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Summary

The present thesis’ aims is to describe the experimental activities performed
during the three years of PhD. The work was carried out in the laboratory
LINCE (Laboratorio di Ingegnerizzazione di Materiali Ceramici) of Politecnico
di Torino and the IIT (Istituto Italiano di Tecnologia) Center fo Space Human
Robotics of Turin. All the functional piezoelectric and dielectric characterizations
were performed in laboratory of ceramic material in EPFL (École Polytechnique
Fédérale de Lausanne).

The objective of the PhD project is to evaluate cheap and easily processable
flexible materials that can be used for robotic sensitive skin applications. This
activity is embedded in a more general project of IIT concerning the development
of a fully functioning hand exoskeleton. Piezoelectricity is the physical property
chosen to ensure the response to the tactile stimulus. Composite materials based
on a piezoelectric phase dispersed in a polymeric matrix should, in principle,
grant both an adequate piezo response and the flexibility required by the robotic
skin application.

The manuscript is divided into two parts.
The former is a theoretical background. First of all a general Introduction
about the problem of tactile sensing is reported along with a brief overview of
the materials and the solutions studied in literature and the physical properties
involved. The purpose of the Chapter 1 is to go deeply in the theoretical
aspects of the piezoelectricity from the physical point of view. There will be
explained the laws of piezoelectricity and the classification of materials in which
it occurs. In Chapter 2 the topic is composites: the classification, mixing rules
and how they can be prepared for piezoelectric applications.
The latter part concern the PhD project from the concept to the experimental
activity from the data analysis to the conclusions. In Chapter 3 the objectives
of the experimental activity will be clearly defined, along with the strategies
adopted to fulfil them and an overview of materials and methods used. In
Chapter 4 results will be exposed and discussed. Not only the final functional
property but also the characterization of PVDF matrix are reported. Chapter
5 is dedicated to conclusions.
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Part I

Theoretical background
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Tactile sensing: a general

introduction

This brief introduction aims is to show the complexity of the topic of this
thesis: the tactile sensing. An ideal solution cannot be find also because at this
time several disciplines are involved in researching the best one on the specific
application [1].

The human sense of touch

Skin is a very important tissue in human body. Its main role is to protect
internal organs and to allow the interation of the whole body with the external
environment. Among these functions there is the sense of tact. It allows to
asses object properties such as roughness, shape, temperature, vibration but also
the force applied to it during the manipulation of the same. In human skin all
these tasks are performed by different kind of receptor each providing a detailed
and specialized feedback. In the human physiology the mechanotransduction
mechanism in the skin receptors transforms the mechanical stimulus into a
sequence of electrical discharges transmitted to the central nervous system.
There are different mechanoreceptors. That can be classified on the basis of the
structure of receptive field and on the rate of adaptation: Fast adapting receptors
respond with a burst of action potential when the stimulus is applied or removed
but are insensitive to dynamic forces while Slowly adapting receptors remain
active during the period during which the stimulus is in mechanical contact with
its receptive field. A further classification divides the mechanoreceptors in small
and large receptive field with distinct and diffuse borders.

By integration of the signals coming from these receptors human brain is
able to reconstruct perception of several behavior of bodies:

• Force perception

• Form perception, defined as the "perception of the specific geometric
structure of a surface of an object"

• Texture perception, which corresponds to "the subjective feel of a surface
and depends on its distributed, statistical properties"

• Softness perception, defined as "the progressice donformation to the con-
tours of the fingers and hands in proportion to contact force"
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• Curvature perception, considered as "the rate of change in the angle of a
tangent line to a curve as the tangent point moves along it"

The task to emulate the detection and elaboration of such a complexity of
information is very tricky. As will be shown in the next section there is not a
solution suitable to perform all these sensitive tasks.

Artificial tactile sensing

Until now three main strategies have been tested in order to fulfil the complex
tasks of human skin:

• Fully-synthetic tactile sensing

• Bio-Hybrid tactile sensing

• Fully-biological tactile sensing

The first strategy implies the exploitation of physical properties of synthetic
materials. The other two have in common the use of a tissue engineered skin:
in the first case synthetic receptor are used while the second is a trial to use a
biological mimic system. The science and engineering supporting artificial skin
is consolidated while byo-artificial devices are relatively new. In Table 1 are
reported the main advantages and disadvantages of these approaches.

Table 1: Comparison between the different strategies for artificial tactile sensing [1].

Artificial tactile sensing

Approaches Types Advantages Disadvantages

Fully-synthetic

Capacitive

Physical robustness
Greater sensitivity

No self-healing
Biocompatibility

Piezoelectric
Piezoresistive

Inductive
Optoelectric
Strain gauge

Bio-hybrid

Silicon based sensor
Bio-mimicry

Bio-inspiration
Self-healing

Greater softness
and compliance

Conservation
of living cells

with conductive sensor
MEMS sensors with

tissue engineered skin
Substrate with bio-hybrid

skin-like electrode

Fully-biological

Hydrogel based
artificial skin
Gelatin based
artificial skin

Tissue engineered skin
Merkel cells

Bio-mimicry

Conservation
of living cells

Rejection

Bio-inspiration
Self-healing
Wettability

Regeneration of tissue
Greater compliance
Biocompatibility
Biodegradability

As the most consolidated technologies for tactile sensors are the fully-synthetic
ones, the objective of this thesis will be the investigation of one of these, the
piezoelectricity. In order to complete the overview on this general topic in Table
2 are reported the most investigated fully-synthetic solutions.

