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1 Introduction

During the last decades nanotechnology has reached a great importance in
the research world. The branch of technology is operating in various fields of
application as communications and medicine. The main reason behind the use
of nanocomposites is the enhancement of various properties when compared to
individual components. Produced nanomaterials can display unique properties
which are supported by morphological evidence at nanometer scale. For this
reason, it is very important to understand, how properties of nano- and
microcomposites depend on the ratio and type of its constituents. Hence, a
proper improvement of mechanical, piezoelectric or ferroelectric properties of
the nanocomposites is the main goal in inventing new devices with potential
applications. Moreover, it is important to determine the reliability and
durability of a material prior to the massive production on the market.
Therefore, conducted repetitive experiments under various conditions (e.g.
increased temperature) could contribute to understanding the interfaces
between various fillers and the surrounding medium within a nanocomposite.

Polymer based composites with embedded solid fillers can incorporate
mechanical and electrical properties of its constituents. In comparison with
classical inorganic piezoelectrics, piezoelectric polymers have a number of
advantages, namely good mechanical flexibility, easy processability, low cost
of production, robustness, and lightness, whereas ceramics are typically brittle

[1-3]

and more difficult to process Here the ferroelectric copolymer

poly(vinylidene fluoride trifluoroethylene) (PVDF-TrFE) distinguishes

191 Strong piezoelectric and pyroelectric activity

amongst other polymers
allows applications of P(VDF-TrFE) in high performance actuators, contact
switches, strain measurements, motion sensors, medical diagnostics such as

blood and urine analysis, drug delivery monitoring, homeland security
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applications, warfare detection, environmental and food quality monitoring and

) (10-141 * A wide application field

in artificial organs (due to its chemical stability
of the piezoelectric polymers is developing for piezoelectric transducers and,
especially, ultrasonic sensor arrays [, Further efforts to improve piezoelectric,
dielectric and elastic properties of the polymers for above mentioned
applications have been done by mixing these ferroelectric copolymers with

[ 181 " Fillers of the well-known piezoelectrics, such as

electroactive fillers
barium-doped lead zirconate titanate (BPZT, ferroelectric to paraelectric phase
transition at Curie temperature, 7= 453 K) or barium titanate (BTO, T =393
K), are perfect for the incorporation due to their high electromechanical
coupling coefficients, dielectric permittivity values, and piezoelectric strain

1, 16-1
constants [1, 16-18]

. Therefore, we focus our attention on properties of such
P(VDF-TrFE) based piezoelectric composites. In spite of numerous
investigations of polymer elastic properties performed over a wide frequency

range: at low frequencies by Dynamic Mechanical Analysis (DMA) methods

[19] [20, 21

, at ultrasonic frequencies by pulse echo reflection I"and pulse echo

transmission methods %!

, and at high frequencies by Brillouin scattering
experiments ), there is a lack of ultrasonic investigations of P(VDF-TrFE)
copolymers, especially in the phase transition region. As far as we know, for
the PVDF polymers there has only been one experiment investigating
temperature dependences of ultrasonic wave velocity and attenuation at 2 MHz
frequency .. On the frequency scale, acoustic waves of frequencies near to 10
MHz are commonly used in diagnostic ultrasound techniques, e.g., in
ophthalmology where most scanning probes use frequencies from 10 MHz to
20 MHz. Therefore, results of ultrasonic investigation of pure P(VDF-TrFE)
and its composites with BPZT at 10 MHz are of peculiar importance. In this
work ultrasonic anomalies, related to the ferroelectric phase transitions in the
materials under investigation, are discussed. Results of dielectric and

differential scanning calorimetry (DSC) investigations of these new P(VDF-

TrFE)/BPZT composites are also presented.
9



However, the aforementioned polymer matrix distinguishes above other
ferroelectric materials by its negative piezoelectricity, i.e. a contraction of the
material upon an electric field in the direction of the polarization > > I.
Katsouras et al. proposed a new model in addition to the previous contradictory

models [25, 27-29]

, in which the unusual negative piezoelectric coefficient is
explained by electromechanically coupled contractions of crystalline lamellae
and amorphous parts. Therefore, figuring out a single model for improvement
of electromechanical properties of PVDF and P(VDF-TrFE) based composites
is complicated by the opposite signs of piezoelectric coefficients of the
polymer matrix with regard to the coefficients of ceramic fillers. Hence, the
question is still open and requires more elucidation.

Carbon nanotubes (CNT) are perfect fillers to reinforce mechanical
properties or tune electrical properties of polymer materials due to their large
Young’s modulus of elasticity (1000 MPa) and high electrical conductivity,

[3032] A

respectively small addition of the conductive fillers can increase the

sensing capability of the polymer based composites as it has been reported

B0 31 Therefore, CNT has been chosen as organic fillers in the

elsewhere
nanocomposites under the study.
Meanwhile, several groups have reported on the effect of annealing and

) 33381 This makes interesting to

thermal cycling on properties of P(VDF-TrFE
carry out investigations of the polymer based composites with various
compositions of fillers ). Therefore, an important part of the study is to report
on detailed investigations of the effect of thermal cycling and annealing on
ferroelectric phase transition in P(VDF-TrFE) based composites and to
compare results obtained by ultrasonic, dielectric and calorimetric
measurements of the same composite samples.

For a non-ferroelectric polymer matrix a pure polydimethylsiloxane
(PDMS) has been chosen. It is a good electrical insulator with the lowest

[39]

temperature of vitrification (7,= 148 K) among polymers ~, nevertheless, it

can be doped, for example, with conducting fillers to become electrically
10



(40, 41 Among other nanofillers (like carbon nanotubes, carbon

conducting
black etc.) which are often used for polymer composite preparation, ZnO
nanoparticles and nanorods are very interesting due to their unique
semiconducting, photoconducting and piezoelectric properties [****. Both ZnO
nanomaterials [***1 and PDMS % #-°% attract much attention duo to their high
potential of various electronic application, however little has been published
about the mechanical and dielectric properties of PDMS composites filled with
ZnO nanoparticles. Additional purpose of the work was to study the influence
of ZnO nanoparticles on the mechanical and dielectric properties of PDMS in a
wide temperature range. Hence, analysing properties of the composite by two

experimental techniques can provide better understanding of relaxation

processes in nanocomposites of PDMS/ZnO.
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1.1 Aim of the work

For this research the following purposes were addressed:

To characterize the composites in order to understand the influence of
electroactive ceramic powders on the electromechanical properties of the

P(VDF-TrFE) copolymer based composites.

To discuss ultrasonic and dielectric anomalies, related to the ferroelectric
phase transitions and other processes characteristic to the ferroelectric

polymer based nanocomposites.

To investigate the impact of conductive organic fillers on the dielectric

and the mechanical properties of the ferroelectric composites.

To perform detailed investigations of the effect of thermal cycling and
annealing on ferroelectric phase transition in P(VDF-TrFE) based
composites and to compare results obtained by ultrasonic, dielectric and

calorimetric measurements of the same composite samples.

To study the influence of ZnO nanoparticles on the mechanical and

dielectric properties of PDMS in a wide temperature range.

To compare and contrast impact of organic and inorganic fillers on the

properties and functionality of the polymer based nanocomposites.

12



1.2 Scientific novelty

For the first time results of temperature dependences of ultrasonic wave
velocity and attenuation in P(VDF-TrFE) composites with BPZT were
presented.

A large thermal hysteresis, typical for the first order ferroelectric phase
transition, was observed in both temperature dependences of ultrasonic
velocity and piezovoltage in the investigated composites.

Dielectric properties and ferroelectric characteristics of P(VDF-TrFE)
based composites are presented and explained in frames of the

Lichtenecker’s effective medium approximation model.

For the first time a detailed investigation of the effect of thermal cycling
and annealing in P(VDF-TrFE) based composites obtained by ultrasonic

measurements is presented.

At the first time the frequency dependence of the piezoelectric coefficients

of piezoelectric polymers was demonstrated.

Thermally stimulated discharge current measurements of the P(VDF-
TrFE)/CNT  composites, combined with ultrasonic measurements,
revealed a strong dependence of the TSDC current’s electret component on
the presence of CNT nanoparticles.

For the first time mechanical and dielectric properties of PDMS
composites filled with ZnO nanoparticles are presented.

Existence of the dielectric hysteresis between cooling and heating cycles
and its strong dependence on the concentration of ZnO nanoparticles is

shown.

13



1.3 Statements presented for defence

As a part of this study, the investigation included some research hypotheses:

e In composites of piezoelectric polymer (PVDF-TrFE) with inorganic

piezoelectric BPZT particles the dielectric, ultrasonic and piezoelectric

properties are determined not only by simple influence of components

calculated by mixing rule of Lichtenecker’s approximation model but also

by change of morphology, thermal treatment, and of the glass-crystalline

(ferroelectric- paraelectric) state of host polymer matrix which is modified

by the BPZT.

e Both the Curie and melting temperatures of P(VDF-TrFE)/BPZT decrease

with the addition the BPZT fillers.

e In composites of (PVDF-TrFE) polymer with small amount of organic

CNTs the dielectric and mechanical properties depend not only on the

increased conductivity of composite determined by large conductivity of

CNT, but also by CNTs acting as nucleation centers for a subsequent

growth of spherulites. Such change of conformation in glass-crystalline-

amorphous polymer matrix results in the change of the loss maxima

temperature anomalies related to the glass or ferroelectric- paraelectric

transition.

e In composites of non-piezoelectric PDMS with ZnO nanoinclusions the

temperature dependent dielectric and mechanical relaxation anomalies are

dependent on ZnO particles acting as nucleation centers in glass-crystalline

state, or scattering centers in amorphous high temperature state of PDMS.

Room temperature increase of ultrasonic attenuation in the strongly doped

PDMS/ZnO composites is due to increased scattering centers for ultrasonic

wave.
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2 Overview

In this chapter various types of composites and its fillers are described. In

addition, its relevant properties are presented and overviewed more detailed.

2.1 Nanocomposites

Nanocomposites are widely used in structural, electronic, biological,
medicinal and other applied sectors °'. Any composite consists at least of two
major components, i.e. matrix and reinforcement fillers. If the composite
contains constituents of nanometer scale, then it is referred to as
“nanocomposite”. In the case of polymeric nanocomposites polymers act as
matrices for the incorporation of filler materials. All composites are known to
be interesting multiphase materials for their optional combination of
components with different properties. Depending on the physical property to
be improved, different filler materials are used in the preparation of polymeric
nanocomposites. In such way various reinforcements of material are possible,
i.e. mechanical strength, electrical conductivity, chemical stability, temperature
and environmental stability. The miniaturization of the electronic devices is
mostly due to the development of such novel functional nanocomposites.
Nanocomposites have given a significant contribution to the development of

various advanced branches of nanotechnology ©°'->%.

2.2 Types of polymers used in nanocomposites

In Greek Poly means “many” and mer means “parts”. Polymers are made

of small units, monomers, joined in long chains by forming chemically strong
20



covalent bonds between atoms. Depending on the use in electronics polymers
can be divided into two main types by its composition, i.e. organic and non-
organic compounds. Organic polymers are chemically based on carbon,
hydrogen, and other non-metallic elements (O, N, and Si) . Furthermore,
they consist of large chain-like molecular structures with a backbone of carbon
atoms. Some of the commonly used polymers are polypropylene (PP),
poly(vinylidene chloride)(PVDF), poly(dimethylsiloxane) (PDMS),

(521 Their mechanical characteristics

polycarbonate (PC) and silicone rubber
are generally different to metallic and ceramic materials, i.e. they are not as
stiff nor as strong as the aforementioned materials. Due to low densities many
of the polymers are extremely ductile and pliable (i.e. plastic), which means
they are easily formed into complex shapes. The main drawback of polymers is
their tendency to soften or decompose at higher temperatures. Sometimes low
electrical conductivity can also limit their use. Therefore, for a long time
polymers have been considered as simple insulators of electrical currents. The
breakthrough has been done in the recent 30 years through a simple
modification of ordinary organic conjugated polymers P" **. One of the
invented types of materials are electrically conducting polymers (ECP) which
can combine electrical properties of metals with advantages of ordinary
polymers such as lighter weight or resistance to corrosion ). Sometimes the
materials are referred as the materials of the twenty first century °*!. These
polymers have significant intrinsic electronic conductivity along with enhanced
electrochemical properties. Unlike inorganic semiconductors this type of
polymers is molecular and lacks long range order. Organic polymers can
exhibit charge transport and optical properties analogous to crystalline network
of semiconductors.

In spite the fact, that these polymers have several disadvantages as poor
thermal and chemical stability, low mechanical strength and poor
environmental stability, some properties can be improved in order to achieve

necessary standards for technological application. These drawbacks can be
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easily avoided if nanocomposites are prepared with carbon nanomaterials
(CNMs) P21 Carbon nanomaterials are superior materials of the twenty-first
century with unique properties, which are absent in any other material, 1.e. high
electronic conductivity and mechanical strength, light weight, large surface
area, good environmental stability and high corrosion resistance.
Unfortunately, CNMs face problems of insolubility and agglomeration in

31 These drawbacks are very critical in

various solvents upon their addition
their practical usages. The CNMs are strong in their specific properties, where
the conducting polymers are not. Therefore, by combining ECPs and CNMs it
appears possible to overcome these drawbacks. The ECP/CNM
nanocomposites can possess good mechanical strength and high electronic
conductivity combined with good temperature stability.
Polymers may also be classified into polar or non-polar because this feature
strongly affects dielectric properties. Non-polar polymers do not contribute to
dipole polarization and dielectric properties remain independent in an
alternating electric field. The geometry of the polymer chain determines the
polarity of material. The resulting dipole moment depends on whether the
pendants reinforce or cancel each other. Many fluoropolymers as P(VDF-
TrFE) are polar. P(VDF-TrFE) has a high dipole moment of —CF, unit at every
second alternating carbon backbone. The organic- inorganic polymer networks
can serve as an origin of relaxation processes in polymers °%.,

Another important type of nanocomposites are polymer based composites
with piezoceramic fillers, which have been developed principally for sonar and

medical ultrasonic imaging technologies [,

In these applications the
transducer is usually interfacing with liquids or soft tissues of body or skin.
The advantages over ordinary piezoceramics include better acoustic matching
between transducer and medium, electromechanical coupling and higher band
width. The transmission of ultrasound from one medium to another and its

reflection depends on the “impedance matching”. These properties allow
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processing of well-defined ultrasonic pulses and, as a consequence, better
imaging resolution.

Depending on the manner in which phase connections are made in
composites, physical properties can change by many orders of magnitude. Each
phase in a composite can be self-connected in zero, one, two or three
dimensions in respect to three perpendicular axes ™). For diphasic composites
ten connectivities can be realized during production. As an example, the

connectivity pattern for a 3-0 composite is illustrated in Figure 2.2.1.

Figure 2.2.1. The connectivity pattern for a 3-0 composite. The green parts represent
the fillers in a polymer matrix (yellow). Arrows are used to indicate the connected
directions.

The 3-0 connectivity pattern has one phase self-connected in three-
dimensional layers, i.e. in the lateral X, Y and Z directions. The other phase,
the fillers, is not in contact being separated by the polymer matrix. The major

positive advantages of the 0—3 composite is the ease of fabrication ).
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2.3 Semicrystalline polymers

Solid polymers can be distinguished into amorphous and semicrystalline
categories. The majority of polymers, the semicrystalline polymers, can show
regions of high order. Amorphous solid polymers can be either in the glassy or

%321 1t had long been believed

in the rubbery state with chain cross-linking
that single crystals could not be produced from polymer solutions until the
existence of single crystals of 10 nm thick was reported and the perfectly
ordered structures of crystals were shown by electron diffraction patterns %",
On the other hand, various dislocations analogous to those in metals have been
found in these polymeric single crystals. The other important concept of
statistical disorder or so-called paracrystallinity model was introduced by R.

Hosemann in 1950 P% 38

, in which the creep and the recrystallization
phenomena are explained by motions of dislocations. These two models still
are of importance for polymer morphology combining folded chain molecules
and paracrystallinity. Three general explanations for formation of polymer
morphology are now accepted, i.e. an irregularly folded molecule in a glassy
state, a folded chain in lamellar structure and an extended chain 561,
Crystallization in semicrystalline polymers is followed by separation of
unmixed crystals from chain parts near entanglements in the amorphous
regions. The crystallites are interspersed with amorphous regions composed of
randomly oriented molecules . Different end groups, short chain branches
and stereo defects can oppose a transformation into a crystal, but can become
accumulated in the amorphous parts of a partially crystalline polymer *. Many
factors affect the degree of crystallinity of polymers, i.e. chain complexity,
tacticity, randomness of copolymers, bulky side groups and thermal history ***
>21 In other words, the polymer structure affects the crystallinity, i.e. the more

regular it is, the easier it will pack crystals.
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The process of polymer crystallization is addressed to nucleation and
growth of spherical objects or so-called spherulites ** * *?. The shape of the
spherulites may be roughly spherical, consisting of an aggregate of chain-
folded crystallites (lamellae) about 10 nm thick that radiate two-dimensionally

outward from a single nucleation > * >

. The chains in the crystallites are
oriented either parallel or perpendicular to the spherulite radius 1*. A simplified
structure of a spherulite in amorphous polymer region is illustrated
schematically in Figure 2.3.1. The individual chain-folded lamellar crystals
(blue lines) are separated by the amorphous material (yellow part), in which

tie-chain molecules act as connecting links between adjacent lamellae.
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Figure 2.3.1. Schematic representation of polymer structure with specific properties
attributed to amorphous and crystalline regions.

The spherulites usually grow with a constant rate up to the point where
they start touching each other. The area of contact between spherulites can be
planar or bent depending on the nucleation time. As the crystallization of a

spherulitic structure approaches its completion, the spherulites begin to
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impinge on one another, forming boundaries but maintaining spherical shape.
The lamellar crystals start to twist as they extend like ribbons from the center.
Spherulites are considered to be the polymer analogue of grains in
polycrystalline metals and ceramics. Each spherulite may be composed of
many different lamellar crystals with some amorphous material 2. Their size
of spherulites depend on the nucleation density and vary from several 100 nm
up to several cm.

