 100 KHz or at higher frequency .We found a increasdatectric value at transition

temperature and achieve a maximum dielectric permittititig, transition temperature

can also be shown DSC curve. At higher temperature a suli@ease in Dielectric

value is shown in fig 3.12

144 0.07%CNT
12 4

104

dissipation
(o))
1

0 50

T
100

T T T T T
150 200 250

Temperature (°C)

Fig3.13.Graph between dissipation factor Vs temperature at 100 kiHfrequency of

0.07% CNT
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As shown in fig 3.13 at transition temperature there swaklen increase in dissipation
factor and it was maximum at melting temperature of P\@Ré&r this it start to decrease
may be due to the presence of CNTs
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Fig 3.14 (a): Graph between dielectric vs. temperature &@00 kHz

In the fig 3.14 (a) we found that by addition of CNT in PVDiere was increase in
dielectric value, at higher frequency and temperature sftran temperature).On
increasing the temperature there was sudden decreasdertmt value.
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Fig3.14 (b): Graph between dissipation vs. temperature at 100Hz

As shown in fig 3.14(b) by addition of CNTs there was@ease in dielectric loss but at
higher temperature or temp near to melting point there avemidden decrease in

dielectric loss as shown in above fig 3.12 and fig 3.13.
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CHAPTER 4

CONCLUSIONS

We have introduced novel approaches and solutions fostie#euniform dispersion of
carbon nanotubes in solvents and polymers, which areatroc further commercial
exploitation of these unique materials. It is showat tarbon nanotubes as components
of nanocomposites have a significant effect on atadtand optical properties of these
hybrid materials. The results presented here indicatpdtential of utilizing CNT-based
nanocomposites for electrical and sensing applications.

The effective utilization of CNTs in composite applioas strongly depends on the
ability to homogeneously disperse them throughout the xndtinerefore, various surface
functionalization strategies were employed in ordeowercome the poor solubility of
CNTs in solvents and polymers.

In a fairly simple process high stability, good exfoliatiand dispersion of CNT in
solvents and polymer were achieved. This is advantageou®ihe reported methods,
which mainly require complex chemical treatment, késy in dispersion in only organic
or aqueous solvent.

Multiwall carbon nanotubes were covalently functiawed by commonly used oxidation
methods. These strategies resulted in a good dispersitime ofianotubes in various
solvents.

The fabrication of composites with a high dielectimstant but with low losses can be
achieved by efficient separation of the individual conduqgbiasicles in a host material.
Silica coating of the CNTs forms insulating shells thevent the charge flow between

filler particles in the polymers.

In dielectric spectroscopy the electric properties & polymer improved by adding
CNTs to the polymer matrix. The increase in the dieie constant of PVDF-MWCNT is
due to the conductive properties of the CNTs. The increasbe dielectric constant
allows the material to carry more current and eneogthé piezoelectric dipoles, which
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improved the material’'s piezoelectric effects resgltin a better sensor or actuator

properties.

Finally, we presented a new approach for the preparatidfdNT-polymer composite
with highly defined morphologies. The structural, opticdlermal and dielectric
properties of these composites were characterized bgabphicroscopy, differential
scanning calorimetry and LCR meter etc. The acquired ledgel can be useful for a
further optimization of the CNT nanocomposites matsrand towards their practical
applications. Outstanding steps in the development of rsearch should entail
comprehensive studies on dispersion techniques of CNTsdiffdient morphologies,
optimized large-scale production of CNT-polymer compositasorder to achieve a
better understanding as well as better characterigfichfferent nanocomposites with

MWNTs, further mechanical, electrical, and optical measants are required.
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