3



Table 2: Fully synthetic tactile sensing transduction method [1].

Fully-synthetic tactile sensing

Transduction Modulated
Advantages Disavantages

method parameter

Capacitive
Change in
capacitance

High spatial resolution

Severe hysteresis
Stray capacitance

Complex electronics
Noise susceptible

Good frequency response
Long term drift stability

High sensitivity
Low temperature

sensitivity
Low power consuption

Piezoelectric
Strain

polarization

Flexibility High temperature
Workability sensitivity

Chemical stability Poor spatial resolution
Good high-frequency Dynamic sensing only

response Simple electronics

Piezoresistive
Change in
resistance

Flexibility
Large hysteresis

Low frequency response
Low repeatability

Good sensitivity
Low noise
Low cost

Simple electronics

Strain gauge
Change in
resistance

Sensing range
High sensitivity

Low cost

High hysteresis
Non linear response

Susceptible to
temperature changes
Complex electronics

Inductive
Change in
inductance

High sensitivity Limited to
High dynamic range nonmagnetic medum

No mechanical hysteresis Low spatial resolution
Linear response Low repeatability

Physical robustness Complex electronics

Optoelectric
Light intesity

Spectrum change

High density Large size
High spatial resolution Rigidness

Senses both shear Loss of light by
and normal contact forces microbending causes

Immunity from EMI distorsion signal
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Chapter 1

Piezoelectricity

1.1 Piezoelectric effect

The word piezoelectricity finds its etymological origin in the Greek words
πιέζειν (piézein) which means to squeeze or to press, and έλεςτρον (electron)
which in ancient times were the name for amber, a material known for being
capable to develop electrostatic charge. The first observation of the phenomenon
occurred in 1824 in Rochelle salt. But the first experimental work concerning this
topic was published in 1880 by Curie brothers. They observed the formation of
electric polarisation in a quartz single crystal subjected to a mechanical stress [2].

Piezoelectricity is a property that couples mechanical and electric behavior
of a certain class of materials. Some non-centric crystals, or similar materials,
can generate polarisation when subjected to a mechanical stress and vice-versa.
This two phenomena can both be classified as a piezoelectric response. It is
commonly defined as the direct piezoelectric effect the change of polarisation
proportional to the applied strain. The application of an external stress leads to a
dielectric displacement that manifests itself with an internal electric polarization.
The converse piezoelectric effect (also inverse, reciprocal) is, on the contrary,
the strain appearing when an external electric field is applied [3]. In Figure 1.1
a simple and very schematic representation of these two effects is proposed.

Some trivial applications based on these effects can be imagined. For instance
a piezoelectric sensor is a device which converts a mechanical event affecting
the material (displacement, stress, pressure) in a measurable electric quantity
(charge, voltage). The same effect can be exploit for power generation. On the
contrary an actuator material acts converting electrical power in mechanical
force or displacement.

1.1.1 Mechanical and electrical behavior of the materials

Concerning the electrical properties the three fundamental quantities to
consider are the electric field strength vector E, the electric polarisation vector
P and the electric displacement vector D. These quantities are related by the
equation

D = ε0E + P (1.1)
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CHAPTER 1. PIEZOELECTRICITY

Figure 1.1: Graphical description of the two macroscopic piezoelectric effects. In the
first image the application of a compressive stress generates a polarization
in the material and a current can be measured. In the latter the application
of a voltage lead to mechanical compression of the material and, of course,
to dielectric polarisation [4].

where ε0 is known as the vacuum permittivity (8.854 [F/m]). The application of
an electric field on an insulating material polarises it, by separating the charges.
In an isotropic material this can be expressed as

P = χε0E (1.2)

introducing the dielectric susceptibility χ [−].
For an anisotropic body it is necessary the use of tensor notation [5]. In this

way the application of an electric field Ej [V/m] lead to a polarisation Pi [C/m2]
(i, j = 1, 2, 3)

Pi = χijε0Ej . (1.3)

By substituting 1.3 in 1.1

Di = ε0Ei + ε0χijEj = ε0(δijEj + χijEj) = ε0(δij + χij)Ej = εijEj . (1.4)

The symbol δij is the well known Kroenecker’s symbol and quantity εij is known
as the dielectric permittivity of the material. An important quantity is also
defined as the relative permittivity or dielectric constant of the material

κij = εij/ε0 = δij + χij . (1.5)

The relations 1.3 and 1.4 are valid only for linear approximation [6].
A piezoelectric material exploited in a device undergoes displacement several

times. In order to be unmodified by this cyclic work, it is critical that the
deformation stays in the elastic range. The basic assumption of the model for an
ideal elastic material, is that the stress sensor depends only on the deformation
at the same time and at the same point. This means that elastic properties
are independent of time (for instance stresses are independent on the straining
rate). As a consequence stress and strain change without time delay. Another
assumption is that the material is considered to be homogeneous.