Spherulites are optically anisotropic objects, thus it is possibly to observe
them by polarized light microscope. The shape, size, number, and distribution
of crystallites in the amorphous polymer matrix strongly influences behaviour
of the material. The birefringence is caused by stretched polymer chains in the
crystallites. Polypropylene, poly(vinyl chloride) and nylon form a spherulitic
structure when they crystallize from a melt. Sometimes it is possible to observe

the spherulites by the means of ordinary light microscopy (Fig. 2.3.2).
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Figure 2.3.2. An example of partly crystallized polypropylene sample. For a better
visualisation the green line separates two regions crystallized at different cooling
rates (1. and 2.).
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The sample of polypropylene consists of two regions crystallized at different
cooling rates. The region 1 was formed in a relatively short period of time,
about ten minutes. For the region 2 the cooling rate was lower than 0.5 K/min,
thus providing appropriate conditions for the formation of the highly
crystallized region. For a better visualisation the green line was used to
distinguish the two regions. The red line presents a good example of a
sprerulite growth from a centre.

Apart from the crystalline and amorphous fractures in semicrystalline
polymers, a third fracture, rigid amorphous phase (RAP), may exist 7
which was extensively studied during the last twenty years. The RAP is usually
attributed to an order-disorder interface located at the boundary of the crystal
and the viscoelastic amorphous region (Fig. 2.3.1). The rigid-amorphous phase
may originate by cross-linking or from pinning polymer chains on crystallites
%61 and does not represent a well-defined phase since the molecular mobility
changes continuously between the crystal surface and the remaining melt-like
regions. Cross-linking can make the amorphous phase more or less rigid and
therefore reduce the phase boundaries. The relaxation of rigid amorphous
phase has been reported in many semi-crystalline polymers as well as

(62931 It is assumed that each filler particle is covered by the

nanocomposites
RAP. With a high filler concentration within a nanocomposite the RAP may
decrease due to particle agglomeration and disappear for the highest filler
concentration .

The semicrystalline polymers can experience transitions of glass and
ferroelectric-paraelectric phase, melting and so-called alpha crystalline
relaxation (a¢ ). Melting of the polymer is due to structures that are only
crystalline in parts Y. It is supposed that in semicrystalline polymers with
significant chain mobility inside the crystals the crystalline region melts after
the surrounding rigid-amorphous phase, although, it still requires elucidation

[59-62.641 I several polymers the RAP may even have a separate glass transition
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B The rigid-amorphous phase can affect the specific heat between the glass
transition of the polymer matrix and the melting region [’ The temperatures
of glass transition and melting are important parameters of semicrystalline
polymers, because they define the lower and upper temperature limits for
numerous applications.

Depending on the symmetry of the crystalline region the semicrystalline
polymers exhibit ferroelectricity, piroelectricity and piezoelectricity - ¢ 726 3¢
38631 Some dipoles within the RAP cannot be oriented in an external electric

field and therefore do not contribute to the polarization and the piezoelectric

effect.

2.4 Processes related to semicrystalline polymers

There are several main relaxation processes in amorphous region of
polymers which appear with different characteristic relaxation times (7). These
processes may be classified as «, f and ¥y with no physical meaning but
reflecting the order in which these processes appear * * ®!. Moving from the
region of low temperature to higher temperatures, the molecule becomes no
longer tightly compressed and the first changes such as the solid-state
transitions occur. The free volume increases due to expansion of the polymer
matrix. This gives rise for side chain movements followed by localized bond
movements as bending and stretching. These movements can be designated as
the y transition. After the free volume increases the whole side chains and
localized groups of up to 50 backbone atoms begin to have enough space to

rotate about C-C bond and the f transition occurs = % ¢ 671

. As heating
continues the chains in the amorphous regions begin to coordinate large scale
motions and originate the main structural relaxation, i.e. the segmental

transition. Since the a relaxation is only attributed to amorphous material, in a
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100% crystalline material this temperature would coincide with the melting

temperature 7T, [60. 6]

. The «a process is usually associated with micro-
Brownian motion of the whole chain and a consecutive change of viscosity at a
relatively short time scale. In most polymers the process is responsible for the
glass transition of polymer matrix **.

The glass transition temperature is usually defined as a transition from a
rubber-like to a solid state and may influence fabrication and processing

[3.4. 52, 56, 60, 66-68] [ o

procedures for polymers and polymer based composites
typical elastomeric material a shift to higher than the glass transition
temperature brings a lower Young’s modulus, while a shift to a lower
temperature gives a higher value .

It is not a true first-order transition in the thermodynamic sense and is
sometimes used in an ambiguous sense as it relates to the study of polymer
viscoelasticity 1. The transition occurs continuously in a systematic manner.
Although, there is no real phase transition at 7,, or transition from a non-
ergodic to an ergodic state, an abrupt change occurs of temperature dependence
for volume, density, entropy and elastic constants. Qualitatively, the glass
transition region can be interpreted as the onset of long-range, coordinated
molecular motion !, An appropriate term for the transition temperature might
be the temperature at which the storage modulus reaches an arbitrarily assigned
value of mechanical storage G' or Young’s E' moduli in the order of 10° Pa. At
the temperature the thermal expansion coefficient undergoes a discontinuity
%1 The T, . may depend on length and rigidity of the polymer chains, degree of
crystallinity, pressure and even on the strength and nature of interactions
between chains such as the Van der Waals intermolecular bonds. These forces
are short in distance and strengthen with decrease of temperature, resulting in
freezing of segmental relaxation when the polymer becomes brittle, i.e. the

glass transition [ ! 92-36:€0- 66681 'The o555 transition temperature is relatively

unaffected at low levels of crosslinking and is only sensitive to very low
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molecular weight. The time needed for the chain disentangling increases with
the molar mass “. The temperature T, . depends on cooling or heating rates,
therefore, it 1s defined to consider the 7, as a segmental relaxation time of 100
sec.

Continued heating drives the semi-crystalline material through a so-called

*) [63, 64, 69]

alpha crystalline relaxation (ac . Sometimes the ac structural

relaxation is associated to hindered motions of amorphous phases within the

[63-91 and to a slippage between the crystallites [ ®*]. The

crystalline segments
relaxation is relatively broad in the frequency window and shifts towards a
higher temperature as the frequency increases, therefore, the ac* relaxation is
called as the size dependent structural relaxations concerning size of crystalline
segments . Although, in the case of a thermoset, a highly cross-linked
material " ¥ nothing happens after the glass transition temperature until the
polymer degradation appears due the crosslinks preventing the chains from

[63, 69

slipping past each other I In thermoplastics, polymers whose Van der

Waals bonds may be weakened over and over again upon heating ™ *! the ac"
relaxation can be enlarged or decreased by the applied processing conditions or

physical aging. At higher temperatures the ac" disappears due to melting of the

[64]

crystalline region "". This relaxation is present in many flexible semi-

crystalline polymers, including poly(ethlyene) (PE), poly(ethylene oxide)

(PEO), isotatic popypropylene (PP) and poly(vinylidene fluoride) (PVDF) **

70]

2.5 Ferroelectricity and phase transition dynamics

In the middle of the twentieth century organic polymers as PVDF and its

copolymers attracted a lot of scientific attention after it was reported that
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ferroelectricity could also occur in organic solids *%1. A material is said to be
ferroelectric if it has at least two orientational states in the absence of an
external electric field " . The temperature of paraelectric-ferroelectric phase
transition is called Curie temperature. Below the temperature certain materials
have a spontaneous electric polarization that can be reversed by the application
of an external electric field. It is important to note, that the structure of the
ferroelectric material (crystalline region in the case of ferroelectric polymers)
does not change with the change of the direction of polarization. The property
is only characteristic in crystals with no center of symmetry. Two classes of
ferroelectric crystals are distinguished with respect to the type of structural
phase transition occurring at Curie point. The first one is that of displacive
phase transition and are described by propagation of polar vector modes, so-
called “soft mode* or “optical phonon”. With propagation of the soft mode at
Curie temperature 7 “freezes” vibrations of atoms and produces a structure of
lower symmetry below the 7. The other class of ferroelectric crystals refers to
order-disorder phase transitions, which are described in terms of propagation
of scalar modes. Atoms in a previously random material become ordered on
specific crystallographic sites, yielding (usually) a larger unit cell " "
Therefore, below the 7 the probability of finding a particle in one of two
positions becomes different from zero. According to Landau’s
phenomenological model for phase transitions, the structural changes are
described by the characteristic phase transition parameter- the order parameter
n 17 If we denote N; and N, as probabilities to find atoms in positions 1 and
2, then the 77 can be expressed as:

_N-N,

N+N, (2.5.1)

n

At the phase transition point the value becomes different from zero. The
polarization P is the order parameter in case of the proper ferroelectric phase

transition. The 7 may also be considered as the orientation of a molecule .
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The well-known ferroelectric polymers as PVDF and its copolymer P(VDF-
TrFE) are considered to be of order-disorder type %%,

Ferroelectric phase transitions may be also classified by the change of
spontaneous polarization on temperature, i.e. how abruptly does the order
parameter 77 appears upon approaching the Curie temperature. If the decrease
of 7 is step-like, the ferroelectric phase transition is attributed to the first order
phase transition (Fig. 2.5.1a). At the second order phase transition the 7
decreases continuously upon approaching the Curie-temperature (Fig. 2.5.1b).
The great majority of ferroelectric phase transitions are accompanied by an
relatively small jump of the order parameter at 7= T but with a transformation

of the symmetry group, thus relating the phase transition to a special class of

first order transitions close to second order ones (Fig. 2.5.1c).
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Figure 2.5.1. Temperatures dependence of the order parameter 7 in case of first,
second and first close to second phase transitions.

According to Landau’s phenomenological theory a proper ferroelectric
phase transition of second order can be expressed through the

thermodynamical potential F:

Flo,T.,E,) = Fy(0.T) +~a(T ~T.)-n* +~ 1" —an,
2 4 , (25.2)
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where E, is a vector component of electric field parallel to the symmetry axis
of the crystal, « is parameter achieved from the Devonshire approximation,7’
and o are temperature and mechanical stress, relatively. The multiplication
coefficient a may be treated as the density of the effective ionic charge in the
case when the order parameter corresponds to a displacement of an ion in the
unit cell. The coefficient £ is positive in the case of second order phase
transition. In the case of first phase transition a higher order term with respect

to the order parameter must be taken into account as shown in equation (2.5.3):

F(GaT’ﬂ’Ez):FO(U’T)"'la(T_TC)'Uz +l:8'774 +l7/'776 —ank,
2 4 6 , (2.5.3)

where y is a coefficient, which must remain positive in order to have a stable
crystal with a non-zero spontaneous polarization.

Let’s determine the dependence of a spontaneous polarization as the order
parameter (7= P) on the electric field in ferroelectric material in the case of a
second order ferroelectric phase transition. In the absence of an external
electric field (E,= 0) the equilibrium value of the order parameter can be found
from the condition when the thermodinamical potential has a minimum,

therefore the conditions (2.5.4) must be fulfilled for equation (2.5.3):

OF(o.T.P)_,  OFlo.T.P) .
oP and 0P’ . (2.5.4)

After differentiating /" with respect to P we obtain:

oF(P) . .\ -
a—P—a(T T.)-P+j3-P

2
0 Ij(P)>a(T—TC)+3ﬂ-P2
and O°P (2.5.5)
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It becomes clear from Eq. (2.5.4) and Eq. (2.5.5) that P changes continuously

below T¢ as it is shown in Fig. 2.5.1b and is expressed as:
poy|2l=Tc)
B (2.5.6)

By differentiating F’ with respect to P we obtain the dependence of the

polarization as a function of the electric field:

E=o(T-T,)-P+p-P (2.5.7)

In a case of an external electric field the polarization is shown in Figure 2.5.2

for different temperatures around 7.
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Figure 2.5.2. Theretical dependence of spontaneous polarization on external electric
field at different temperatures around the 7¢

Near 7¢ the potential barrier, which separates states with different
polarization directions is so low, that even a low electric field can remove the
barrier. The switching of polarization in electric field is associated with an

occurrence of a phase transition in the crystal. In the case 7 < T the
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polarization dependence corresponds to an unstable condition where a jump of
a polarization occurs. The value of polarization in absence of external electric
field is called a remanent polarization P, and the electric field necessary to
change the direction of polarization is called a coercive electric field Ec (Fig.
2.5.2). The ferroelectric polymers shows a P(E) hysteresis under special
conditions by application of a poling field higher than E. at a temperature
below T¢.

Two possible directions of spontaneous polarization mean that
ferroelectric crystals split into homogeneous spontaneous polarization fields -
ferroelectric domains with different directions of polar axis. In fact, all
anisotropic properties of ferroelectric crystals, measured in alternating electric
field, depend on the dynamics of domain walls. The movement of domain
walls causes dielectric relaxation dispersion in the radio frequency range. In
case when the electric field frequency is low - ferroelectric hysteresis.

From the relation of dielectric susceptibility to the polarization,

X,,=0P,/0E, =0(0F /0 E,)/CE, =a-0n/JE, it becomes possible to find the

dependence of dielectric constant on temperature from Eq. (2.5.2):

on a
8E2 a(T—TC)+3ﬂ77 , (258)
a a
— T >T T<T,
al=Tc)| =" gpq 20(T-T) ° (2.5.9)
Assuming that &,~ 1+X;,= X,,, we obtain:
612 a2
£p=———T>T.  &,=—"—T<T,
a(T-T) and  2e(T-Tc) (2.5.10)

It can be seen that the dielectric constant of a crystal along the polar axis
depends on temperature according to the Curie-Weiss law at 7 > 7. Near the
temperature of the phase transition the dielectric constant may increase

significantly due to increase of induced polarization % 7! 72,
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It 1s also possible to find temperature dependence of piezoelectric strain
coefficient near 7¢. Deformation of the crystal may be expressed through the

thermodynamical potential as:

- 0o, : 2.5.11)

where

xy

1 1
OF = 0F, +~a(T =T.)p* +— Bn* —ank, —ro, - go,, —cnk.o
2 4 (2.5.12)

Here  and c are constants and g is electrostriction coefficient. If no strain at T’
< T¢ is applied to the crystal (o= 0) and E, is 0, according to Eq. (2.5.2) the
order parameter is:
2 a(T B Tc )
n=——0
I (2.5.13)
When E, #0:
on a
OE, al(T-T,)+3pn;

y

(2.5.14)
Assuming the equilibrium value of 7 as 7,- An, where Arn is a change of the
order parameter and 7, 1s the equilibrium value of 7 at £,= 0. Having in mind
that for converse piezoelectric effect S; = dj;.Ey, where dy; 1s a piezoelectric
strain constant we obtain:

d12 = 1”16/12 [a(T_Tc)]il/z
B . (2.5.15)

2.6 Dynamics of relaxational polarization

Relaxational polarization is characteristic for order-disorder crystals

and, as a consequence, for ferroelectric semicrystalline polymers of order-
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disorder type at frequencies below 10'2 Hz. After the frequency electronic and
atomic polarizations occur. This type of polarization is due to permanent
dipoles or dipoles induced by an electric field. If the electric field is
alternating, the electric displacement field lags behind the electric field and

relative permittivity can be expressed in a complex form:

£ =e-je 2.6.1)

Polarizability of dipoles is frequency dependent and the dielectric loss &”
appears due to inability of polarization process of a polymeric system to follow
the change of the oscillating applied electric field resulting in heat dissipation.
At lower frequencies the dipoles have enough time to align with respect to the
field before it changes its direction but if the relaxation time of dipoles in a
polymeric system is smaller than the rate of oscillating electric field, no
minimum loss is expected. The maximum of &” occurs when the frequency of
applied electric field is at resonant with the oscillating system. When the
frequency of the field increases the previously oscillating dipoles remain
freezed with no contribution to the dielectric constant.

A model relating dielectric properties with the relaxation time is the
Debye model. It is applied for analysis of relaxational behaviour involving
damping of electric field in the system and is valid for a system with a single

relaxation time:

l+ior (2.6.2)

where &, is a contribution from all higher frequency processes, like electronic
and ionic contribution, @ is the cyclic frequency, 7 is the relaxation time of
dipoles to return to the original position and Ae¢ is the relaxation strength. The
relaxation strength corresponds to the contribution of polarization mechanism

to the static dielectric permittivity &. The higher &, is, the higher is the &£”".
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Many polymers are highly entangled between chains, thus the dipole relaxation
time in different environments will vary due to the different mobility.
Meanwhile dipolar interaction between each other can affect the whole
polarization. Therefore, the whole polarization will be a sum of many
polarization processes with different relaxation times. In this case frequency
dependences of dielectric permittivity may be analysed employing Cole-Cole
formalism (Eq. 2.6.3), Cole-Davidson (Eq. 2.6.4) or Havriliak- Nagami (Eq.
2.6.5) formalisms P+ 7% 7.
Ag
I+ (wn)™ (2.6.3)
Ag

ew)y=¢,+
|1+ia)z' | (264)

b

ewy=¢e,+

Ag

ew)=¢,+
i+ Gor) | (2.6.5)

The parameter a defines the width of the distribution of relaxation times. When
extending Eq. (2.6.3) to Havriliak- Negami formalism the mean relaxation time
74 (or the most probable relaxation time) must be taken into account:

<1nrAV>=lnr +M
l—a | (2.6.6)

where Eu is Euler constant (Eu = 0.5772) and ¥(y) is the Digamma function of
y coefficient which describes the asymmetry of spectra. Both aandy vary
between 0 and 1. The asymmetric function of Cole and Davidson was derived
after a superposition of Cole-Cole functions and the Havriliak-Negami
function was derived after a superposition of Cole-Cole and Cole-Davidson
functions "+ 7.