For sufficiently small deformation, Hooke’s law generalization for isotropic
bodies takes the form
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1.1. PIEZOELECTRIC EFFECT

σm = cmnxn (1.6)

or expressing the elements of the strain tensor in terms of the stress

xm = smnσn (1.7)

where σm[N/m2] is the applied stress, xn[−] the displacement and cmn[N/m2],
smn[m

2/N ] the elastic stiffness tensor and the elastic compliance tensor respec-
tively [3]. The m,n indices range from 1 to 6 accordingly to the Voigt notation
(see Appendix A).

1.1.2 Piezoelectricity constitutive equations and figures of

merit

As stated before, in piezoelectric materials mechanical and electrical proper-
ties are coupled so that a linear relationship between applied stress and resulting
charge density is found

Di = dimσm. (1.8)

The quantity dim [C/N ] is known as direct piezoelectric coefficients. Using
the indices notation for which i, j, k = 1, 2, 3 while m,n, l = 1, 2, 3, 4, 5, 6 it is
evident that d is a third-rank tensor. The other abilities of piezoelectric materials
consists to contract or expand when subjected to electric field. This strain is
described as follow

xm = dkmEk (1.9)

with dkm [m/V ] is known as inverse piezoelectric coefficient. These two coeffi-
cients are thermodynamically identical.

To fully describe the second order material coefficients, derived from the
coupling of elastic and dielectric properties, eight equations are needed

Di = εikEk + dimσm (1.10)

xn = dknEk + snmσm (1.11)

Ek = βikDi − gkmσm (1.12)

xn = ginDi + snmσm (1.13)

Di = εikEk + einxn (1.14)

σm = −ekmEk + cnmxn (1.15)

Ek = βikDi + hknxn (1.16)

σm = −himDi + cnmxn (1.17)
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CHAPTER 1. PIEZOELECTRICITY

where cnm [Nm−2] and snm [N−1m2] are previously mentioned elastic stiffness
and elastic compliance tensor, εik [Fm−1] is the dielectric permittivity and βik

[F−1m] is the dielectric impermittivity. Piezoelectric effect can be described by
four different coefficients, summarized in Table 1.1. The first two Equations,
namely 1.8 and 1.9 are the most used. It is important to specify that the
Equations are in isothermal or adiabatic condition otherwise other contributions,
due to temperature and entropy, would be present [7].

Table 1.1: Piezoelectric coefficients for direct and inverse effects.

Piezoelectric coefficients
Direct effect Converse effect Direct units Converse unit

dim =

(

∂Di

∂σm

)

E

=

(

∂xm

∂Ei

)

σ

[

C

N

]

[m

V

]

gim = −

(

∂Ei

∂σm

)

D

=

(

∂xm

∂Di

)

σ

[

V m

N

] [

m2

C

]

him = −

(

∂Ei

∂xm

)

D

= −

(

∂σm

∂Di

)

x

[

V

m

] [

N

C

]

eim =

(

∂Di

∂xm

)

E

= −

(

∂σm

∂Ei

)

x

[

C

m2

] [

N

Vm

]

All the piezoelectric coefficients are mutually related by the relationships:

dim = einsnm = εijgjm (1.18)

eim = dincnm = εijhjm (1.19)

gim = hinsnm = βijdjm (1.20)

him = gincnm = βijejm. (1.21)

Relations between variables are represented briefly in Figure 1.2. Piezoelectric
coefficients connect mechanical and electrical quantities.

Another important parameter for a piezoelectric material is the coupling
factor keff which gives a measure of the effectiveness with which electrical energy
is converted into mechanical and vice-versa [8]. Below resonant frequencies of
the body it takes the form

k2eff =
Resulting converted energy

Input energy
. (1.22)

The choice of the proper constitutive equation depends on the experimental
conditions (in particular the elastic and electric boundary conditions) for which
the independent variables are chosen. Electrical free condition can be easily
achieved by snorting the electrodes where the piezoelectric generated charge is
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1.1. PIEZOELECTRIC EFFECT

Figure 1.2: Relations among electrical and mechanical quantities. Arrows always start
from an independent variable and end on a dependent one [3].

collected. Charges can freely move in a device so that polarisation is compensated
and electric field remains equal to zero.

It is not easy to reach a well defined mechanical state. Because of the use of
system to grip and/or apply the force on the sample it is very easy to introduce
some shear components in the interface piezoelectric material/sample holder. It
is sometimes easier to measure the d coefficient using inverse effect, considering
the sample as mechanically free (σ = 0).

The condition of a constant electric displacement can be reached by forcing
free charges not to move. This can be obtained, in principle, in non-conductive
enviroment for the non-conductive sample without electrodes.

Every piezoelectric element dim corresponds to the interaction between a
stress component σm and an electric displacement component Di. According to
their direction 4 different cases can be distinguished, as schematically displayed
in Figure 1.3.

Figure 1.3: Four possible orientation of piezoelectric effect. In the order: L d22, T d12,
SL d36, ST d26 [3].

Coefficients d11, d22, d33 describe the effect where the normal mechanical
stress causes polarisation in the same direction and it is called longitudinal
piezoelectricity "L". Another possibility is a polarisation perpendicular to the
applied normal stress which is called transversal effect "T" and is characterized
by the coefficients d12, d13, d21, d23, d31, d32. If the shear mechanical stress is
applied two possibilities arise: one is the longitudinal shear, "SL", characterized
by a polarisation perpendicular to the plane of applied stress and coefficients

9



CHAPTER 1. PIEZOELECTRICITY

d14, d25, d36; the other possibility is that the polarisation lays on the shear plane
and this is called transversal shear, "ST ", characterized by the coefficients d15,
d16, d24, d26, d34, d35.

1.2 Piezoelectric materials

Introducing this topic it is important to understand why some materials show
piezoelectricity. According to Neumann’s principle [5]:

The symmetry elements of any physical property of a crystal must
include the symmetry elements of the point group of the crystal.

This means that if a material group point includes a centre of symmetry
piezoelectric effect is forbidden. A first classification can be done by dividing
the 32 crystallographic classes into 11 centrosymmetrical, not showing piezo-
electricity, and 21 non-centrosymmetrical. Among these, the class 432 do not
show piezoelectricity due to other crystallographic constraints. The 21 groups
are further divided in to two classes:

• 10 groups with a singular polar axis, known as polar crystal and having
pyroelectric behavior;

• 11 groups have combinations of several crystallographic equivalent polar
axis resulting in zero sum. Those are called polar-neutral crystals.

In Table 1.2 the different point groups are classified.

Table 1.2: Centrosymmetric and non-centrosymmetric point groups in crystals with
different symmetries [9].

Crystal Symmetry Centro- Non-centro-
system elements symmetric symmetric

Triclinic Center 1 1
Monoclinic Center, axis, plane 2/m 2, m

Orthorombic Center, axis, plane mmm 222, mm2
Tetragonal Center, axis, plane 4/m, 4/mmm 4, 4, 442, 4mm, 42m
Trigonal Center, axis, plane 3, 3m 3, 32, 3m

Hexagonal Center, axis, plane 6/m, 6/mmm 6, 6, 622, 6mm, 6m2
Cubic Center, axis, plane m3, m3m 23, 43m, 432

The phenomenon of piezoelectricity can be described as the motion of ions
inside certain crystalline structures, leading to a variation of dipolar moment.
In the presence of a centre of symmetry no dipoles are present, thus no piezo-
electricity can be found. Applying stress to a polar crystal, the piezoelectric
polarisation will contribute to already existing spontaneous polarisation. In
polar-neutral crystals, with the exception of 432 group, the effect of an external
mechanical stress is to generate a single polar direction; a graphical example is
given in Figure 1.4.

As stated before, 10 point groups show a spontaneous polarization due
to a singular crystallographic polar direction. The total polarisation vector

10



1.2. PIEZOELECTRIC MATERIALS

Figure 1.4: Piezoelectric effect in polar-neutral symmetries explained with a simple
molecular model [9].

is changed not only by the application of an external stress, but it is also
influenced by temperature. This dependence is the aforementioned phenomenon
of pyroelectricity. As in the case of piezoelectricity, there is a converse
phenomenon called electrocaloric effect, that is a variation in temperature due to
an external electric field. Pyroelectrics are a sub-class of piezoelectric materials.
In the boundary condition of mechanically free and short circuited sample, the
dielectric displacement due to pyroelectric effect is

Di = pi∆T (1.23)

where the pyroelectric coefficient is defined as

pi =
∂Di

∂T
. (1.24)

A curious phenomenon of these materials is the existence of hydrostatic
piezoeletricity i.e. the polarisation due to isotropic stress.

Ferroelectrics are a sub-group of pyroelectric materials (see Figure 1.5).
In these materials the spontaneous polarisation can be switched (both reversed
or rotated) from one crystallographic orientation to others. Pyroelectricity is a
necessary but not a sufficient condition fo ferroelectricity.

Figure 1.5: Schematic hierarchy of piezoelectric materials.

1.2.1 Ferroelectric ceramics

A classic and most widely used definition of a ferroelectric material has been
given by Damjanovic [6]:
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CHAPTER 1. PIEZOELECTRICITY

Ferroelectrics are a special case of polar materials where spontaneous
polarization possesses at least two equilibrium states; the direction of
the spontaneous polarization vector may be switched between those
orientations by an electric field.

Another theory of spontaneous polarization has emerged recently but from
the experimental point of view the classic explanation suites very well [10].

The spontaneous polarisation of these materials exists only in a certain
temperature range. Below a so called Curie temperature TC , all the ferroelectric
materials show the typical spontaneous polarisation. Above this temperature
the crystals are in the paraelectric form, with no spontaneous polarisation. By
crossing this critical temperature the materials undergoes a phase transition.
Some materials, like barium titanate, undergoes several phase transitions with
several successive ferroelectric phases [11,12].