The temperature dependence of the relaxation time may be treated as a

property of polymer segmental motion due to the temperature dependent
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segmental friction. Therefore, the temperature dependence of relaxation times
may be also analysed in terms of an analogous model. Many experiments led to
the Arrhenius law (Eq. 2.6.7) and the empirical Vogel-Fulcher (VF) law (Eq.
2.6.8):

Ar

T=r,€

kT (2.6.7)
and
ky(T =Ty ) , (2.6.8)

where kg is the Boltzmann constant, 7, is the attempt relaxation time
approached with 7— oo, and Tyr is the onset temperature of a process as
cooling rate becomes infinitely slow. The apparent activation energy used in
the VF equation Ey relates to the activation energy used in the Arrhenius law
Ey4, as Eyp= Ea(1- T/T,), sometimes denoting an elastic shear energy around
the local relaxation due to the change of an activation volume "), Arrhenius
formalism typically is used to describe materials with almost independently
relaxing dipoles. The Vogel-Fulcher formalism was originally developed for a

[78- 71 and describes behaviour of

temperature dependence of glass viscosity
disordered materials as dipolar glass or amorphous materials. As we see, the
means of dielectric spectroscopy are very important in investigation of polymer
based materials. The function of frequency and temperature can be used to
elucidate intermolecular cooperative motions and hindered dielectric rotations.
If a polymer contains some fillers the interfacial interaction can restrict the
polymer mobility. The dielectric loss maxima can provide information about
various relaxation mechanisms upon the change of temperature and frequency.
When temperature is increased polar groups are more free to orient with regard

to the changing electric field and after ¢ reduces due to a hindering thermal

motion. The free space in the polymer matrix is necessary for the segmental
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movement. In order to compare the temperature behaviour of different
materials the frequency should be fixed.

Dielectric spectroscopy can also provide some useful information on the
ratio of the rigid amorphous phase to the amorphous part in semicrystalline
polymers. A change in loss modulus value compared to polymer can reveal a
change in content of mobile amorphous phase due to a change of the amount of
rigid amorphous phase (RAP), reduces chain mobility ** ¢7. The RAP
progressively mobilizes with increasing temperature and therefore can
gradually loose its character as a separate phase.

The results of frequency and temperature behaviour can also confirm the
presence of the o, relaxation which appears at higher temperature than the
glass transition temperature. As an example Figure 2.6.1 presents a
temperature dependence of the real and imaginary parts of the complex
dielectric permittivity of PVDF in a wide temperature range at various

frequencies.
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Figure 2.6.1. Temperature dependence of the complex dielectric permittivity for pure
PVDF on heating at different frequencies (0.1 Hz- 20 kHz).
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It is clearly seen from the temperature behaviour of the imaginary part
that all curves have two expressed anomalies. The first one at low temperature
is attributed to the glass transition (7,) of PVDF and the second one is usually
attributed to the a, relaxation. The o, relaxation varies greatly on the frequency
scale. The frequency dependence of losses can be schematically represented as

in the following Figure 2.6.2.
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Figure 2.6.2. Temperature dependence of the relaxation time of the dielectric loss
maximum for pure PVDF. Lines are the best fit according to the Arrhenius and
Vogel-Fulcher law.

The frequency behaviour of the o, relaxation can be best analysed in
terms of the Arrhenius model and the p relaxation is well-described by the
Vogel- Fulcher equation. The exponential shift of o, relaxation can be logically

explained by absence of the freezing temperature as in the case of the [
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relaxation (7). The o, relaxation is present until the crystalline part starts to

melt.

2.7 Ultrasonic spectroscopy

In polymers, rubbers and plastics sound absorption depends strongly on
the composition and structure of the material. The determining contribution to
the absorption of sound is made by relaxation processes with a wide spectrum
of relaxation times. Upon a propagation of ultrasonic waves coils of molecules
are continuously folded and unfolded. There are two principal causes of

(430 15 non-

ultrasonic wave attenuation are scattering and absorption
homogeneous materials (polycrystalline aggregates) three scattering regimes
are defined by the ratio of mean grain size to the wavelength 4. When 4 >>
ma, where a is a mean particle width, the scattering regime is called Rayleigh
scattering is proportional to /. In the stochastic phase scattering regime (A4 =
ma) the ultrasonic attenuation is proportional to 2. For the diffusion scattering

regime (A << ma) a does not depend on the frequency:

a=5 (2.7.1)

a
where ¢4 represents geometric factors as density and elastic anisotropy factors
[80]

It is convenient to use acoustic waves of higher than 10° Hz frequency for
the dynamics of elastic and electromechanical material properties. The
ultrasonic and hypersonic waves are coherent phonons of known frequency,
phase and wave number which strongly interact with the crystal thermal

phonons. The interaction characteristics include the altered wave velocity and
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attenuation, which provides information about the dynamics of phase
transitions. The method of ultrasound and crystalline region interaction allows
exploration of lattice dynamics in the frequencies below 10° Hz in crystals
related to ferroelectrics. In case of Brillouin scattering experiments the
frequency range does not exceed 10'° Hz (hypersound). Acoustic wave induced
relaxations cause instantaneous long-range changes of the order parameter. As
a consequence, an acoustic wave dispersion and attenuation takes place here.

Acoustic wave attenuation and velocity are dependent on the wave vector
orientation with respect to the crystallographic axes. The velocity and acoustic
wave attenuation vary anomalously at the Curie point. An ultrasound
modulation of phonon frequency and distribution causes wave attenuation and
dispersion of the wave velocity.

If a plane wave of a moderate amplitude and a cyclic frequency w = 27f

propagates within a crystal, the mechanical stress o, the strain S and the order

parameter 77 vary as:

n(r,0)=no- & (2.7.2)

o(r,t) = o0& (2.7.3)
and

S(r,t)=So. &) (2.7.4)

Here ¢ 1s a time variable, r is a position vector identifying a location in space in
Cartesian coordinates and k is a complex wave vector due to the acoustic wave

attenuation:

k=—=—-ia. 2.7.5
-~ (2.1.5)

Here V' is the acoustic wave velocity expressed by the complex frequency

dependent elastic constant ¢ and density p:
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o= 5. (2.7.6)
Yo,
From Eq. (2.7.5) and Eq. (2.7.6) follows:
O _ig=olb . (2.7.7)
V c

Let’s assume that 7 is the soft mode relaxation time. For temperatures close to
but below the phase transition temperature 7¢ in ferroelectric materials, @ can
be compared to the inverse relaxation time of polarization, so that dispersion
can affect the value of ¢ (w) 2. Therefore, from the Landau-Khalatnikov
theory if the acoustic wave interacts only with the soft ferroelectric relaxation
mode in the ferroelectric phase:

* Coo—CO
C =Co—

S (2.7.8)
1+iwrt

where c,, 1s the elastic constant at high frequencies (w7 >>1) and ¢, is the value
of ¢ in the low temperature phase. If the attenuation is relatively small
(aV/w<<1), then according to the general theory of elasticity from Eq. (2.7.7)
and Eq. (2.7.8):

Vz_V2 2 VZ_VZ
2 T 0
-—=—" and a = : 0

1+ w’r Y 1+ e’

Vi=V;

(2.7.9)

According to the phenomenological Landau- Khalatnikov theory the relaxation

. 22,71, 81
time can be expressed as > 7! 8!

(2.7.10)

where 7, 1s a prefactor with dimension s-K. In the phase transition region the

ultrasonic velocity dispersion occurs simultaneously with the maximum
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ultrasonic attenuation > " 7?1 In the case of low frequencies w7 <<l it appears
difficult to observe experimentally any velocity dispersion below the phase

transition due to a very narrow temperature range:

VZ—VOZ |

V=V, = 0 and a=0’r °°2 (2.7.11)

When the condition @wz>>1 the polarization cannot vary with electric field and

remains constant. The sound attenuation also remains independent on the

frequency:
2 12
v=v, = |% and a=1V="lo (2.7.12)
Yo, T 2V

2.8 Importance of PDMS and P(VDF-TrFE) as a composite
matrix

Polydimethylsiloxane (PDMS) is an organic polymer, which was
commercialized in the United States in the early 1940s, and was used with
other commercial silicones as additives in solvent-based coatings to prevent
surface defects, such as scattering '**. Since then the interest of PDMS has
been growing in chemical and biological applications due to its long service
life, optical transparency, mechanical compliance, chemical stability, bio-

[39, 83

compatibility, and ease of fabrication I, Most of the modern silicone

insulators for high voltage are PDMS based polymers. PDMS as a flexible
organic macromolecule with —(Si-O),- backbone exists in a semicrystalline

[84

state . The unique properties of PDMS come from the bond in the backbone,
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similar to that of the C-C backbone. A high equilibrium flexibility imparts
properties such as relatively low melting temperature point of PDMS (~ 233
K). The glass transition, so called pseudo second order transition, is observed

53] 'When the temperature of static

within the polymer’s amorphous region
glass transition is approached the polymer goes from a rubber-like to a hard
glass-like state ©*®). This temperature for PDMS (T .~ 148 K) 1s one of the
lowest among polymers *”. The polymer matrix is extensively studied due to
its industrial versatility.

One of the first ferroelectric polymers appeared to be
polyvinilidenefluoride (PVDF), after it was established that substantial
piezoelectric and pyroelectric activity could be generated in synthetic polymer
films polarized by a strong DC electric field %1,

The macroscopic properties of PVDF mainly depend on the sequence of
molecular groups in the chain. This ordered packing of chain molecules results
in growth of crystalline lamellae with unique electromechanical properties.
Crystallization and melting temperatures of PVDF and its based copolymers
are dependent on so-called head-to head (-CF,-CF,-) and tail-to-tail (-CH,-
CH,-) defects up to 6% of the chain molecules. Certain defects can also

influence formation of different crystalline phase of PVDF:
1 The non-polar « phase with alternating layers of helix molecules, whose

dipole moments are oriented in opposite directions. Sometimes the

conformation is called as trans-gauche-trans-gauche' (tgtg") (Fig. 2.8.1).
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Figure 2.8.1. Structure of PVDF, P(VDF-TrFE) and its monomers

The trans—gauche state of conformation in the chain of PVDF means rotation
about the bond linking two carbon atoms. If the angle of two planes joining the
bonds is equal, the conformation is called frans state (f) and when the angle
between the two planes is £120°, the gauche plus (g') and minus (g),

depending on the direction of rotation ***!.

2 One of the most studied ferroelectric polymers is PVDF in so called f-
phase. However, it is difficult technologically to polarise it in this phase >
88-%91 The B phase with its parallel stacking of planar zig-zag (tttt) chains is
obtained from « phase material by stretching or by application
of high electric fields. Here the -CF,- groups create a strong permanent
dipole moment.

3 In the polar o phase the tgtg' chains are parallel with their dipole moments.
The phase may be obtained in electric fields above from the « phase

PVDF.
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4 The yphase is also polar of tttgtttg' chains packed parallel with their dipole
moments.

5 The non-polar ¢ phase of antiparallel tttgtttg' packing.

Later, the neat organic PVDF copolymers, such as P(VDF-TrFE), have
attracted intense scientific and technological attention due to their more stable

ferroelectric state [ % %0 9l

. The copolymers with the molar ratio of
vinilidenefluoride and threefluorethylene 70/30 mol. %, having a high degree
(more than 80 %) of crystallinity (ratio of the ordered molecules in the polymer
to the randomly arranged molecules), are ferroelectric already in the as-grown
state, which is responsible for its large electromechanical coupling ' *%*%2]

A copolymerization of PVDF polymer together with vinylidene fluoride
(VDF) monomer forms the planar zig-zag conformation of the A-phase
molecules without stretching. Introduction of fluorine atoms into the polymer
chain during polymerization process increases the unit cell size but hinders
rotation of backbone defects necessary for formation of the paraelectric phase
394 " This allows vinilidenefluoride/trifluoroethilene copolymer, P(VDF-
TrFE), to crystallize in the ferroelectric phase with all-trans conformation
regardless of the processing method ***!. P(VDF-TrFE) copolymer may exists
in other two phases: paraelectric phases related to the « and the y phases of
pure PVDF.

The highest electromechanical properties of PVDF are found in films

containing polar axes perpendicular to the surface (Fig. 2.8.2).
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Figure 2.8.2. Orientation of £ phase PVDF and P(VDF-TrFE) upon electric field

The advantages of the P(VDF-TrFE) based composites over conventional
piezoceramics involve broad bandwidth, low acoustic impedance and good
matching to human tissue, mechanical flexibility and the possibility of

patterning the electrodes [7, 25, 26, 33, 35, 36, 63, 65 70, 88, 91, 93, 95-105]

2.9 Fillers in nanocomposites

There are various types of nanoparticles used, as nanocomposite fillers,
reported in the literature, e.g., metal nanoparticles, metal oxide nanoparticles,
ceramic and polymer nanoparticles !°" 161981,

Metal oxide nanoparticles are one of the most versatile materials of
diverse properties and functionalities. Zinc oxide (ZnO) nanoparticles have
their own importance due to the broad area of applications starting from gas
and chemical sensors, solar cells, electrical devices and finishing on cosmetics
(protective sun lotions). ZnO is an attractive material with wide band gap (3.37

eV) for short-wavelength optoelectronic applications, i.e. blue to ultraviolet

optoelectronics including laser developments. In addition, due to its non-
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centrosymmetric crystallographic phase, ZnO shows the piezoelectric property,
which is highly useful for the fabrication of devices nanocomposite based
actuators %% 1071,

Another type of fillers for nanocomposites in electrical applications are
fillers on a basis of lead zirconate titanate (PZT) ceramics. These fillers are in a
contrast with its properties of the available polymer matrices. The
electromechanical properties of PbTiO; ceramics may be more than ten times
better than those of the piezoelectric polymer. The optimum property is
determined by the type of interconnection between various fillers within a
composite.

As the volume fraction of poled piezoelectric nanofillers is increased, the
piezoelectric strain d coefficient (Eq. 3.3.1) of the composite increases.
However loading of the piezoelectric fillers leads to a progressive increase of
the electric permittivity in a low permittivity matrix, and as a consequence, the
decrease in the piezoelectric voltage constant g;, which can be expressed

through a change of the mechanical strain per unit S; experienced by the

change of the applied electric displacement D; at a constant stress o':

gy = (%} [%2} 2.9.1)

Here i and j indices denote a direction of the applied electric displacement D
and the induced strain S, respectively. Consequently there is an optimum
particle loading as far as maximizing both d and g coefficients is concerned.

These two coefficients are considered to be a so-called “figure of merit” in
comparising materials for various applications. The piezoelectric strain
coefficient d perfectly represents the effectiveness of the transducer to act as
transmitter, and the voltage constant g shows how effectively the transducer
acts as a receiver. Fillers of high permittivity also make the poling of a
polymer based nanocomposite difficult due to the high difference in the

permittivities between the fillers and the polymer matrix. The applied electric
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field is not equally distributed in such a composite, i.e. the local field is high in
the polymer matrix and low is high in the fillers.

Various carbon nanomaterials as fullerenes, grapheme, carbon nanofibers
and nanotubes are used as additives in conducting polymer nanocomposites "
>21 Different methods as arc catalytic chemical vapour deposition, discharge,

(31,1091~ Carbon

laser ablation, are used for synthesis of carbon nanotubes
nanotubes (CNT) is a molecular form of carbon that has technologically
promising and unique properties °*. Carbon nanotubes are one-dimensional
carbon nanostructure with tubular morphology of a graphite sheet, both ends of
which are capped with fullerene hemispheres. Depending on the number of
walls in carbon nanotubes, CNTs are named as single-walled carbon nanotubes
(SWNTs), double-walled carbon nanotubes (DWNTs), and multi-walled
carbon nanotubes (MWNTs). Each of these types has slightly different
properties. The electrical conductivity of pure SWNT is higher than that of
DWNT and MWNT. SWNT nanotubes are ductile and extremely stiff. It is the
strongest known material with low density, which tensile strength varies from
50 GPa to 200 GPa. It exceeds the value of carbon fibres. Elastic modulus
values vary in the order of 10° GPa. The structure of carbon nanotube is
represented in Figure 2.9.1. The diameter of nanotubes is on the order of a
nanometer (less than 100 nm). Each nanotube consists of a single molecule

composed of millions of atoms. The length (L) of the nanotubes is on the order

of thousands of times greater than the radius (R).

Figure 2.9.1. The structure of a carbon nanotube. Here R and L denote radius and
length of a carbon nanotube
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The nanotube can behave electrically as a metal or a semiconductor
depending on its orientation. Due this property, it is anticipated to exploit CNT
in liquid crystal displays in order to make the production cheaper and reduce
power wastes 1521,

Nanocomposites with a combination of piezoelectric ceramic fillers and
fillers of carbon may act as passive “piezodampers” more effectively than
traditional rubbers. Here the suppression of noise vibration is due to the

electric properties of the fillers within a non-piezoelectric polymer ),

3 Experimental

3.1 Means of dielectric spectroscopy

The complex dielectric permittivity was measured as a function of
frequency (20 Hz-1 MHz) and temperature (100 K — 400 K) using a LCR
meter HP4284A. Evaporated Al electrodes on the sample surface were used for
electrical contacts. The equivalent electrical circuit was selected as the

capacitance C and the tangent of losses:

n

y .

£
From these quantities, according to the planar capacitor formula, complex
dielectric permittivity was calculated as:

g (C=C)d (3.1.2)
&S

and

C-tgd—C,tgd, N
Cc-C,
S22

"= glgd = 1. (3.1.3)



Note, that C and #go are capacitance and loss tangent of the system with the
sample, but Cy and #gJ, are capacitance and loss tangent of the empty system, d
is the thickness of the sample, S is the area of the sample, & is the dielectric
constant of vacuum.

In the frequency range of 1 MHz — 1 GHz the dielectric properties were
studied by measuring the complex reflection coefficient 7 using a vector
[110]

network analyzer Agilent 8714ET and a coaxial line

. Z-2,

= , 3.14
! Z+Z, ( )

where Z and Z, is the wave impedance of the transmission line (50 ) and Z is
the impedance of the sample. Afterwards the capacitance was calculated
through to the following relation between the complex admittance and the

complex reflection coefficient:

" 1

Z = s
joC

(3.1.5)

Then the complex dielectric constant was calculated from the following

equation:

e’=w+l, (3.1.6)
&S

where C and C," are complex capacitances of the filled and empty system.

Elmika 2400 scalar network analyser in combination with waveguides of
various dimensions was used for dielectric spectroscopy investigation in GHz
frequencies (8 GHz — 12 GHz; 27 GHz — 40 GHz; 35 GHz — 55 GHz). The
complex reflection coefficient and phase are determined by automatized
waveguide spectrometer. Several generators produced EM radiation (Hj

mode) within the waveguides in the aforementioned frequency ranges. The
JdD



rod-shape sample inside the waveguide caused scattering of the radiation. The
complex dielectric permittivity is found by solving the non-linear complex

equation (Eq. 3.1.7) applying numerical optimization methods %

g =f(rT). (3.1.7)
Here r and T are the complex reflection and transmission coefficients,

respectively.