The most commonly known ferroelectric ceramics have a perovskite structure
ABO3. "A" is 12 fold coordinated with respect to oxygen and B is octahedrally
coordinated by oxygen. The structure is typically represent with the A site at
the corner of the cube, the B site at the center and an oxygen at the middle of
each face. This structure allows a great number of different cations and even
doping being able to adapt the mismatch between the equilibrium A-O and B-O
bond lengths. In this way a lot of stoichiometries are allowed. The structure
has a great tolerance about the distortions. Moving from the cubic cell, also
tetragonal, orthorhombic, rhombohedral and monoclinic cells can be found [13].
In Figure 1.6 is reported an example of different perovskite cells.

Figure 1.6: Perovskite crystal in cubic, tetragonal and rombohedral states [6].

The most widely investigated and used ferroelectric materials belong to
perovskite family like BaTiO3 (barium titanate), (Na0.5K0.5)NbO3 (sodium
potasium niobate), PbTiO3 lead titanate, PbZr1−xTixO3 (lead zirconate titanate)
and so on. Particularly effective are the lead based ceramics but for enviromental
and health reasons the research is moving towards the lead free alternatives
[14,15].

Passing the Curie temperature there is the phase transition from the high-
temperature cubic cell to the low-temperature tetragonal (or other) one. Moving
to lower symmetry structure, the ions B, originally in the centre of the oxigen
octahedra, jumps between energetically favourable positions out of the octahedron
centre. Breaking the symmetry centre, the centre of positive and negative charge
within the unit cell is no longer coincident, which is the origin of the spontaneous
polarisation.

The transition into a ferroelectric phase usually leads to anomalies in di-
electric, thermal, elastic and other properties of the material. The transition is
accompanied by a spontaneous strain of the unit cell. A significant temperature
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1.2. PIEZOELECTRIC MATERIALS

dependence of permittivity is found around TC , described by the Curie-Weiss
law

εr = ε0 + C
1

T − TC
(1.25)

and immediately below the Curie temperature

εr = ε0 + C ′ 1

TC − T
(1.26)

where εr is the relative permittivity of the material and C is the Curie-Weiss con-
stant. This two equations are valid for second-kind ferroelectric transitions. For
first-kind ferroelectric transition TC is substituted by the transition temperature
which does not coincide with Curie temperature [3].

Domain structure

The spontaneous polarisation in a not ideal ferroelectric material is not
uniformly aligned through all the volume in the same direction. By cooling a
perovskite through the Curie temperature, the ion in the centre of the octahedra
shifts towards one of the oxygens. The six possible directions are all equivalent.
This means that spontaneous polarisation may arise with the same probability
along any of them. The volume of material showing a single polarisation
orientation is called domain. The region between different domains is called
domain wall. Two kinds of wall can be found in tetragonal perovskites:

• if the domain have opposite polarisation the domain wall is called 180◦

wall

• if the polarisations of the neighbour regions are perpendicular is called a
90◦ domain wall

Because of the different dimension of the sides of the tetragonal cell, the 90◦

domain wall will result with slightly lower angles. Depending on the crystalline
structure, other domain wall angles are allowed.

Along the domain walls the polarisation changes continuously but steeply.
Commonly has been found a width of about 2-3 crystal unit cells, much narrower
than the respective ferromagnetic domain wall [16].

The presence of ferroelectric domains allows to minimize the electrostatic
energy of the depolarizing field and the elastic energy accumulated during the
phase transition from paraelectric to ferroelectric. The polarisation of the
material generates an accumulation of charge at the surface of the material. In
turn this charge accumulation generates an electric field, called depolarizing field,
which is oriented oppositely to the polarisation. It is present whenever there is
a non-homogeneous distribution of the spontaneous polarisation (domain wall,
material surface). The field can be pretty strong reaching the order of MV/m.
To minimize the electrostatic energy associated with this field there are two
possibilities:

• Ferroelectrics split into domains with opposite polarisation

• The depolarising charge is compensated by an electrical conduction through
the crystal or by surrounding material.

13



CHAPTER 1. PIEZOELECTRICITY

Splitting into domains can be also due to mechanical stresses. Let us assume
the cubic cell of a perovskite above the Curie temperature is compressed along
the [100] direction. To minimize the elastic energy, the long axis of the tetragonal
cell will develop perpendicularly to the stress direction, while other unstressed
areas remain parallel to the stress. The combination of electrical and elastic
boundary conditions acting during the ferroelectric phase transition determines
the domain structure (Figure 1.7).

Figure 1.7: Formation of 180◦ and 90◦ domain wall in a tetragonal perovskite [6].

Both 180◦ and 90◦ domain walls contribute to the reduction of electrostatic
energy. They are called ferroelectric domain wall because they differ in orientation
with respect to the spontaneous polarisation. Only the 90◦ minimize the elastic
energy. This kind of wall is also called ferroelastic because the orientation differs
from the spontaneous strain tensor [6].

Switching and hysteresis

When cooled below the Curie temperature, a ferroelectric ceramic experiences
a complex mix of elastic and electric boundaries which split the material into
various domains. Thus, even in a single crystal, because of the random sponta-
neous polarisation, the net macroscopic polarisation is zero. By the application
of an electric field it is possible to reorient the domains along the applied field.
Application of the electric field will reduce (in ceramics) or completely remove
(in crystal) the domain walls. A direct consequence of the domain wall switching
is the hysteretic behavior of polarisation as a function of the applied field.

Figure 1.8: P-E behavior of different material: a) Ideal linear capacitor, b) Ideal resistor,
c) Lossy capacitor, d) Non-linear ferroelectric [17].

The P-E behavior of an ideal linear capacitor, Figure 1.8a, is represented by
a straight line whose gradient is proportional to the capacitance. In this material
there is a 90◦ phase difference between the current and the voltage. The charge,
which is the first derivative of the current, results in phase with the voltage. For
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an ideal resistor the current and the voltage are in phase so the P-E loop is a
circle with the centre in the origin (Figure 1.8b). Combining these two elements
a behavior like that in 1.8c is obtained. In such a lossy capacitor the area within
the loop is proportional to the loss tangent of the device.

In Figure 1.9a is reported a detailed hysteresis loop of a PZT film, very
similar to that of Figure 1.8d. At small values of the alternating electric field
the polarisation increases linearly with field amplitude (AB). Increasing the
field the domains tend to switch along the direction of the field, or at least
along the crystallographic directions as close as possible to it. The polarisation
grow fast with a non linear behavior (BC). As the domains are aligned (C)
the material begin to act again as a linear dielectric (CD). Decreasing the field
some domain will remain orientated, resulting in a non zero polarisation called
remnant polarisation (PR). To reach the zero polarisation a coercive field EC

has to be imposed.

Figure 1.9: a) Ferroelectric P-E hysteresis loop in switching mode. The hexagons show
a schematic representation of two domains with different orientation [6]. b)
Hysteresis at various amplitude of field. At lower fields the switching of
the domains is not achieved [18]

In Figure 1.9b is also reported the effect of different field amplitudes. At
lower fields the domain structure on average remains the same, while domain
walls may move at a small scale. In addition to the P-E loop there is another
hysteresis phenomenon concerning the displacement, as can be seen in Figure
1.10. Moving from the zero field condition (A) an electric field is applied in the
direction of spontaneous polarisation. The crystal expands linearly because of
the piezoelectric effect until the maximum field is reached (C). At that point the
field begins to decrease, and the sample is compressed, until it changes direction
(AD) and then becomes strong enough to switch the direction of polarisation. It
becomes parallel to the field and the displacement is positive again.

Poling and ageing

As stated before, a ferroelectric ceramic may have a net polarization equal to
zero for the random orientation of the domains. The piezoelectric effect of the
different domains will cancel each others. In order to exploit the piezoelectricity
of polycristalline ferroelectrics it has be brought in a polar state. The process is
called poling and consists in the application of a strong continuous electric field
(10-100 kV/cm) at high temperature, near the Curie temperature. The combined
action of electric field and high temperature should accelerate the movement
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Figure 1.10: Strain-electric field hysteresis loop (butterfly loop) [6]

of the domain walls through the imposed orientation. Thus the three critical
parameters in this process are:

• Temperature

• Time

• Voltage.

Another possible strategy is to brought the material at a temperature higher
than TC , inducing the phase transformation in the cubic phase, and cooling
it while the field is still applied. In this way the field boundary constrains the
domains to be orientated in the same direction. It is important to reach the
highest macroscopic polarisation avoiding the breakdown of the material. It can
occur due to dielectric breakdown of the material itself, moisture, interfacial
discharge, defects, cracks, bubbles. It is not trivial to understand the reason
for the breakdown of the samples. The dielectric strength is also increased by
increasing the thickness of the sample, but this is not always practicable [19].
In any case alignment is never complete; depending on the preparation of the
material and the crystalline structure, it can reach the 83% for the tetragonal
phase to 86% for the rhombohedral phase, and to 91% for the orthorhombic
phase, when compared with single-domain, single-crystal values [2].

The macroscopic polarisation given to a ferrolectric tends to decrease as a
function of the time after the field removal. This is a normal process of ageing
of the properties. Although several mechanisms have been proposed it is not
clear what are the effective contribution of each of them. The origin of the
domain structures is to minimize the electrostatic energy of the depolarizing field,
thus the main cause of ageing can be considered the thermodynamic necessity
to reach again a situation of minimum energy. Despite this consideration, the
depolarizing field is not considered as the only driving force [20]. The defect
dipole reorientation model seems to be effective to explain the ageing behavior as
a function of the vacancies concentration. A mobile charged defect can interact
with the spontaneous polarisation in two ways:

• Migration of free charges to the external perimeter of the crystal(grain
boundaries) decreases the effective polarisation response

• Orientation of defect-dipoles along the spontaneous polarisation. Due to
the low mobility of these kind of dipoles the effect is a material hardening.
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The two mechanisms act in a very different way so that two materials with the
same concentration of defects can behave differently according to which is the
main acting mechanism [21].