3.2 Means of ultrasonic specroscopy

Investigations of the ultrasonic wave attenuation and velocity at 10 MHz
frequency in the composites were performed in the 300 — 420 K temperature
range by the automatic pulse-echo method. The sample was placed between
two ultrasonic waveguides lubricated with silicone oil to ensure acoustic
contact for propagation of longitudinal waves between the sample and the

waveguides (Fig. 3.2.1).

Temperature Controller

. e et e e e
Radio pulse QB RAARnRI QB
AL
Generator
{.'.f .{' ESISAS
Sample
PC and Digital
Analysis Program Oscilloscope

Figure 3.2.1 Block diagram of ultrasonic measurement assembly [''!!
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LiNbOj; acoustic wave transducers placed at the end of the quartz buffers were
used for transmitting and receiving the longitudinal acoustic wave. The
velocity of the ultrasonic (US) longitudinal wave was calculated from the
variation of the delay time in the mechanical system after subtracting the
known part of the delay in the quartz buffers. Measurements were performed
on heating and cooling at the rate of about 1 K/min. The temperature change
was monitored by a Keithley Integra 2700 multimeter (Fig. 3.2.2) with a

copper-constantan thermocouple adhered to the sample "',

- Multimeter

~Oscilloscope

-Measurement cell

Figure 3.2.2. The measuring system of ultrasonic spectroscopy in bulk materials

Ultrasonically excited piezovoltage at 10 MHz frequency (AC voltage at /=
10 MHz) was measured by detecting the US wave on the composite attached to
the buffer. The technique is the same as used in the automatic pulse-echo
method when the receiving transducer is replaced by the thin plate of the
polymer under investigation. Each measurement started at 390 K. In order to
electrically polarize the sample, DC electric voltage of 300 V was applied to
the polymer at 390 K and the sample was cooled to room temperature at the
rate of about 1 K/min. At the room temperature the DC voltage was switched

off and the sample was heated up to 390 K.
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3.3 Means for ferroelectric characterisation

For ferroelectric and piezoelectric characterization of the samples TF
Analyzer 2000E (aixACCT Systems) with a TREK 609E-6 4 kV voltage
amplifier was used. All samples were deposited in a cell filled with a
transformer oil in order to prevent electric arc. A bipolar triangle driving
voltage applied to the samples was used to induce a ferroelectric loop and a

mechanical displacement (Fig. 3.3.1).

10 : . - - - - ; 80
B 20 vol. % P(VDF-TrFE)/BFéZT
— or 140 c
£ =
9 —
< 0 0 g
L (o}
N %)
3 5L 402
D% - -
> B
-10 : ' : : ' : -80
-1000 -500 0 500 1000

Field (kV/cm)

Figure 3.3.1. Ferroelectric loop and mechanical displacement versus electric field of
20 vol. % P(VDF-TrFE)/BPZT composite at f = 30 Hz and 7 = 293 K. The inset
demonstrates schematic variation of the bipolar triangle driving voltage. Points A, B,
C and D are to show instant value of polarization and displacement with respect to the
electric field.

A pre-polarizing pulse was applied before each measurement to achieve a
highly polarized state of the sample. At that the pulse used for pre-polarization

of the film was followed by the driving voltage period used for polarization
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measurements. The loops were obtained in both “clockwise” and “counter-
clockwise” directions. There was a 1 s interval between polarizing pulse and
driving voltage application. Afterwards, the polarization was calculated by
integrating the measured current.

A beam interferometer was directed onto the contacting electrode
allowing measurement of the mechanical displacement. The piezoelectric
strain coefficient, parallel to direction of polarization (ds3), was derived from

the linear dependence of the displacement on the applied voltage:

_ mechanical strain {m C }

= Tor— (3.3.1)

applied voltage

The butterfly curve and the hysteresis loop corresponding to the bipolar
excitation signal are shown in Fig. 3.3.1. The hysteresis loop starts in the
negative relaxed remanent polarization state (A) and turns into the positive
saturation (B). When the voltage equals to zero the polarization reaches the
positive remanent polarization state (C). Following the curve it turns into the

negative saturation (D) and then back to the remanent polarization state (E).

3.4 Other techniques

Dynamical mechanical analysis (DMA) measurements were carried out
using the tensile mode of Q800 dynamic mechanical analyser (TA instruments)
in the temperature range 220 K to 400 K. The tests were performed for

rectangular samples with 10 mm width and 20 mm length between clamps. The
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isothermal experiments were conducted every 5 K. At each temperature a
frequency of 1 Hz and 10 Hz was applied.

Thermal analysis was performed by a differential scanning calorimeter
(DSC) Mettler Toledo 822e. The heating and cooling rates during DSC
measurements were 10 K/min. The samples were annealed at two different
temperatures, at about 390 K and melting temperature (415 K). Afterwards, the
samples were cooled down to room temperature and heated for several times to
390 K and 415 K. The degree of crystallinity was determined from the ratio of
the melting peak to the heat of fusion for P(VDE-TrFE) (38 J/g) 1'%,

Additionally, measurements of the thermally-stimulated discharge current
(TSDC) were performed. Non- metallized films of neat P(VDF-TrFE) and
P(VDF-TrFE)/CNT composites with 20 mm diameter were attached onto
copper plates with a conductive double-side adhesive tape. According to some
previous investigations, such conductive tapes prevent unwanted charge

[112

injection from the electrodes "', A corona triode poling of +12 kV constant

voltage was applied at elevated temperature (353 K). In spite of various
defects, during the process of corona charging, samples with only one

electrode and higher electric fields can be used in contrary to sandwich

[113]

contacting methods . In our case samples were cooled down to room

temperature under an applied field during 30 minutes. The needle-to-grid
distance and the grid-to-sample distance were 43 mm and 5 mm, respectively.
The highest surface potential was limited by the grid voltage of 2.5 kv 11,

The charge transport from the needle to the surface of the samples was

[113]

performed at atmospheric pressure, as expected, mainly by cations . In

order to investigate orientation motion of dipoles and separate them from space

charges relaxations, upon heating in the films, the TSDC measurements were

[70, 114, 115

carried out in open circuit (OC) mode I In order to separate displacive

currents (heterocharges) from currents of charges trapped on the sample

) [70, 99]

surface, or in the near surface region (homocharges upon heating, a glass

spacer of 1 mm thickness as an isolating gap was placed on the surface of the
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sample. This method allows charges drifting to the back electrode. In order to
avoid stray currents, originated from unstable excessive charges, all samples
were short-circuited after poling. This method facilitates a redistribution of the
mobile charges and, as a result, the whole field in the bulk becomes zero L70. 98,
99: 1021 'The TSDC currents were measured at the heating rate of 10 K/min.
Afterwards the processes of polarization and TSDC measurement were
performed again.

The morphology of the prepared film was examined using a scanning
electron microscope (SEM) TOPCON model SM-300. For the SEM test, the
film samples were cooled down in liquid nitrogen for 5 minutes and then
fractured in the middle. The hollow samples were coated with gold before

examination. The surface of fractured sample border was examined at various

magnifications.

3.5 Materials

The ZnO nanoparticles with a size specification of 30-100 nm were
purchased from Alfa Aesar, Chicago, Illinois. Fractions of ZnO with aggregate
sizes of 30 nm were extracted by centrifugation (3,000 g force) from
suspensions in isopropanol and used as fillers. Dow-Corning supplied the
polydimethylsiloxane, Sylgard, as a two part material. The procedure of
embedding ZnO fillers into PDMS polymer matrix was performed in several
steps. Firstly, the ZnO nanoparticles were dispersed in isopropanol solvent and
sonicated to break up large agglomerates. The ultrasonic processor used in
these studies was a Cole Parmer High Intensity 750 W Ultrasonic Processor
(20 kHz frequency), which is a horn type ultrasonic source that allows for
submersion of the ultrasonic horn into the sample, providing more efficient

transfer of energy to the sample. Afterwards, the suspension was mixed with
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uncured PDMS. The isopropanol solvent was removed by vacuum. The
mixture of PDMS and nanoparticles was cured at 60 °C for several hours and at
40 °C overnight. Such procedure allows preparing nanocomposites with
satisfactory dispersion of nanoparticles as confirmed by an inspection in an
optical microscope and by uniform photoluminescence of the composites under
UV excitation as observed in the Olympus IX71 inverted fluorescence
microscope. The latter characterization was possible based on fluorescence of
ZnO nanoparticles under UV light. Composites with 1 wt. %, 2 wt. %, 5 wt. %
and 10 wt. % of ZnO in PDMS were prepared.

A copolymer with a molar ratio 70/30 of VDF to TrFE, produced by
polymerization from solution (dimethylsulfoxide/acetone mixture), was used as
the composite matrix. As the filler, a carbon nanotube (CNT) powder was
used. Synthesis of carbon nanotubes (CNTs) was carried out by chemical
precipitation from the gas phase during pyrolysis of methane. The temperature
of the synthesis was 900 °C at the constant pressure of 1.3 bar in a chamber
with a flow of a gas mixture consisting of argon, hydrogen and methane. The
total flow of the gas mixture was 750 cm’/min. The duration of the process
lasted 60 minutes. Subsequently, the resulting material was subjected to a
liquid-phase treatment at elevated temperatures (in solutions of HCI, H,O, and
HNO5/H,SO,4 mixture) in combination with ultrasonic method of separation.
These operations make it possible to purify CNTs from impurities and catalyst
residues, and also to achieve formation of polar groups with C=0 bond on the
surface of CNT walls. Geometry parameters of CNTs were evaluated with the
help of scanning electron microscopy (SEM): the mean diameter value was 20
nm and the length varied from 1.0 to 1.5 pm. To produce samples of a
composite based on P(VDF-TrFE) and containing carbon nanotubes, a filler
suspension was prepared in a solvent which was subsequently mixed with a
polymer solution. Dispersion of the suspensions was carried out in the
ultrasonic bath at temperatures not exceeding 10 °C with the ultrasonic power

of 30 W/em® during 60 minutes. The concentration of the filler in the matrix
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was varied from 1 vol. % to 2 vol. %. More information on filler matrix
preparation can be found elsewhere [,

As the filler, also a (Pbg 75Bag24S10.01)(Z1g 53T10.47)O5 (BPZT) powder with
the average particle size ~0.5 um of lognormal distribution was used. The
concentration of the filler in the P(VDF-TrFE) matrix was varied from 10 vol.
% to 50 vol. %. Films had thickness varying from 20 to 50 um depending on
the concentration of the filler: 20 um in case of neat P(VDF-TrFE), 30 um in
case of 10 vol. % BPZT and 20 vol. % BPZT, 40 um in case of 30 vol. %
BPZT and 50 pum in case of 50 vol. % BPZT. Both scanning electron
microscopy and atomic force microscopy measurements (Fig. 1 and Fig. 3 in

181y confirmed homogeneous dispersion of the BPZT grains in the polymer

matrix without formation of agglomerates.

4 Experimental results

4.1 PDMS/ZnO

Temperature dependences of real (&) and imaginary (&") parts of the
complex dielectric permittivity (¢= &-ig”) at 1 MHz frequency for all
investigated composites and pure PDMS are shown in Fig. 1.

The temperature dependence of the complex dielectric permittivity exhibits
an anomalous behaviour at low temperatures (close to 175 K). This behaviour

is attributed to the dynamic glass transition, usually referred as a primary «
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relaxation, due to a relatively large-scale cooperative motion of many
backbone segments in amorphous phase of PDMS !¢ 17

The slope of the dielectric permittivity temperature dependence strongly
decreases with the concentration of nanofillers in the temperature region 175 K
— 260 K (Fig 4.1.3a). The similar behaviour of the real part of the dielectric
permittivity of pure PDMS has been previously observed by H. Adachi et. al.,

U815 Ouyang et. al. '

and was attributed to a subsequent growth of
spherulites in the amorphous region. Hence, our cooling rate is slow enough (1
K/min) and enables the crystal nucleation within the polymer. From our results
(Fig. 4.1.1a) it is obvious that the presence of ZnO nanoparticles strongly

affects the crystallization rate and decreases the slope of &' (7).

* pure PDMS
' 1 wt.% ZnO
3.8l staind
L & 5 wt.% ZnO
3.6 °o.~.,...% 10 wt.% ZnQ
g ; .
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Figure 4.1.1. Temperature dependence of the complex dielectric permittivity for pure
PDMS and for composites with 1 wt. %, 2 wt. %, 5 wt. % and 10 wt. % ZnO
inclusions on cooling at 1 MHz frequency.
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It is clearly visible that the peak of the dielectric loss maximum (7p,y) 1S
shifted towards higher temperatures with increasing the concentration of ZnO
particles (Fig. 4.1.1b). This shift is related to the shift of the dynamic glass
transition temperature and will be discussed later.

The dielectric dispersion and the peak of dielectric losses have been
observed close to the temperature of the glass transition in all investigated
composites. Figure 2 shows the frequency dependence of the imaginary part of
the dielectric permittivity for 5 wt. % ZnO in PDMS close to the glass
transition temperature 7,. The curves of losses show a relaxation peak in the
frequency range of 1 kHz — 1 MHz. The dielectric dispersion is caused by the

a relaxation in PDMS, which origin is related to the local segmental dynamics
[118, 120]
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Figure 4.1.2. Frequency dependence of the imaginary part of the dielectric
permittivity for 5 wt. % ZnO in PDMS at different temperatures close to 7, (160 -180

K). Symbols denote the experimental data. The curves are calculated according to the
Cole- Cole spectral function (Eq. (4.1.3)).
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In Fig. 4.1.3 experimental dependences of the longitudinal wave velocity
and the ultrasonic wave attenuation on temperature and the concentration

dependence of the ultrasonic wave attenuation (inset) are demonstrated.

pure PDMS
1 wt.% ZnO
2 wt.% ZnO
5wt.% ZnO
10 wt.% ZnO’

V (10° m/s)
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Figure 4.1.3. Temperature dependences of the ultrasonic velocity (a) and the
ultrasonic wave attenuation (b) for the composites on cooling.

It is clearly observed that at low temperatures the ultrasonic velocity is

noticeably dependent on the loading of ZnO nanofillers (Fig. 4.1.3a). The
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larger concentration of ZnO nanoparticles embedded in the polymer matrix the
higher velocity values are observed in the composites. It might be due to the
large difference between elastic coefficients of zinc oxide and polymer
material > 1% 1171,

The peak corresponding to the maximum ultrasound wave attenuation
within the composites is extended rightwards, depending from the
concentration of ZnO (Fig. 4.1.3b). This is consistent with our observation in
the dielectric behaviour of the composites (Fig. 4.1.1) and could be due to the
crystallization process, which is affected by specific interactions between the
filler and the polymer matrix " '], This suggests that the molecular mobility
of the polymer matrix is affected by the presence of embedded nanoparticles.
ZnO fillers reduce the flexibility of PDMS backbone and, as a consequence,
more heat is needed for the transition from the glassy to the soft state.

An experimental dependence of the ultrasonic attenuation on ZnO content
in PDMS nanocomposites is depicted on inset in Fig. 4.1.3b. The attenuation of
ultrasonic wave within the composite at room temperature linearly depends on
the concentration of ZnO nanofillers. Similar results are obtained earlier in
PDMS/OLC composites "'*'). To explain such dependence, we assume that
adding ZnO nanoparticles to PDMS increases the dynamic heterogeneity in the
composite, that is an important factor for the ultrasonic attenuation.

The numerical prediction of the scattering- attenuation induced by identical
randomly distributed particles was previously predicted by C. M. Sehgal et. al.
11221 The attenuation in inhomogeneous medium was considered by scattering
from closely-packed and independent elements. The contribution of the
scattering to the attenuation may be expressed as:

4;7]{4(13
(1+ k%2 |1+ 9%%a) 4.1.1)

9
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— Vi, -7, . : : )
where 1’ :(l—n)[l—n—nV—fz](fV—z”’)z is a mean velocity fluctuation in
;

m

12317 is a filler volume fraction in the composite, k

polymer based composite
i1s a wavenumber, a is the average size of the filler, V; and V,, are sound
velocities in the fillers and the polymer matrix, respectively, A=2xf/V,,.
Considering ZnO (a = 30 nm) as the scattering particles and taking into
account ZnO properties published in Ref. ) negligible attenuation values
were obtained (~10” m™) according to the Eq. (4.1.1). Therefore, the scattering
and the attenuation could be induced by the larger particles in the composite
matrix. We assume that the scattering may be caused by spherulites within the
semicrystalline PDMS structure, they were previously investigated in other
semicrystalline polymer '** '*°1. The spherulites may cause a “quasiresonant”
ultrasound absorption, with attenuation maximum at ka=x The size of

11241 According to this

spherulites can be up to few hundred microns
assumption, the value of attenuation can be calculated close to the
experimentally observed one (~ 10 cm™). Although, the ratio of the acoustic
wavelength (200 um) and the ZnO particle size (30 nm) is very high, such rigid
particles can cause an additional mechanical wave attenuation by the
oscillatory deformation and the interfacial interaction with the polymer matrix
[126] " A model considering absorption and multiple scattering effects has been
proposed for ultrasonic frequencies in fiber-reinforced polymer '*”. A thermal
hysteresis was observed in the temperature dependences of the ultrasonic wave

velocity (Fig. 4.1.4a) and the attenuation (Fig. 4.1.4b).
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Figure 4.1.4. Temperature dependences of the ultrasonic velocity (left), the ultrasonic
wave attenuation (right) for pure PDMS (a) and composites with 5 wt. % (b) and 10
wt. % (c) of ZnO inclusions. Solid symbols: on cooling, open symbols: on heating.

A similar thermal hysteresis was also observed in the temperature

dependence of the imaginary part of the complex dielectric permittivity !'**.