1.2.2 Piezoelectric polymers

Piezoelectricity and ferroelectricity in a polymer was firstly discovered in
PVDF by Kaway in the year 1969 [22]. Since that year researchers have found
ferroelectric behavior in several others polymers such as odd-numbered Ny-
lons [23], where the polar carbonyl groups are all oriented in the same direction,
polyureas [24], polyurethanes [25], cyano polymers [26]. Also from the appli-
cation point of view, this group of ferroelectrics has attracted great attention.
Piezoelectric polymers, compared with the most used piezoelectric ceramics,
show a lower strain coefficient d33. However the low value of permittivity of
the polymers leads to high values of voltage constants g33 (gjm = dim/εij as in
Equation 1.18) [27]. This means that they can be excellent sensors. Other attrac-
tive characteristics are flexibility, low density, lightweight, low cost (relatively
speaking, fluoride ones are among the most expensive polymers), low refractive
index, and an acoustic impedance much lower than those of ceramics (crucial
for medical and underwater applications). Typically polymers exhibit a higher
dielectric resistance to breakdown, sustaining higher operating electric fields
than ceramics [28]. As shown in Figure 1.11 these polymers find application in a
wide variety of devices.

Figure 1.11: Piezoelectric and pyroelectric applications of electroactive polymers during
the years from 1999 to 2004 [27].

Despite mechanisms for amorphous and semicrystalline materials differ, for
both the morphologies four critical requirements exist to have piezoelectricity:

• The presence of molecular dipoles

• The ability to orient or align these dipoles

• The ability to sustain the dipoles alignment
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• The ability to undergo great strain when stress is applied.

Within this thesis the discussion will be focused on the semi-crystalline
polymers. In this case the microstructure is constituted by crystalline "isles"
(that brought a net polarisation) in an amorphous matrix (as in Figure 1.12).
As for ferroelectric ceramics, a poling process is needed in order to obtain a
macroscopic polarisation that differs from zero. Optimal poling condition usually
requires to overcome the glass transition temperature, in order to have a sufficient
chain mobility [29]. Uniaxial stretching may somehow orientate the polymeric
chains increasing the spontaneous net polarisation. Sometimes both stretching
and poling are performed simultaneously [30].

Figure 1.12: a) Illustration of the microstructure of a semi-crystalline ferroelectric
polymer. b) Mechanical stretching of the material can improve the aligne-
ment of the crystalline portion, increasing also the net polarisation. c)
Depositing electrodes on the surfaces it is possible to perform the poling
process to align the crystallite dipoles [28].

PVDF and its copolymers

From the application point of view polyvinylidene fluoride PVDF is the
most important ferroelectric polymer. Its chemical structure is simple: the
monomer consists of two vinyl atoms of carbon with one of them bringing two
fluorine atoms. The strong electronegativity of the halogen atoms determines
the polarisation of the group.

PVDF has different polymorphs, with different piezoelectric behaviors as
shown in Figure 1.13. Nature of the chains, casting techniques and post-
treatments are the key to obtain a certain phase. Depending on the reciprocal
orientation of the C-F2 dipoles, the chain packaging may have a net polarisation.

• α-phase
This phase is typically obtained when the polymer is cooled from the melt.
It is a non-polar conformation trans-gauche-trans-gauche’ distorted by the
steric interaction between the two fluorine atoms.

• β-phase
This is the most interesting phase for the sensing application because it
shows pyro- and ferroelectric behavior. The conformation is all trans so
that the dipoles CF2 are all oriented in the same direction. This is the
origin of the spontaneous polarisation. The planar zigzag conformation
is distorted because the fluorine atoms are too large to allow a simple
all-trans conformation.
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Figure 1.13: Unit cell of α (A), δ (B), γ (C), β (D). Schematic chain conformation
of α and δ (E), γ (F), β (G). The green arrow indicates the dipoles
direction [31].

• γ-phase
This phase is characterized by a chain conformation TTTGTTTG that
confers a low spontaneous polarisation. Anyway it is not high enough to
make this phase interesting for application.

• δ-phase
Application of a strong electric field to α-phase may cause 180◦ rotation of
alternate chains leading to a polar, monoclinic form of α-phase.

Another phase is obtained under very particular conditions and it is called
ǫ-phase. Because it is very uncommon and hard to obtain there is poor literature
about that.

Table 1.3: Summary of the four polymorphs of PVDF [32].

Phase Conformation Unit Space Cell
cell group parameters [Å]

α TGTG Monoclinic P21/c a=4.96 b=9.64 c=4.62
β TTTT Othorombic Cm2m a=9.64 b=4.96 c=2.56
γ T3GT3G Monoclinic C2cm a=4.96 b=9.58 c=9.23
δ TGTG Monoclinic P21/c a=4.96 b=9.64 c=4.62

Depending on the molecular weight, chain terminal groups, processing tech-
niques, post treatment and ,possible inclusions, PVDF can exhibit different
microstructures, phases and crystalline fractions. The latter typically ranges
from 50 to 60%. Linear PVDF commonly crystallizes into spherulites that are
lamellae of polymer chain segments.