The hysteresis 1is caused by the first order phase transition

(crystallization/melting), which was previously observed on heating by the

41, 128 .
411281 The nanocomposites

crystallize during slow cooling (at cooling rates not higher as 1 K/min) !,

differential scanning calorimetry in PDMS

Upon heating, due to chain rearrangements and the decrease of the melt
viscosity, PDMS also crystallizes from the amorphous phase '*). A complex
melting occurs in heating cycle in PDMS range 220-230 K in good agreement
with previous investigations of PDMS polymer "*”. ZnO nanoparticles can

serve as nuclei, capable of the supporting crystal growth within the composite.
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As the amount of nanoparticles affects the crystallite size and the degree of the
crystallinity, the melting is also enhanced by the presence of ZnO nanoparticles
resulting in the appearance of the hysteresis. The temperature dependences of
the ultrasonic wave attenuation and the velocity are different on cooling and
heating cycles (Fig. 4.1.4). The hysteresis becomes more pronounced for
higher nanofiller concentrations.

The position of the dielectric losses maximum is frequency dependent (Fig.

4.1.5).

0,15

U

0,05+

140 160 180 200

T (K)

Figure 4.1.5.Temperature dependence of the losses at different frequencies
(11.4 kHz — 1 MHz).

The peak increases and shifts to higher temperatures with the frequency.

The shift can be characterized by the Vogel-Fulcher (VF) relation [’* *!1;
~Eyp

[ =yttt (4.1.2)

where f is the frequency approached with Ty,,c—00 and 7)., is the temperature
of glass transition in the polymer as cooling rate becomes infinitely slow.
Other parameters are similar as in Eq. 2.6.8.

Fig. 4.1.6a shows experimental and fitted values of frequency versus the
dielectric loss maxima temperature according to the (VF) equation (Eq. (4.1.2))
for pure PDMS and the composites on cooling. The value for 10 MHz
frequency is obtained from the previously described ultrasonic measurements.
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Figure 4.1.6. Measurements frequency versus the dielectric losses maximum
temperature (a) and relaxation frequency f,=1/7 obtained from the best fit of the Cole-
Cole spectral function (b) for pure PDMS and composites with ZnO inclusions on
cooling. Solid lines are the best fit according to the Vogel-Fulcher law (Eq. (4.1.2)).

Extracted parameters are listed in the Table 4.1.1.

Table 4.1.1. Vogel- Fulcher fit parameters of the relaxation time in PDMS/ZnO
Nanocomposites

Material fo(THz) Epr(meV) T (K) (fllgi) Trer» (K) 7o (ns)
Pure PDMS 0.89 49 133.72 21 131.86 0.15
1 % PDMS/ZnO 0.89 47 136.98 21 134.00 0.14
2 % PDMS/ZnO 0.89 47 136.83 21 134.39 0.14
5 % PDMS/ZnO 0.89 45 137.46 20 137.40 0.14
10 % PDMS/ZnO 0.89 46 140.82 21 142.01 0.15
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The frequency dependence of the imaginary part of dielectric permittivity
was analyzed by the Cole-Cole spectral function (Eq. 2.6.3) "4 (CC):

The best fit is presented in Fig. 4.1.2 as solid lines. The a parameter, Ae and
&, are almost temperature independent (in the range 160 K — 180 K). Obtained
values of the relaxation time t at various temperatures were converted to the
relaxation frequency values f,. according to f,=1/7. The temperature dependence
of the relaxation frequency fit very well the VF equation (Fig. 4.1.6b). The
values of f), Evr and T, obtained by the VF fit of the relaxation time are
consistent with those shown in Table 4.1.1.

It is clearly seen, that the glass transition temperature increases with the
concentration of ZnO nanoparticles, while the concentration behaviour of the
activation energy is less expressed. The increase of the glass transition
temperature is due to the reduced mobility of the polymer backbone close to
ZnO nanoparticles ¥ 3% 1331,

The ultrasonic attenuation peak can be described using the relaxation theory
of elasticity **! as in Eq. 2.7.9. In order to include the temperature dependence
of the ultrasonic losses in acoustic bonds and buffers, a linear temperature
dependence with two terms (4 and ) can be added:

AV ot

=————+ AT + , - (4.1.3)

V:il+w’r? ’
where J and AV are the longitudinal ultrasonic velocity in the composite and
its magnitude of downward step at a certain temperature, respectively.

Parameters @ and 7 are taken from Eq. 2.7.9. Here we assume that the

relaxation time can be expressed by such VF relation:

EFZ
_ Ky (T=Trer2)
T, =T7,€ v, (4.1.4)

where 7, 1s the relaxation time, when 7—oo.
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Fits on the temperature-dependent ultrasonic wave attenuation for pure
PDMS and 2 wt. % ZnO are plotted in Fig. 4.1.7 and extracted parameters are
listed in the Table 4.1.1. As we see the deviation of fitted curves from the

experimental ones is satisfactory.
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Figure 4.1.7. Temperature dependences of ultrasonic wave attenuation for pure
PDMS and 2 wt. % PDMS/ZnO composites on cooling (solid lines are calculated
according to Eq. (4.1.3)).

Obtained values of both of T,,.and 7, are very similar (Fig. 4.1.8).

150 — , ‘ : :
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ZnO content in PDMS (wt%)
Figure 4.1.8. T, values obtained from dielectric spectroscopy and mechanical
relaxation measurements (The lines are guide for eyes).
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4.1.1 Summary

The effect of ZnO nanoparticles on PDMS/ZnO composite dielectric and
mechanical properties has been studied. Our investigations show that the
mechanical and dielectric losses in composites are strongly dependent on the
concentration of ZnO, i.e. a composite containing higher concentration of
fillers has a lower dielectric and higher mechanical loss peaks. Dielectric
spectroscopic measurements in the PDMS/ZnO composites combined with
ultrasonic measurements revealed the existence of the dielectric hysteresis
between cooling and heating cycles and it is strongly dependent on the
concentration of ZnO nanoparticles, acting as crystallization nuclei. The
growth of spherulites (few hundred microns) can explain the increased
scattering-attenuation in PDMS matrix for higher ZnO concentrations.The
analysis of the dielectric losses maximum according to the VF law and the
ultrasonic attenuation data shows that the glass transition temperature increases
with increase of ZnO concentration in the composites. It has been shown that
the ultrasonic and the dielectric relaxation processes can be described by VF

law.
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4.2 (PVDF-TrFE)/BPZT

4.2.1 Modelling and experiment of polarization reversal

The experimental ferroelectric hysteresis loops are presented in Figure
4.2.1.1.

10 @ 10 ©
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Figure 4.2.1.1. Ferroelectric loops of pure P(VDF-TrFE) ((a) and (c)) and
P(VDFTrFE)-BPZT composite ((b) and (d)) at various frequencies at room
temperature ((a) and (b)) and various temperatures at 1 Hz ((c) and (d)) '°.

The loops of the pure copolymer sample are close to be rectangular in shape,
while they are tilted in the case of the composite. The tilting of near-coercive
regions of the loops is connected with coercive field scattering that is
dependent on the character of local interactions in the copolymer and on the
character of inhomogeneities and their distribution in the composite. The slope
of the saturated regions of the hysteresis loops is proportional to the dielectric
permittivity.

The coercive field increases with both cooling and frequency increase.

Such a behavior was expected and has been reported for many ferroelectric
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systems. The hysteresis loops were slightly distorted due to the finite resistance
of the samples at frequencies below 0.1 Hz (Figures 4.2.1.1a and 4.2. 1.1b).
This means that the conductivity of the samples does not contribute to P-E
loops and switching dynamics at higher frequencies, as the relaxation time of
the free charge carriers is too long. At higher frequencies, a slight decrease of
the remanent polarization with increasing frequency was observed.

Figure 4.2.1.2 demonstrates dependences of the coercive field and

remanent polarization on frequency and temperature.
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Figure 4.2.1.2. Experimental (symbols) and interpolated (dotted curves) frequency
and temperature dependences of the remanent polarization ((a)and (c)) and coercive
field ((b) and (d)) for P(VDF TrFE) and 20 vol. % P(VDF-TrFE)/BPZT. Data shown
in panels (a) and (b) correspond to the room temperature. Data shown in panels (c)
and (d) correspond to the frequency of 1 Hz 1°!.

The composite film demonstrates ferroelectric parameters noticeably
different from those of the pure P(VDF-TrFE) film. It has the significantly
smaller coercive field (by the factor of about 1.6—-1.7) in the entire frequency

and temperature range, where the measurements were carried out. The
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remanent polarization of the composite sample is higher than that of P(VDF-
TrFE) at frequencies below 1 Hz, but it becomes smaller at higher frequencies.
As one can see from the comparison of Fig. 4.2.1.2a and Fig. 4.2.1.2b, the
remanent polarization monotonically decreases and the coercive field
monotonically increases with the increasing frequency at a fixed temperature
for both copolymer and composite sample.

The experimentally observed increase of the coercive field with the
increasing frequency shown in Fig. 4.2.1.2b was deduced from the Weiss
model by Leschhorn and Kliem "**. Dependences of the remanent polarization
and coercive field on temperature are shown in Fig. 4.2.1.2c and Fig. 4.2.1.2d.
For both materials, the remanent polarization slightly decreases in a non-
monotonous fashion, while the coercive field exhibits a strong monotonous
decrease with increasing temperature.

The frequency dependences of the polarization and coercive field can be

approximated as:

P.(w)="P,, + Pe o’ (4.2.1.1)

r 0
and

E(0)=E, e (4.2.1.2)
respectively. Similarly the temperature dependences of polarization and

coercive field have been approximated as:

P(T)=P,+P. (TL] 4.2.1.3)
and
E ()= Em[l - TiT . 4.2.1.4)

Here P, P,;, Py and Py are polarization amplitudes, S, Q andy are
dimensionless exponents, £, and E7, are coercive field amplitudes, C,p, C,r

are factors and 7¢ is the Curie temperature. All fitting values are listed below
in Table 4.2.1.1.
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Table 4.2.1.1. Parameters used in the fitting of the experimental dependences Ec(®), Pr(w), Ec(T) and
Pr(T) shown in Figure 4.2.2 16]

P, P, P P
. ’ ! 0 ! E w0 E T0 CmP CwE T C
Material 5 N R S, Q |7y
(uC/em?)(pC/em?)(uC/em?)(uC/em?)| — (10°V/m*)(10°V/m*)(Hz )| (Hz ™) (K)
P(VDF- ]
6.49 0.8 7.1 | -0.517 0.417 | 2.42 |[1.333.8:1070.180 W31
TrFE)
1.5
20 vol. % 0.3
P(VDEF- 7.70 1.6 6.9 | -0.304 0.328 1.63 | 1.00 3.3-1070.312] 434
TrFE)/BPZT

It is also interesting to discuss properties of composites with smaller
contents of ceramics inclusions. Preliminary results indicate that the noticeable
changes of the remanent polarization and coercive voltage appear under the
BPZT concentration increase over (10—15) vol. % only. Hysteresis loops’
parameters for smaller concentrations look very similar to those obtained for
pure PVDF. The changes appeared for more than (10-20) vol. % of BPZT are
gradual. Concentrations of BPZT inclusions higher than 20 vol. % have not
been studied yet, but here, we expect a strong cross-talk between the ceramic
inclusions.

In order to describe polar properties of the P(VDF-TrFE)-based composites
and explain the difference from the pure copolymer, we have adopted mean-
field Weiss model and performed a weighted averaging over several
independent parameters. The Weiss model has several advantages, because it
provides a macroscopic description taking into account microscopic
interactions between individual dipoles '* '**. For ferroelectrics, the intrinsic
polarization reversal is a rather rare case. Averaging over the model parameters
can include the hysteresis loop tilt originated from the domain steps reversal in

the case of ergodic processes.
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Within the framework of the Weiss model, ferroelectric polarization out-of-
plane component P; dynamics is described by a dynamic relaxation-type
equation:

dP,

Sp (()=P.(1) (4.2.1.5)

7 (P)

supplemented by the initial conditions P5(0)= 0 with following relations:

"

r(P)-= roet _— (4.2.1.6)
> cost| PAE+ P+ P))
kT
P.()=n-p- tanh(% (£, +aP, + pP; )). (4.2.1.7)

Here, P, is the equilibrium polarization, 7 is the relaxation time, W is the
activation energy, n is the total density of dipoles, p is the dipole moment,
constants « and f describe strength of linear and nonlinear interaction between
dipoles. E, has the meaning of an electric field “acting” on the polymer
P(VDF-TrFE) matrix that includes both external and depolarization

contributions originated from BPZT particles boundaries.

Table 4.2.1.2. Effective Weiss model parameters for pure P(VDF-TrFE) and composite P(VDFTtFE)
with 20 vol. % of BPZT 1°

Material % () |AT(8)|ATu ()| (Vm/C)|Aa(V-m/C) |p (Cm)| Wy, T n (m)
P(VDE-TIFE) 1-110°] 1107 | 4.0-107 | <0.05-107 [15-107°] 5107 | 1.9-10°
20 vol. % 2-10°"
° 1-10% 110" | 55107 | 0.95:10° [23-10°°| 4-10% | 2.0-107
P(VDE-TrFE)/BPZT

Robels et al. have shown that the depolarization field effect can lead to
the loop tilting for the case of unscreened dielectric particles in a dielectric
matrix [*°. However, we mainly rely on the result that depolarization effects in
a ferroelectric composites “particles/ultra-thin screening charge layer/ matrix”

[137

do not lead to the noticeable loop tilting I'*"). There are two main physical
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reasons for averaging: (a) local mesoscopic disorder inherent to pure P(VDF-
TrFE) due to semi-crystallinity and coexistence of polar and nonpolar phases,
and (b) local strains and screening charges concentrated around BPZT
inclusions. Both these reasons demand a renormalization of Weiss model
parameters, primarily « and S. Averaging over different values of the
parameter, « (that corresponds to the polarization response to the electric field
at the location of the dipoles), was carried out with weighted coefficients
corresponding to the normal Gauss distribution. It has been found that the
averaging over « leads to the transformation of the squared polarization
hysteresis loop into the tilted one '°\. Averaging over the characteristic
relaxation times, 7, was performed according to the Gaussian distribution.
Generally, the hysteresis loop shape changes appeared under the increasing
frequency are very similar for the averaging over o or S. However, the S-
averaged dependences demonstrate a slower growth with the increase in

frequency. Effective parameters are listed in Table 4.2.1.3.

Table 4.2.1.3. Effective parameters for averaging on o and 7 of P(VDF-TrFE) with 20 vol. % of BPZT
[6]

Averaging on Fit parameters
T (S) amin amax a 3
" 0 (V-m/C) | (V-m/C) | (V-m/C) p (Cm) W, J n(m~)
2:10" [ 4.0-10™ [4.95-107°(4.75-10™] 2.3-107° [5.91-107°[1.85-107
a 3
r % (S) Tiin (S) Tmax (S) (Vm/C) P (Cm) W(), J n (m )

2107 ] 110" | 1-10™ | 1-10™ [ 4.6510°° [5.8-10% [1.25-107

We assume a strong dispersion of the coupling constant « for 20 vol. %

P(VDF-TrFE)/ BPZT. Following Kliem and Kuehn ["**), the Curie temperature

2
pa . : .
T. = L [lz in the Weiss model. Since the parameters n and p are regarded

constant, the relation leads to a strong dispersion of 7. Actually, without
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inclusions we have obtained that A < 0.05-10° Vm/C in the pure P(VDF-
TrFE) and A= 0.95-109 Vm/C in the 20 vol. % P(VDF-TrFE)/ BPZT.

The physical manifestation of such a dispersion should be a variation of
Tc in the PVDF-TrFE regions close to inorganic inclusions due to the local
disorder created by the latter. In particular, inhomogeneous elastic fields that
exist around BPZT particles lead to the additional dispersion of « due to the
e.g. electrostriction mechanism ''*”). Experimentally, the dispersion of T¢ can
result in a broadening of the peak on temperature dependence of the dielectric
permittivity. Nevertheless, no significant difference between the width of the
dielectric permittivity maximum for the pure and composite films has been
observed.

In other words, the strong dispersion of the mean field constant, Ao=
0.95-10° Vm/C, for the case of composite is closely related to the local increase
of the dielectric susceptibility, which takes place at the nanoscale in the
vicinity the BPZT inclusions. Further, it effectively becomes macroscale due to
the long-range nature of the inhomogeneous elastic and electric fields
occurring at the interfaces between the polymer matrix and ceramic inclusions.
Nothing similar happens in the pure P(VDF-TrFE) polymer, where Aa<
0.05-10° Vm/C.

Averaged polarization hysteresis loops for the pure polymer and
composite samples calculated at room temperature and different frequencies of

applied voltage are shown in Figures 4.2.1.3a and 4.2.1.3c, respectively.
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Figure 4.2.1.3. Averaged polarization hysteresis loops of PVDF-TrFE ((a) and (b))
and P(VDF-TrFE) with 20 vol. % of BPZT ((c) and (d)). Loops (a) and (c) are
calculated at temperature 300 K for frequency values @ = 0.001, 1, 10, and
50 Hz. Loops (b) and (d) are calculated at frequency @ = 50 Hz for different
temperatures 7 = 290 K, 295 K, 300 K and 305 K. Effective parameters are

listed in Table 4.2.3 1],

The loops of the P(VDF-TrFE) copolymer have almost rectangular shape,
and their tilt increases slowly with the frequency, while the composite loops
are more tilted and their shape is more sensitive to the frequency changes. The
trend is in a qualitative agreement with the experimental data (compare Figs.
42.13a and 4.2.1.3c with Figs. 4.2.1.1a and 4.2.1.1b). The averaged
polarization hysteresis loops of the pure polymer and the composite calculated
at different temperatures and fixed frequencies of applied voltage are shown in
Figures 4.2.1.3b and 4.2.1.3d, respectively. The loops of P(VDF-TrFE) have
almost rectangular shape, and their width decreases with the temperature, while

the composite loops are noticeably tilted and their width is more sensitive to
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the temperature changes. For both materials, the coercive field and remanent
polarization monotonically increases with increasing frequency (Fig. 4.2.1.4a
and Fig. 4.2.1.4b). At the same time, the remanent polarization monotonically

decreases with the increase in the temperature (Fig. 4.2.1.4c and Fig. 4.2.1.4d).
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Figure 4.2.1.4. Remanent polarization (a,c) and coercive field (b,d) dependences vs.
frequency w (Hz) (a,b) and temperature T (c,d). Different curves (black, red, blue and
magenta) in the plots (a,b) correspond to the temperatures 7= 280 K, 300 K, 310 K
and 320 K. (c,d) Different curves (black, red, blue and magenta) in the plots (c,d)

correspond to the frequencies w=100 Hz, 300 Hz, 600 Hz, 1000 Hz. Other parameters
are listed in the Table 4.2.3.

In a qualitative agreement with the experiment, the coercive field of the

composite 1s smaller than that of the copolymer. The coercive field
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demonstrates exponential growth upon cooling; the trend is in an agreement
with the experiment (compare Fig. 4.2.1.3d with Fig. 4.2.1.1d). This is unlike
the remanent polarization, which changes according to a more complicated
law. The main difference appears in the frequency dependence, where the
simulated results demonstrate more sharp changes with the frequency than the
experimental results.

There are two most important experimental facts that should be taken into
account when explaining the differences between polarization reversal in
copolymer and the composite. First, BPZT has at least one order of magnitude
larger dielectric permittivity (two orders close to room temperature) /% 3%,
Second, according to previous results, the inclusions are modifying properties
of P(VDF-TIFE) in their immediate vicinity '*.

The first fact means that the electric field inside the inclusions is close to
zero. This was demonstrated by simulations for the case of ferroelectric

(1401 Those results showed that the effective

inclusions in an epoxy resin matrix
dielectric properties are related only to enhancement of the average local field
in the low permittivity matrix. The same should take place in our case, if the
distortions of molecular chains and its consequences are also negligible from
the total energy point of view. As a result, the effective coercive field would be
smaller, since absence of the field in some parts of the composite would lead to
its enhancements in the others, if the total voltage is conserved. Furthermore,
the observed reversed polarization of the composite would remain the same, as
inclusions at the surface would act in the similar way as very high-¢ dielectric
particles due to the zero electric field inside them. Dielectric inhomogeneities

formed here are responsible for the inhomogeneity of the electric field both

under forming the polar state and under polarization reversal.
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4.2.1.1 Summary

Ferroelectric based composites of copolymer P(VDF-TrFE) matrix and
ceramic BPZT inclusions reveal enhanced ferroelectric properties promising
for advanced applications in sensorics. We observed experimentally that BPZT
inclusions provide increasing remanent polarization at low frequencies,
significantly decreasing coercive field (factor 1.6), and a tilt of the ferroelectric
hysteresis loops in the composite. To simulate the observed effects, we
modified the mean field Weiss model by introducing the averaging over the
dipole interaction constants and relaxation time spectrum. We showed
theoretically that the changes of the hysteresis loops’ shape and characteristics
of the composite originate from the increase in the dielectric susceptibility due
to the strong dispersion of the dipole interaction constant «. This is closely
related to the local increase of the susceptibility arising in the vicinity of the
BPZT micro-inclusions. Further, it effectively becomes macroscale due to the
long-range nature of the inhomogeneous elastic and electric fields occurring at

the matrix-inclusion interfaces.
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4.2.2 Dielectric, ferroelectric and piezoelectric investigation

Investigation of dielectric spectroscopy for P(VDF-TrFE)/BPZT composites
with various volume fractions of fillers was performed over wide frequency
and temperature ranges, i.e. 20 Hz- 40 GHz and 110 K- 400 K, respectively
(Fig. 4.2.2.1(a) and Fig. 4.2.2.1(b)).
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Figure 4.2.2.1. Temperature dependences of the real part of the complex dielectric
permittivity for the neat P(VDF-TtrFE) and the P(VDF-TrFE)/BPZT composites on
cooling at 0.48 MHz (a). Frequency dependence of the real and imaginary parts of the
complex dielectric permittivity for 20 vol. % P(VDF-TrFE)/BPZT obtained at 385 K
on cooling (b). Temperature dependence of the mean dielectric relaxation time for 20
vol. % P(VDF-TrFE)/BPZT (c).
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The frequency and temperature dependences of dielectric permittivity in
P(VDF-TrFE)/BPZT composites have been analysed employing Cole-Cole
formalism " (Eq. 2.6.3) (Fig. 4.2.2.1(b)). The best fit of experimental curves
to Eq. (2.6.3) is presented in Fig. 4.2.2.1c as solid lines. The relaxation time
derived from Eq. (4.2.2.1) is considered as the most probable mean relaxation
time ( <Inzy;>=In7)"®.

It is found, that the temperature dependence of the mean dielectric
relaxation time may be discussed by two Arrhenius plots separated in the point

[77. 78] "The activation

of paraelectric-ferroelectric phase transition (Eq. 2.6.7)
energy fit parameters for dielectric relaxation in P(VDF-TrFE) based
composites obtained from the best fit in two temperature regions are listed in
Table 4.2.2.1. As seen from the Table 4.2.2.1, no significant change of the
activation energy on the filler volume fraction has been observed. Similar

results for pure P(VDF-TrFE) were obtained by N. Koizumi et al. "),

Table 4.2.2.1. Arrhenius fit Parameters of Dielectric Relaxation in P(VDF-TrFE)
based composites

Material E4 (eV)? E4 (eV)

P(VDF-TIFE) 0.82+0.01 0.584+0.01
10 vol. % BPZT  0.83+0.03 0.58+0.02
20 vol. % BPZT  0.84+0.03 0.6440.03
30 vol. % BPZT  0.84+0.02 0.60+0.03
50 vol. % BPZT  0.87+0.02 0.5240.02

°E 4; is the activation energy of a material in a ferroelectric phase

°E,, is the activation energy of a material in a paraelectric phase

The dielectric dispersion of the imaginary part of the complex dielectric
permittivity has been observed for the composite below room temperature and

is presented in Fig. 4.2.2.2(a).
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Figure 4.2.2.2. Temperature dependence of the dielectric losses at different
frequencies (129 Hz — 0.1 MHz) on cooling (a), measurements frequency versus the
dielectric losses maximum temperature for 20 vol. % P(VDF-TrFE)/BPZT composite
on cooling and heating (b). Solid lines are the best fit according to the Vogel-Fulcher
law (Eq. (4.1.2)).

The anomaly shows dipolar-glass-like behaviour attributed to the glass

[7,9,38

transition of the polymer matrix I The peak increases and shifts to higher

temperatures with increasing the frequency. These results are consistent with

(. 19,38 141 1192 " The temperature behaviour of

those presented elsewhere
dielectric losses has been discussed employing Vogel-Fulcher formalism (FV)
both on cooling and heating cycles (Fig. 4.2.2.2(b)) (Eq. 4.1.2) 7. 78],

It is found that the Vogel-Fucher temperature (7)) attributed to the static
glass transition temperature is not dependent on adding the fillers and remains
equal to 215 K (Fig. 4.2.2.2(b)).

Figure 4.2.2.3(a) shows temperature dependences of real part of the
effective dielectric permittivity for the neat P(VDF-TrFE) and P(VDF-
TrFE)/BPZT composites on cooling at 480 kHz frequency. The values of &
were normalized with respect to the absolute values of the neat polymer matrix

(& mawix)- The dependence of the ratio of composite’s real part of the effective

permittivity to the matrix’s permittivity remains almost constant in the
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temperature range below the Curie temperature of P(VDF-TrFE). Therefore,

only this temperature range will be considered in the further study.
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Figure 4.2.2.3. Temperature dependence of the normalized real part of the complex
dielectric permittivity for the neat P(VDF-TrFE) and P(VDF-TrFE)/BPZT
composites on cooling (0.48 MHz) (a). Frequency dependence of the normalized real
(b) and imaginary (c) parts of the complex dielectric permittivity for the neat P(VDF-
TrFE) and P(VDF-TrFE)/BPZT composites (7= 250 K). All values of & and &’ were
normalized with respect to the absolute values of the neat P(VDF-TrFE).

It 1s known, that the effective dielectric constant in composite materials is
dependent on the geometry of embedded fillers I'* '*Y1. The BPZT inclusions
in our composites had a spherical shape with the average particle size ~0.5 um
261 1t is clearly seen that the ratio of the effective permittivity of the
composite to the matrix permittivity remains the same in a wide frequency
range (Fig. 4.2.2.3(b) and Fig. 4.2.2.3(c)). Therefore, one frequency (0.48
MHz) and one temperature (250 K) will be considered in a temperature range

below 7¢ for the neat P(VDF-TrFE) and the P(VDF-TrFE)/BPZT composites.

Based on this approach, the dependence of the effective permittivity &%, was
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analysed in terms of Lichtenecker effective medium approximation model ['*>
146].

ey =Vl +(1=V)ef (4.2.2.1)

where ¢%, and £% are the relative dielectric constants of the high-dielectric
phase (BPZT fillers) and low-dielectric phase (PVDF-TrFE copolymer),
respectively, V), is the volume fraction of the high dielectric phase and a is a
parameter that determines the type of mixing rule. As the fillers’ concentration
in the composite is small (7)) the model between the serial (& = —1) and
homogeneous (o = 0) distribution of particles within the composite has been
applied (-1<a<0). According to the electrodynamic boundary condition
between the BPZT fillers inside the polymer matrix Dgpzr = Dpypr.1rre, Where
D is the dipolar displacement, and considering that the dielectric permittivity of
inclusions is much higher than of the polymer matrix(g,>>¢g), the Eq. (4.2.2.1)

simplifies and becomes dependent only on the fillers’ volume fraction and o

1
Lo _ (- V)" (4.2.2.2)

&

As the fit parameters « in Eq. (4.2.2.2) do not depend on temperature below
T¢, therefore the dependence of effective permittivity for low concentrations
can be analysed by a single fit. It is clearly seen from Figure (4.2.2.4) that the
model (solid lines) can be applied for lower concentrations of BPZT fillers in

P(VDF-TrFE)/BPZT composites.
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Figure 4.2.2.4. Dependence of the real (a) and imaginary (b) parts of effective
dielectric permittivity on the concentration of BPZT on cooling at 220 K and 325 K.
Solid lines are calculated according to Eq. (4.2.2.2).

A possible model for particle distribution within P(VDF-TrFE)/BPZT
composites below 20 vol. % of BPZT is presented in Figure (4.2.2.5).

[E <20vol. % BPZT |E

o
L @ L J
Figure 4.2.2.5. A possible Lichtenecker model of filler distribution within the
composite film for concentrations below 20 vol. % BPZT. The arrows denote the
direction of electric field polarization.

Although the behaviour of composites with higher concentrations of
inclusions cannot be analysed by the model due to unknown distribution of
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particles within the copolymer. In the case of concentrations above 30 vol. %
the distribution of fillers can be different within the bottom and the upper parts
of the composite film, i.e. can percolate on the bottom.

In order to perform a more detailed elucidation of the proposed model the
impact of filler concentration on the shape of ferroelectric hysteresis loop was
also studied. Because of a good agreement between the experimental values
and Lichtenecker’s model (with an approach of a high difference between
dielectric permittivity of BPZT fillers and P(VDF-TrFE) copolymer) only
concentrations below 20 percent of volume fraction of BPZT are considered in
further discussions of ferroelectric characterization. The decrease of positive
(Ect) and negative (E) coercive electric fields can be clearly observed in

Figure 6(a).
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Figure 4.2.2.6. Ferroelectric loops of pure P(VDF-TrFE) and P(VDF-TtFE)/BPZT
composites at f = 30 Hz and T = 293 K (a), temperature (b) and frequency (a)
dependences of coercive electric field of pure P(VDF-TrFE) and P(VDF-TrFE)/BPZT
composites.

It is seen that the ratio between the E-+ of the composites and the polymer

matrix remains the same in broad temperature and frequency ranges (Fig.
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4.2.2.6(b) and Fig. 4.2.2.6(c)). The dependence of the reciprocal ratio of
coercive field between the pure P(VDF-TrFE) and its based composites is
shown in Figure 4.2.2. 7.

2.0 : . : .
N ——Fit « =-0.50 + 0.08
W - --- Fita=-0.47 +0.02
+'§ geff gmatrix
Lu% 150 (T=250K, .
L | f=30Hz)
\%‘g | "o
) 10 Ec matrix+/Ec+ |
~ (T=293K, f=480 kHz)
0 10 20 30

vol. % P(VDF-TrFE)/BPZT

Figure 4.2.2.7. Concentration dependences for the ratio of effective dielectric constant
of P(VDF-TrFE)/BPZT composites to the & of P(VDF-TrFE) and reciprocal ratio of
positive coercive electric field of P(VDF-TrFE)/BPZT composites to Ec+of P(VDF-
TrFE) (blue and red symbols, respectively). Solid lines are calculated according to
Eq. (4.2.2.2).

The dependence of the coercive electric field on the BPZT concentration in
the composites is also analysed by an analogous model considering that the
coercive electric field of the polymer matrix Ec nauix 18 much higher than the
coercive electric field of the inclusions E¢ gpzt (Ec mawix>Ec Bpzr)- It 1S clearly
seen that the dependences of &4/ &nanix aNd E¢ manix/Ec ratios have similar fit
parameters (Fig. 4.2.2.7). This can be explained by considering the boundary
condition with absence of charges in the interface between BPZT fillers and
the polymer matrix, i.e. 6E~ &,&KE;,. Here indices | and h have the same

meaning as in Equation (4). The higher dielectric permittivity (g,) the fillers
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have, the higher electric field is concentrated in the polymer matrix of the
composite (E)).

To be compared, P(VDF-TrFE) based composites with fillers of low
dielectric permittivity (LiNbO;) have also been studied. Temperature
dependence of the normalized real part of the complex dielectric permittivity
for the neat P(VDF-TrFE) and P(VDF-TrFE)/LiNbO; composites on cooling
are presented in Fig. 4.2.2.8a. Frequency dependences of the normalized real
and imaginary parts of the complex dielectric permittivity at 7= 250 K are also
shown (Fig. 4.2.2.8a and Fig. 4.2.2.8b). All values of & and &" were
normalized with respect to the absolute values of the neat P(VDF-TrFE). As
we see, the aforementioned Lichtenecker’s model cannot be applied to analyse
the temperature and frequency dependences of copolymer based composites
with fillers of dielectric constant, that is of the same order as & of P(VDF-
TrFE). It follows, that the model can only be applied upon an approach of a
high difference between dielectric permittivity of the fillers and the copolymer

matrix.
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Figure 4.2.2.8. Temperature dependence of the normalized real part of the complex
dielectric permittivity for the neat P(VDF-TrFE) and P(VDF-TrFE)/LiNbOs3
composites on cooling (0.48 MHz) (a). Frequency dependence of the normalized real
(b) and imaginary (b) parts of the complex dielectric permittivity for the neat P(VDF-
TrFE) and P(VDF-TrFE)/ LiNbO3 composites (7 = 250 K). All values of & and &’
were normalized with respect to the absolute values of the neat P(VDF-TrFE).

Piezoelectric strain coefficients at various temperatures also were calculated

from measuring the displacement of the pre-polarized samples under bipolar

triangle driving voltage.
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No significant impact of concentrations below 20% volume fraction on

piezoelectric coefficients in the composites was observed (Fig. 4.2.2.10a).
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Figure 4.2.2.10. Temperature dependence of piezoelectric strain coefficients of the
neat P(VDF-TrFE) and P(VDF-TrFE)/BPZT composites (f = 30 Hz) (a). Temperature
dependence of piezoelectric strain coefficient of the neat 10 vol. % P(VDF-TrFE)/
BPZT (b)and 20 vol. % P(VDF-TrFE)/BPZT (c) composites at various frequencies.

This could be explained by the previously discussed model, i.e. the high
dielectric permittivity of inclusions in comparison to the low ¢ of the matrix
results in a big difference of voltage distribution within the composites. As the
displacement directly depends on the voltage, no significant change is
observed. From the above results, it appears that the applied external electric
field is mainly distributed in the polymer matrix, meanwhile, the BPZT

particles remain unpolarized.
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Moreover, a frequency dependence of the piezoelectric strain coefficients in
the composites below room temperature was observed (Fig. 4.2.2.10(b) and
Fig. 4.2.2.10(c)) and is attributed to the dielectric dispersion of the imaginary
part of the complex dielectric permittivity in the composite (Fig. 4.2.2.2a). The
anomaly showing dipolar-glass-like behaviour is attributed to the shift of

dynamic glass transition of the polymer matrix on the frequency - ** '*4],

4.2.2.1 Summary

We have studied the ferroelectric, the dielectric and the piezoelectric
properties of P(VDF-TrFE) polymer matrix with fillers of high dielectric
permittivity. Our investigations show that the complex dielectric permittivity
(&) of P(VDE-TrFE)/BPZT composites with smaller filler concentrations (< 20
vol. %) obeys the Lichtenecker’s mixing rule (a< 0). The composites
containing a higher concentration of the fillers have high dielectric loss peaks,
related to the dielectric anomalies of the glass and ferroelectric-paraelectric
phase transitions. Embedding BPZT fillers to the P(VDF-TrFE) polymer
matrix increases the effective dielectric permittivity and decreases the coercive
electric field (E.) of the composite according to the electrodynamic boundary
conditions. Since the permittivity of the polymer is much lower than of the
permittivity of the fillers, the proposed mixing rule can also be applied to
explain the passive behaviour of ceramic particles in the composites. Also, we
have demonstrated the frequency dependence of the piezoelectric coefficients
below room temperature, which, we assume, is related to the glass transition of

the polymer matrix.
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4.2.3 Ultrasonic spectroscopy

It is known that when P(VDF-TrFE) films are annealed at temperatures
higher than their melting temperature, 7}, with having the highest chain
mobility and cooled down, the recrystallization, even with the same molar
ratio, drastically affects the morphology of the copolymer P* 0% 147 198]
Moreover, annealing for a long period may considerably increase T, of the
polymer matrix **. Both effects may result in changes of Young’s modulus,
piezoelectric properties and the ferroelectric Curie temperature, T % % 3% 37
91 Therefore, in order to retain the structure invariant, it was necessary not to
exceed T, during heating of the samples.

In Fig. 4.2.3.1, an experimental temperature dependence of the
longitudinal wave velocity in the neat P(VDF-TrFE) polymer is presented. It is
clearly seen that the dependence is comprised of two step-like regions. The
first one, at lower temperature, is related to the paraelectric-ferroelectric phase
transition of the crystallized part of the polymer ' ** % **%1 The second
region, at higher temperatures, corresponds to melting of the P(VDF-TrFE)
sample. A rapid increase of the ultrasonic velocity above 7= 420 K is

explained by the change in the thickness of the compressed sample due to a

decreasing polymer viscosity.
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Figure. 4.2.3.1. Temperature dependence of ultrasonic velocity in the pure P(VDF-
TrFE) copolymer

DSC measurements of the neat P(VDF-TrFE) also show a set of
anomalies that are attributed to the first order ferroelectric phase transition (at
T, on cooling and 7, on heating), melting at 7,,, temperature on heating, and

crystallization at 7, on cooling (Fig. 4.2.3.2).
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Figure. 4.2.3.2. Results of differential scanning calorimetry measurements of the

P(VDF-TtFE) copolymer
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In addition to the main peak at 7, a broad shoulder at lower
temperatures can be seen in the DSC thermogram of the copolymer on heating
(Fig. 4.2.3.2). Various mechanisms related to this phenomenon were discussed
by R. L. Moreira et al. > ** *71 It can be attributed to the presence of the
conformational TrFE-dependent intra-chain defects with fast mobility or,
possibly, to existence of an intermediate phase. Furthermore, three satellite
peaks are observed on cooling near 7¢; (Fig. 4.2.3.2). They probably indicate
the existence of the intermediate crystalline jyphase with trans-gauche
(T3GT;5G’)- like conformation and its transformation to the ferroelectric S -
phase, resulting in precedence of the low-temperature f-phase already above
Tci. Another explanation relates these peaks to an increasing amount of
imperfect crystallites on cooling after the sample was heated over T}, > ** ",
In order to remove internal stresses and retain the same morphology, all
samples were annealed up to 390 K prior to the ultrasonic or dielectric
measurements.

Figures 4.2.3.3 and 4.2.3.4 present attenuation of ultrasonic wave for the

neat P(VDF-TrFE) and the P(VDF-TrFE)/BPZT composite with 10 vol. % of
BPZT, respectively.
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Figure 4.2.3.3. Temperature dependences of ultrasonic attenuation for the neat
P(VDF-TtFE). The fitting curves are shown by red colour. 7¢; and T, denote the
values of Curie temperature on cooling and heating, respectively, which were derived
from the best fit with Eq. 4.1.3.
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Figure 4.2.3.4. Temperature dependences of ultrasonic attenuation for the 10 vol. %

P(VDF-TtFE)/BPZT composite. Fitting curves are shown by red colour. 7¢; and T
denote the values of Curie temperature derived from the best fit with Eq. 4.1.3.
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Temperature dependence of attenuation of longitudinal US waves
propagating in the samples show two pronounced anomalies: a broad peak
attributed to the glass transition at 7, and a sharper peak at Curie temperature
Tc. The same transition temperatures are revealed by dielectric measurements
(Figure 4.2.3.5). The existence of a shoulder above the main attenuation
maxima (on cooling) can be a manifestation of either the intermediate
crystalline j~phase or an increasing amount of imperfect crystallites that are

responsible for the complicated exothermic peak structure seen in DSC

thermograms (Fig. 4.2.3.2) 333637,
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Figure 4.2.3.5. Temperature dependence of the complex dielectric permittivity for the

10 vol. % P(VDF-TrFE)/BPZT composite measured on heating and cooling at 1 MHz

frequency.

Broadband dielectric spectroscopy revealed a dipolar-glass-like behaviour
of the dielectric loss peaks (Fig. 4.2.3.6), which is known as f-relaxation
process related to semicrystalline morphology of the P(VDE-TrFE) matrix "
0. B30 On  the contrary, in non-ferroelectric polymers like
polydimethylsiloxane (PDMS) this dynamic glass behaviour, referred to as the

primary a-relaxation, is due to relatively large-scale cooperative motion of
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(71521 Strong dielectric

many backbone segments in the amorphous phase
dispersion of the imaginary part of the dielectric permittivity is observed in the
P(VDF-TrFE) based composites below and above its Curie temperature, both
on heating and cooling (Fig. 4.2.3.6). At the same time, no significant anomaly
can be seen in the real part of the dielectric permittivity, which indicates that

the S-relaxation process has a weakly polar nature .
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Figure 4.2.3.6. Temperature dependences of the imaginary part of the dielectric
permittivity (dielectric losses) for the neat P(VDF-TtrFE) on cooling (a) and heating
(b) at different frequencies (150 kHz- 450 MHz).

In addition to the broad frequency dependent glass transition peak, the
relatively sharp maximum, corresponding to the ferroelectric-paraelectric
transition, is observed at lower frequencies at 7¢;= 345 K on cooling (Fig.
4.2.3.6a) and Tc,= 377 K on heating (Fig. 4.2.3.6b). Meanwhile, it seems that
this transition-related loss maximum gradually broadens and shifts towards
higher temperatures on increasing the frequency. We assume that this is
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explained by a dynamic nature of the aforementioned glass transition that also
occurs in a vicinity of 7¢. As it should be, the loss maximum related to the
dynamic glass of the polymer matrix transition also increases with the
increasing frequency. For a certain frequency, the anomalies, related to the
glass transition and to the ferroelectric- paraelectric transition, superimpose,
resulting in the highest values of & of the copolymer. For even larger
frequencies, the broad maximum, related to the glass transition, shifts above
the Curie temperature.

The ultrasonic attenuation peaks, related to ferroelectric phase transition, are
described using the relaxation theory of elasticity ' (Eq. 4.1.3). Here, we
assume that the relaxation time can be expressed from the phenomenological
Landau- Khalatnikov theory ***! (Eq. 2.7.10). In our case, the condition w7 >
1 was fulfilled in a wide temperature rang far below T, in the samples with a
comparatively long polarization relaxation time prefactor (= 8-10™- 1.3-10”
s:K), that slightly increases with adding the BPZT fillers (on heating zpvpr-
TrFE)™ 8107 K, 7 10 vol % p(vDF-TrFEyBPZT= 1.0 :107 s:K). The phase transition
temperatures obtained from the best fit of experimental curves to Eq. 4.1.3
(Fig. 4.2.3.3 and Fig. 4.2.3.4) are consistent with those observed in the
dielectric and DSC measurements of the investigated composites (Fig. 4.2.3.7

and Fig. 4.2.3.8).
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Figure 4.2.3.7. Temperature dependences of &” of the neat P(VDF-TrFE) copolymer
and the P(VDF-TrFE)/BPZT composites (1 MHz). The inset demonstrates an
enlarged view of the dielectric losses near Curie temperature.
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Figure 4.2.3.8. DSC curves for the P(VDF-TrFE) copolymer and the P(VDF-
TrFE)/BPZT composites measured on heating.
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We found that the addition of the BPZT filler results in a significant
increase of the dielectric loss peak at both the dynamic glass transition
temperature, 7T, and Curie temperature, 7¢. It is supposed that, in the studied
composites, the large increase of the dielectric susceptibility is due to the long-
range nature of the inhomogeneous elastic and electric fields occurring at the
interface (interface width ~40 nm) between the matrix and inclusions > °.
Furthermore, the peak of the dielectric loss maximum associated with the Curie
temperature is shifted toward lower temperatures with increasing concentration
of BPZT particles (see the inset of Figure 4.2.3.7). This is in a good agreement
with the results of the DSC measurements (Fig. 4.2.3.8), where the peak
related to the ferroelectric- paraelectric transition also shifts toward lower
temperatures for samples containing a larger amount of filler. For the sample
with 50 vol. % of PBZT, the DCS peak at the Curie temperature is smeared
out. Nevertheless, the shift of 7, to lower temperatures is noticeable. These
results are consistent with those obtained from the best fit of the ultrasonic
relaxation measurements that also show a decrease of the ferroelectric
transition temperature in the composite samples (Fig. 4.2.3.3 and Fig 4.2.3.4).
We assume that the change of the Curie temperature with the filler content can
be related to defects created by BPZT particles within the polymer, as was

discussed above when explaining the additional peaks in the DSC curves " *®

37191 Also, a decrease of the melting temperature in the composites is
demonstrated (Fig. 4.2.3.8).

The temperature dependences of the ultrasonic velocity and the
piezovoltage, measured on cooling and heating, are presented in Figure 4.2.3.9.
As the amplitude of the piezovoltage depends on the intensity of the ultrasonic
wave exiting the sample, the value of piezovoltage U/Usy, was normalized to
unity with respect to the absolute amplitude obtained at 7= 300 K. After the
sample was depolarized at 7' = 390 K, a constant electric field was applied.

Note that the constant electric field could be removed at temperatures higher

that room temperature without significant change of the signal.
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Fig. 4.2.3.9. Temperature dependences of the ultrasonic velocity (left), the
piezovoltage (right) for the pure P(VDF-TrFE) (a and b) and the composite with 10
vol. % of BPZT inclusions (b and d). Solid symbols: on cooling, open symbols: on
heating.

The piezovoltage in the pre-polarized samples vanishes above room
temperature, which is close to 7 obtained from previously described
ultrasonic attenuation experiments. The temperature dependences of the
velocity and the piezovoltage show large thermal hysteresis. To analyse the
anomaly of the ultrasonic velocity, a contribution of a square polarization term
AP? to the real part of the elastic constant must be added **, where 4 is a
constant and P is the spontaneous polarization. As the ultrasonic velocity is
determined by the complex elastic constant, it correlates to the temperature
dependence of the piezovoltage, which is also related to P. The value of the
ultrasonic velocity at room temperature is similar to that of neat P(VDF- TrFE)

presented elsewhere %,

105



One can note that the temperature dependences of the ultrasonic velocity
changes slope on cooling in the temperature range 330 K — 340 K. We assume
that this is caused by an increase of gauche defects in the polymer matrix
responsible for several auxiliary ferroelectric phase transitions observed by
means of X-ray diffraction and differential scanning calorimetry [33, 37, 148, 149]
However, the change of the slope is less apparent in the temperature

dependence of the ultrasonic piezovoltage.

4.2.3.1 Summary

The effect of BPZT filler on ultrasonic, piezoelectric and dielectric
properties of P(VDF-TrFE)/BPZT composites has been studied. Our
investigations show that observed anomalies of the ultrasonic velocity and the
ultrasound-induced piezovoltage in the composite samples are related to the
ferroelectric-paraelectric phase transitions of the copolymer. It is shown that
the ultrasonic attenuation maxima at the ferroelectric phase transition can be
well described by the relaxation theory of elasticity, and the relaxation time in
the ferroelectric phase is expressed by the Landau-Khalatnikov theory. It was
shown that the polarization relaxation time prefactor 7, slightly increases with
increasing BPZT concentration in the composites. A large thermal hysteresis,
typical for the first order ferroelectric phase transition, was observed in both
temperature dependences of ultrasonic velocity and piezovoltage in the
investigated composites. The dielectric spectra of the P(VDF-TrFE)/BPZT
composites show that the dielectric losses of the composites strongly depend
on the concentration of BPZT. The composites containing a higher
concentration of the fillers have high dielectric loss peaks, related to the

superposition of dielectric anomalies of the glass and ferroelectric-paraelectric
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phase transitions. Both the Curie and melting temperatures decrease with the

addition the BPZT filler.

4.2.4 P(VDF-TrFE)/CNT

It is known that fillers (liquid crystals LC, CNT) dispersed in a polymer
matrix, can induce relaxation peaks that can be observed by means of

1153 1541 “Therefore,

differential scanning calorimetry or dielectric spectroscopy
in order to check the composites for the presence of additional loss peaks,
related to fillers, several samples of P(VDF-TrFE) 70/30 mol. % and P(VDF-
TrFE)/CNT composites were selected to be measured in a wide temperature
range (150 K — 400 K). The temperature dependences of the complex dielectric
permittivity (&) of the neat P(VDE-TrFE) and its composites with CNT show
typical of the copolymer relaxation peaks related to the paraelectric-
ferrolelectric phase transition on cooling at 7¢; and heating at T, (Fig.

4.2.4.1.) B% 37131 Therefore, all other investigations with P(VDE-TrFE)/CNT

composites were performed in temperature range above room temperature.

120 ‘
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Figure 4.2.4.1. Temperature dependence of the complex dielectric permittivity for the
neat P(VDF-TrFE) and its composites measured on heating and cooling at 1 MHz
frequency.
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Besides the main maximum related to the ferroelectric-paraelectric phase
transition another step-like anomaly is observed at lower temperature in & (7))
dependences for the P(VDF-TrFE) copolymer with 70/30 mole fractions of
both components. However, for the P(VDF-TrFE) 73/27 mol. % sample this
anomaly is absent. These results are consistent with those presented elsewhere

3637 and can be explained by the existence of an intermediate polar » or non-

polar & phase, probably, of orthorhombic conformation ***". The » phase has
a conformation in between that of the « (paraelectric) and [ (feroelectric)

[25, 33, 34, 36, 37, 88, 89, 93, 95

phases and is hardly experimentally accessible 1 although

it may serve in precedence of the main ferroelectric phase on cooling "> *".

Another explanation was proposed by R. Gregorio jr. et al. ©*”]

considering the
existence of two types of paraelectric and ferroelectric phases with different
Curie temperatures.

It is noteworthy that both the real and imaginary parts of & increase with
adding the CNT fillers. The increase of ¢ is mostly pronounced in the sample
with 2 vol. % of CNT and can be particularly referred to the increase of mobile

[14. 1531 "Such heterogeneous systems comprised

charges within the composites
of two constituents of significantly different electrical conductivity also can
cause the low frequency Maxwell- Wagner relaxation due to blocking of

(1551361 Figure 4.2.4.2 presents

charges at the interface of the filler and matrix
values of the real part of complex conductivity o' for P(VDF-TrFE) based
composites at different frequencies and CNT concentrations derived from the
results seen in Fig. 4.2.4.1 at 270 K according to relation o'=j @& &”, where
Jj, o, &, &' units are explained in Chapter 2.6. It is clearly seen how the
conductivity in (PVDF-TrFE)/CNT composites is strongly dependent on CNT
concentration. To be compared, values of ¢’ for 73/27 mol. % P(VDF-TrFE)

are also shown in Fig. 4.2.4.2 and remain very similar to those of pure 70/30

mol. % P(VDF-TrFE) copolymer.
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Figure 4.2.4.2. Frequency dependence of the real part of complex conductivity for the
neat P(VDF-TrFE) and its composites measured on cooling at 270 K temperature (a),
dependence of the real part of complex conductivity on CNT concentration for
P(VDF-TrFE) based composites measured on cooling at 1 MHz frequency and 270 K
temperature (b).

4.2.4.1 DSC and DMA results

To confirm results seen in Fig. 4.2.4.1 differential scanning calorimetry
analysis of the P(VDF-TrFE) copolymer and P(VDF-TrFE)/CNT composites
was performed in a wide temperature range and is presented in Fig. 4.2.4.1.3. It
is known, that after being annealed at temperatures just below the melting
point, P(VDF-TrFE) copolymers change its crystalline structure and

) [34, 104, 105]

crystallization degree (Xc and as a consequence may change its

11941 Therefore, thermal analysis was performed

electromechanical properties
the second time after cooling to room temperature at 5 K/min rate. Results

obtained from the DSC analysis are presented in Table 4.2.4.1.1.
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Figure 4.2.4.1.3. DSC curves of the P(VDF-TrFE) 70/30 mol. % copolymer and
P(VDF-TrFE)/CNT composites. The second endotherm was performed after cooling
the sample to room temperature at 5 K/min rate. The inset demonstrates an enlarged
view of the DSC curve for the P(VDF-TrFE) in a temperature region of o relaxation.

Table 4.2.4.1.1. Melting temperature and degree of crystallinity of P(VDF-TrFE) and
P(VDF-TtFE)/CNT composites obtained on first (7y1, Xc1) and second (72, Xc2)
heating

Material Tm (K)  Xci (%) T (K) Xco (%)
P(VDEF-TrFE) 4243 77.8 429.9 79.3
1 vol. % CNT 425.4 73.2 428.8 79.9
2 vol. % CNT 425.8 74.5 427.8 75.9

As seen, the degree of crystallinity of the pure P(VDF-TrFE) changes
insignificantly in the slowly cooled samples (Xc,) and remains relatively high
near ~80 %. By adding CNT to the polymer matrix X lowers just by several
percent. Despite the increase of the overall X. after slow cooling in all
samples, an additional peak appears at Tc,, corresponding to ferroelectric-

paraelectric transition and manifesting the presence of newly formed
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ferroelectric crystalline structure in addition to the fstructure with the 7,

[34]

Curie temperature . The shift of the main ferroelectric to paralelectric

transition temperature 7, is usually attributed to a worse arrangement of the
crystalline region >3 1%,

The inset in Fig. 4.2.4.1.3 demonstrates an enlarged view of the DSC
curve for the P(VDF-TrFE) below T, It is clearly seen, that after the first

heating the peak, observed at 315 K, vanishes. The ac relaxation, which is

usually related to molecular motions within the spherulites of the crystalline

[63] [64, 157]

regions " or to thermo-mechanical slippage between crystallites , can be
observed in PVDF-based copolymers above the 7,. The size of spherulites in
the crystalline region determines the strength and the frequency of the o
relaxation, which, differently to the dynamic glass transition, cannot be
described by Vogel-Fulcher formalism due to the absence of the vitrification
temperature. Thus the relaxation is sometimes called a size dependent

11 This transition is

relaxation. More information can be found elsewhere
very sensitive to processing conditions, applied heat history or physical aging,
and disappears at higher temperatures above the glass transition temperature 7,
58] Tt is important to mention, that the aforementioned peak was not observed
in the composites containing CNT fillers. This may be explained by existence
of another phase (7,,= 315 K), which conformation changes after the melted
sample was cooled down to room temperature.

In order to have a deeper insight into the behaviour upon thermal cycling
of peaks, corresponding to the ferroelectric phase transition, four different
heating/cooling cycles for the sample of the neat P(VDF-TrFE) were
performed. Figure 4.2.4.1.4 shows DSC thermograms. As can be seen from the
endotherms in Fig. 4.2.4.1.4a, after the sample is annealed near T, = 415 K,
T, shifts to lower temperatures for further cycles, indicating a worse
arrangement of the crystalline phase but a simultaneous increase of the overall

[35, 36, 105

crystallinity of the P(VDF-TrFE) copolymer I Tt is well known that the
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main peak at T, is very sensitive to the amount of conformational defects,
dependent on the TrFE molar ratio, that appear during recrystallization of less

34 3% In this case, these mobile defects accompanying by

perfect crystals
inhomogeneous strain fields can serve as nucleation centres for paraelectric
phase (PE) 3439 The shoulder, seen in addition to the main peak at 7, on
heating (Fig. 4.2.4.1.4a), was previously discussed when explaining Fig.
4.2.4.1.3 7% Moreover, every cycle below 390 K shifts the peaks more
down (dashed lines in Fig. 4.2.4.1.4a and Fig. 4.2.4.1.4b). The second and
further thermal treatments do not change the crystallinity of the material until

B34 3¢ but, probably, changes the amount of

[36

the temperature is below T,

temperature dependent conformational defects *°. These results are in a good

agreement with that published elsewhere 277 1%

by R. L. Moreira et al. B,

I'and fits the theory proposed
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Figure 4.2.4.1.4. DSC curves for the P(VDF-TrFE) 70/30 mol. % copolymer
measured on heating (a) and cooling (b).

Here, in Fig. 4.2.4.1.5 also shown that after the first cycle the DSC curve still

has two peaks on cooling (black curve) and only after the sample is being
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annealed below T, the third low temperature peak (blue curve) appears

manifesting the existence of another less organized (many gauche defects)

B3 Tt is supposed, that the worse organised ferroelectric

ferroelectric phase
phase merges during annealing at temperatures above 403 K P\ On the
contrary, annealing at temperatures below 403 K may also cause a relaxation
of the defects produced during the polymer formation when it was cooled

down with freezing the mobile defects *>2°!,
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Figure 4.2.4.1.5. DSC curves for the neat P(VDF-TrFE) 70/30 mol. % copolymer.

Before the measurements of the ultrasonic attenuation for P(VDF-TrFE)
and P(VDF-TrFE)/CNT composites were carried out, the damping factor 7go
(the ratio of loss modulus to storage modulus) had been measured in a wide
temperature range. This was necessary to elucidate the amount mechanically
induced relaxations at low frequencies and to confirm existence of the o
relaxation in the neat P(VDF-TrFE) copolymer. Five peaks are clearly seen in

Fig. 4.2.4.1.6. The first peak at 245 K is attributed to the glass transition of the

113



171 Although the peak attributed to a

polymer matrix and called f relaxation
motion of many backbone segments in the amorphous phase (& relaxation) and
the peak corresponding to the relaxation in the crystalline region (e
relaxation) are smeared out at 1 Hz, they are clearly seen at 10 Hz. We assume

that the peaks observed at higher temperatures are due to the existence of two

types of ferroelectric phases with different Curie temperatures.
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Figure 4.2.4.1.6. Dynamical mechanical analysis for the P(VDF-TrFE) 70/30 mol. %
at 1 Hz and 10 Hz frequencies.

The temperature and frequency dependence of #/go in the neat P(VDF-TrFE)
was analysed employing the Cole-Cole formalism (CC) " ™ (Eq. 4.2.4.1.1
and Eq. 4.2.4.1.2):

tgd = —M , where (4.2.4.1.1)
Re E (a))
E'(w)=E, —?T;)E; (4.2.4.1.2)



Here E, and E, are the contributions of all higher and lower frequency
processes, respectively, @ is the angular frequency and 7 is the mechanical
relaxation time, which, according to the phenomenological Landau-

Khalatnikov theory !> **!

, in the vicinity of ferroelectric-paraelectric phase
transition, can be expressed through the Curie temperature 7. and the
polarization relaxation time prefactor (Eq. 2.7.10). The curves obtained from
the best fit of experimental curves to Eq. (4.2.4.1.1) are shown in Fig. 4.2.4.1.6
as solid lines. The values obtained from the best fit are presented in Table

4.2.4.1.2.

Table 4.2.4.1.2. Cole-Cole fit parameters of DMA analysis in P(VDF-TrFE)
Frequency T (K) 7y (s°K) T (K) 75 (s°K) Ew- Ep

1 Hz 375.1 2.01 390.5 1.52 0.026

10 Hz 375.1 2.01 390.5 1.52 0.026

It is shown, that the attenuation maxima of the experimental curves at 1 Hz
and 10 Hz can be well described by the best fit with similar values of
temperature (7¢,- and T¢,) and 7, indicating that these peaks correspond to

ferroelectric-paraelectric transitions.

4.2.4.2 Ultrasonic studies

In order to carry out ultrasonic investigations on P(VDF-TrFE) samples
with different X, they were annealed near 415 K (melting temperature, 7, of
P(VDF-TIEE) [7-3* %% 19)) after the first heating at ultrasonic investigations. As
seen from Fig. 4.2.4.2.7a, the curve of ultrasonic attenuation for P(VDF-TrFE)
on the first heating has two anomalies, that are a broad lower temperature peak

near 7= 350 K and a narrow one near 7= 375 K.
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Figure 4.2.4.2.7. Temperature dependences of the ultrasonic attenuation (10 MHz) in

(a) neat P(VDF-TrFE) and (b) 1.5 vol. % P(VDF-TrFE)/CNT composite before and
after annealing near 415 K. Arrows show direction of temperature variation

The lower temperature peak is, probably, related to the dynamic glass
transition of the polymer matrix and the high temperature peak is related to the
ferroelectric- paraelectric phase transition of the crystalline region at T¢, [
1. The ferroelectric- paraelectric phase transition is of an order-disorder type

36 371 Meanwhile, the peak

with the polarization as the order parameter
referred to the ferroelectric- paraelectric phase transition of the crystalline
region of the copolymer, is not observed in the composite sample (Fig.
4.2.4.2.7b). Such unusual behaviour of the ultrasonic loss peak can be
explained by superposition of maxima related to the dynamic glass transition
and ferroelectric- phase transition of the copolymer, both resulting in a broader

maximum shifted to higher temperatures, as can be seen in Fig. 4.2.4.2.7b.

After the samples were annealed once near 415 K, the ultrasonic anomaly
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related to 7¢ shifted to lower temperatures (opaque dots in Fig. 4.2.4.2.7a and
Fig. 4.2.4.2.7b).
Figure 4.2.4.2.8 presents the effect of thermal cycling on the ferroelectric

phase transition of 1 vol. % P(VDF-TrFE)/CNT composite as investigated by

means of pulse- echo method at 10 MHz frequency.
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Figure 4.2.4.2.8. Temperature dependences of ultrasonic wave attenuation in 1 vol. %
P(VDF-TrFE)/CNT composite before and after several thermal cycles. Arrows show
direction of temperature variation

The temperature dependences of the ultrasonic wave velocity (Fig.
4.2.4.2.8a) also showed anomalies attributed to Curie temperature 7, and a
structural relaxation also known as 3 - relaxation process 7> ?%3*33% 91 1p oyr
case, the condition of maximum ultrasonic attenuation near 7T, **!, is not
fulfilled due to a comparatively long polarization relaxation time prefactor
used in Eq. 2.7.10 - ??. Therefore, there is no visible decrease of the velocity
at 1< T¢, and 7< Tc,. It is clearly seen that both curves of the ultrasonic

velocity (Fig. 4.2.4.2.8a) and the attenuation (Fig. 4.2.4.2.8b) in the composite

shift leftwards on heating after the first cycle. The shift of 7, and the Curie
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temperature, and existence of the shoulder in the ultrasonic loss curve (Fig.
4.2.4.2.8b) can be related to the discussed mobile defects and the intermediate
phase, respectively. Possible increase of the concentration of such defects
responsible for the shift of 7 without changing the degree of crystallinity of
the composite is also shown in Fig. 4.2.4.2.8 after the first heating below 390
K. Although, after the sample is annealed near T},, the step- like temperature
range of the ultrasonic wave attenuation vanishes on heating (Fig. 4.2.4.2.8b).
The memory effects produced by annealing at 390 K were erased by annealing
over the structural transition near 415 K. Hence, annealing at 7> 403 K, can
produce again gauche defects in the molecular chain, thereby increasing the
overall crystallinity of the less packed composite and releasing the defects,

B34 331 Ultrasonic anomalies referred to the additional

allowing them to relax
ferroelectric phase transition can be analyzed by the elastic relaxation theory
with the increase of ferroelectric relaxation time (the Landau-Khalatnikov
theory) !,

For the investigation of ultrasonic wave attenuation in the P(VDF-TrFE)/
CNT composites on cooling, annealing was deliberately performed after the
first cycle in order to show its strongest effect on the shape of the temperature
dependence of ultrasonic attenuation near 7. (Fig. 4.2.4.2.8c and Fig.
4.2.4.2.8d). It is important to note, that further thermal cycles do not shift the
loss peak significantly to lower temperatures since the structure is already
perturbed and consists of imperfect crystalline regions after the annealing near
T,, P¥. Moreover, after the samples were left for 120 hrs at room temperature,
the anomalies on the curves of J and « shifted were to higher temperatures
(insets in Fig. 4.2.4.2.8c and Fig. 4.2.4.2.8d). We assume, that relaxations of
internal defects can be seen by US curve as explained elsewhere > **. The
shift of the temperature dependences of the ultrasonic velocity and attenuation
after 120 hours shows that we are able to see long relaxation time of

conformational defects. All these mentioned anomalies of US attenuation and
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DSC curves can also be seen on cooling in temperature dependences of the
complex dielectric permittivity for P(VDF-TrFE)/CNT composites (Fig.
4.2.4.2.10).

4.2.4.3 Dielectric studies

The same tendency in all composites was observed by dielectric

measurements on heating and is demonstrated in Fig. 4.2.4.3.9.
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Figure 4.2.4.3.9. Temperature dependence of the complex dielectric permittivity in 1
vol. % P(VDF-TrFE)/CNT composite measured on heating at 1 MHz frequency after
heating and annealing cycles.

The temperature dependences of the ultrasonic velocity and attenuation on
cooling have changes of slope in the temperature range 330 K- 340 K. The
region is clearly seen on cooling in both the real and imaginary parts of the
complex dielectric permittivity for the neat copolymer and its composite (Fig.
4.2.4.3.10). It can be also explained by two assumptions, i.e. the intermediate y

1 [36. 37

phase according to L. R. Moreira et a , or two types of paraelectric-

ferroelectric phase transitions of crystallites with different degrees of

1. B3 Furthermore, the shoulder

perfection according to R. Gregorio jr. et. a
vanishes with the addition of CNT filler when the composite is cooled down
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for the first time (Fig. 4.2.4.3.10b and Fig. 4.2.4.3.10d). The presence of CNT
can impact the degree of crystallinity of the composite, thus resulting in a

change of & temperature dependence similarly as it was observed for

PDMS/ZnO composites '),
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Figure 4.2.4.3.10. Temperature dependence of the complex dielectric permittivity in
P(VDF-TtFE) (a and c¢) and 1 vol. % P(VDF-TrFE)/CNT (b and d) composite
measured on cooling at 1 MHz frequency.

4.2.4.4 TSDC studies

In order to have a deeper insight on the impact of CNT fillers combined
with thermal cycling on thermal processes in P(VDF-TrFE) copolymer, TSD
currents in all samples were studied shortly after poling (Fig. 4.2.4.4.11a).
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Figure 4.2.4.4.11. Temperature dependence of the TSD currents J in the neat P(VDF-
TrFE) and P(VDF-TrFE)/CNT composites measured on the first (a) and the second
(b) heating.

The neat P(VDF-TrFE) shows a positive TSDC peak at 325 K (Fig.
4.2.4.4.11a ). The polarity of the measured current is of the same polarity
regarding the initial corona charging of the sample. Due to that fact, the peak
was attributed to a relaxation of space charges, injected during the process of
corona discharge and, propagating to the grounded electrode after being
detrapped upon the Poole-Frenkel effect I’ "> "I The process of detrapping
for bulk charges is probably caused by the « relaxation """ *?1 It is known,
that the position and the size of TSDC signals is directly related to intrinsic

(%1 This can explain the significant decrease of the peak after the

relaxations
second polarization (Fig. 4.2.4.4.11b). This is in a good agreement with the
results of the DMA measurements, seen in Fig. 4.2.4.4.6. The neat copolymer
also showed two negative peaks at 308 K and 339 K in the second TSDC
measurement. It is clear from the direction of the peaks, that the peaks

correspond to dipolar disorientation or ion displacement within the P(VDF-
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TrFE) sample 7% %% 19119 The less thermally stable peak is referred to the
component caused by a reorientation of aligned dipoles in amorphous phase !"”
1911921 Dye to a high degree of crystallinity of the copolymer (Table 4.2.4.1.1)
and a higher amplitude of the negative peak at 339 K, the TSD current can be
related to the ferroelectric component in crystalline phase '), On the other
hand, the composite containing 1 vol. % CNT showed similar to the
aforementioned discharge behaviour already on the first TSDC heating. Here
three peaks at 308 K, 322 K and 339 K were observed (Fig. 4.2.4.4.11a).
Although, the temperatures were lower than those of the neat P(VDF-TrFE).
As the electret component is accompanied by space and surface compensating

charges 1'% 1%

, a change of the trap depth of the bulk charges in polymer
matrix \’" by presence of CNT fillers could explain lower temperature of the
first two peaks. A strong electret component can also be explained by internal
polarization due to charge separation within the dielectric and caused by
conduction either between interfaces, such as domain boundaries (Maxwell-
Wagner effect) " *). The smaller peak corresponding to the ferroelectric
component can be explained by the effect of CNT fillers during formation of
the crystalline phase, similarly as it was expected in PDMS/ZnO composites
1521 Figure 4.2.4.4.11b shows faster polarization in composites containing 1
vol. % CNT. Further polarisation cycles, that were not presented here, showed
a saturation of the discharge peak, indicating its dipolar nature "%, We assume,
that compensating charges induce an additional mechanism at surfaces of
crystallites in which charges and dipoles are mutually attracted, therefore
producing high remnant polarisation, as reported elsewhere ). Although a
high electret component can affect negatively stability of piezoelectric

[100, 1011 Contributions of the electret and the ferroelectric

coefficients
components to formation of the single peak at 330 K still require more
elucidation.

It 1s obvious that the conductivity of the samples strongly depends on the

CNT fillers (Fig. 4.2.4.2). Therefore the lowest TSDC current was observed in
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P(VDF-TrFE) sample containing 2 vol. % CNT (Fig. 4.2.4.4.11a and Fig.
4.2.4.4.11b). If CNT fillers percolate above a certain concentration, producing
the rapid transfer of the bulk charge, so the polarization field, produced by the
charges on and near the samples surface, decreases. If the field is lower than
the coercive electric field of the material, we do not expect the ferroelectric
polarisation. This assumption could explain the absence of the more thermally
stable TSDC peak in 2 vol. % P(VDF-TrFE)/CNT composites.

An abrupt current increase for all samples at temperatures higher than 370 K
was observed. According to some literature, the existence of the spontaneous
current may be a result of electrochemical effects in the metal-polymer
interface, and an effect of bulk electrical resistance as the polymer undergoes

structural transitions, i.e. the ferroelectric to paraelectic phase transition .

4.2.4.5 SEM analysis

Figure 4.2.4.5.12 presents SEM images of 1 vol. % P(VDF-TrFE)/CNT
composite at different magnification. Although spherutlites were not observed
in the composite films, as it was shown in previous reports on spherulite size

(%] we assume that the size of spherulites is less than 1 pm.

up to 5 um
Nevertheless, it is clearly seen, that the distribution of CNT fillers in the
polymer matrix is relatively good, as there no conglomerates of the fillers were

observed at magnification of 10 000 times.
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Figure 4.2.4.5.12. SEM images of 1 vol. % P(VDF-TrFE)/CNT composite at
different magnification ((a) x1000, (b) x5000).

4.2.4.6 Summary

A complex investigation of the effect of thermal cycling and annealing on the
crystallinity and ferroelectric phase transition of P(VDF-TrFE)/CNT
composites by means of DSC, ultrasonic and dielectric spectroscopy was
performed. The change of conformation of the crystalline region changes
mechanical and dielectric properties of the composite, thus resulting in the
change of the peaks related to the glass and ferroelectric- paraelectric transition
anomalies. A change of the thermal hysteresis was observed in temperature
dependences of the ultrasonic velocity, attenuation and complex dielectric
permittivity of the investigated composites. Thermally stimulated discharge
current measurements of the P(VDF-TrFE)/CNT composites combined with
ultrasonic measurements revealed a strong dependence of the electret
component on the presence of CNT nanoparticles. The small ferroelectric

component can be explained by acting of CNT fillers as crystallization nuclei
124



for the non-ferroelectric phase and a subsequent growth of spherulites.
Although previous investigations of composites with carbon fillers have shown
an increase of spherulite size, it was suggested based on the SEM analysis that
in our case the presence of the CNT fillers in the polymer matrix forms

relatively tiny spherulites of different to S -crystalline phase of P(VDF-TrFE).
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5 Conclusions

In the present work we have studied the effect of inorganic ZnO and BPZT
fillers and organic CNT fillers on organic composite dielectric and mechanical

properties. Following statements have been made:

1. In composites of non-piezoelectric PDMS with ZnO nanoinclusions the
temperature dependent dielectric and mechanical relaxation anomalies are
dependent on concentration of ZnO particles, i.e. a composite containing
higher concentration of fillers has a lower dielectric and higher
mechanical loss peaks. ZnO fillers act as nucleation centers in glass-
crystalline state, or scattering centers in amorphous high temperature state
of PDMS. Room temperature increase of ultrasonic attenuation in the
strongly doped PDMS/ZnO composites is due to increased scattering

centers for ultrasonic wave.

2. The complex dielectric permittivity and coercive electric field of P(VDF-
TrFE)/BPZT composites with smaller filler concentrations (< 20 vol. %)
obey Lichtenecker’s effective medium approximation model. Since the
permittivity of the polymer is much lower than of the permittivity of the
fillers, the proposed mixing rule can also be applied to explain the passive

behaviour of ceramic particles in the ferroelectric composites.

3. Both the Curie and melting temperatures of P(VDF-TrFE)/BPZT decrease
with the addition the BPZT fillers.

4. In composites of (PVDF-TrFE) polymer with small amount of organic
CNTs the dielectric and mechanical properties depend not only on the
increased conductivity of composite determined by large conductivity of
CNT, but also by CNTs acting as nucleation centers for a subsequent

growth of spherulites. Such change of conformation in glass-crystalline-
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amorphous polymer matrix results in the change of the loss maxima
temperature anomalies related to the glass or ferroelectric- paraelectric

transition.
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