By cooling the polymer directly from the melt practically only α-phase is
obtained.

Several studies indicates a certain control in the crystallization of this polymer
by casting it from a solution in strong polar solvents as DMF [33–36], DMSO
[32, 36], NMP [37], MEK [36], THF [36]. Several of these studies claimed the
success in obtain β-phase. Investigation of the crystallization process and of its
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dependence on temperature, time, and on the nature of the solvent indicates
that β-phase is thermodynamically more favourable while α-phase is kinetically
favoured [33].

In literature it has been found that β-phase is promoted by the addition of
certain fillers, in particular clays [38–42], or carbon nanotubes [43], or by the
blend with other polymers, like PMMA [44, 45], or ionic liquids [46, 47]. Also
the stretching of the sample allows the chains to rearrange in a more elongated
conformation, thus increasing the β-phase fraction [30,35,48].

Sometimes the papers claiming β-phase are not so reliable. In fact it seems
that polar solvents promote the γ-phase but it is hard to discriminate the two
polar phases. Almost all the papers reporting the β-phase does not show the
region of IR spectrum where it is possible to discriminate the β-phase from the
γ-phase. Similar lack of attention in the PVDF characterizations appear both
in the papers where the crystallization is promoted by solvents and where it is
promoted by other nucleants.

The presence of defects and short ramifications is detrimental for the crystal-
lization ot the highly ordered β-phase. It seems that the polar phase crystallizes
in the range of 11-14% of defects while in the extreme of this range α-phase
dominates [49].

For piezoelectric purposes is mostly used polyvinylidene fluoride trifluoroethy-
lene PVDF-TrFE which is a copolymer of PVDF. The characteristics of this
polymer is to crystallize in β-phase directly from the melt. As stated before,
β-phase is thermodynamically favoured but cooling from the melt it does not
appear. Similarly to ferroelectric ceramics PVDF, should encounter a Curie
temperature where the transition from para- to ferro-electric takes place. In
PVDF this temperature is over the melting point while in PVDF-TrFE it is
below. In some cases two Curie temperatures have been found. This lead to
think that β-phase can have two slightly different sub-phases, one more organized
and the other more defective.
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Chapter 2

Piezoelectric composite

materials for tactile sensing

2.1 Composites and concept of connectivity

Composites are a very complex class of materials. The main objective for
which they have been developed is to couple and modulate the properties of
different kind of materials. Even though the choice of the constituents is a
critical step, it is not the only parameter affecting the final material properties.
A fundamental role is played by the way they are coupled. It is, in principle,
possible to obtain a wide variety of properties by designing the composite taking
into account various characteristics:

• connectivity pattern, which acts on field and force concentration

• symmetry at various levels, from the crystallographic structure of the raw
materials to the combined symmetry of the composites

• the use of periodicity in the inclusions

• dimensions of the inclusions

• interfacial phenomena between matrix and filler

• presence of porosity possibly due to the preparation process.

These ideas, summarized in Figure 2.1, provide a basic understanding of func-
tional composite sensors and actuators [50].

Let us consider a physical property which relates an input physical quantity
m, such as the volume fraction of the components, to output physical responses
Y (n)(m) and Z(n)(m). Generally speaking the properties Y ∗(m), Z∗(m) of
composites are modified by three main effects due to the presence of different
phases:

• Sum properties

• Combination properties

• Product properties.
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Figure 2.1: Flow chart illustrating design consideration for composite materials [51].

In sum properties, Y ∗(m) obeys to a monotonic dependence from the
volume fraction such that it can be defined as

Y ∗(m) = Y (1)(m) + Y (2)(1−m) + ∆Y (2.1)

where ∆Y defines the deviation from a linear dependence. This behaviour is
typical of elastic moduli, piezoelectric coefficients and dielectric permittivities of
0-3, 1-3 composites.

Given two sum properties Y ∗(m) and Z∗(m), both following a monotonic
dependence from the volume fraction, a third property W ∗(m) is defined as a
combination of the previous ones. The monotonic character of Y ∗(m) and Z∗(m)
does not imply a monotonic volume fraction behaviour of the combination
property. In piezo-composites this can be observed in the piezoelectric voltage
coefficient gij = dij/εij .

In general, product properties appear when generated by the interaction
of two complementary properties. A response activated by a stimulus and volume
fraction dependent can, in principle, be a stimulus itself for another response.
In practice a sort of indirect triggered property [52].

As introduced before, phases configuration is an important feature in engi-
neering a composite. Different structures can affect dramatically the magnitude
of a physical response or the generation/combination of properties. An important
contribution to this matter had been given by Newnham et al. which in the
1978 proposed a classification based on the concept of connectivity. A composite
is labelled by numbers which represent the dimensions in which the different
phases are connected. In this way a two phase composite can have ten different
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connectivities, namely: 0-0, 1-0, 2-0, 3-0, 1-1, 2-1, 3-1, 2-2, 3-2, 3-3. In Figure
2.2 there is a schematic representation of the different composite structures.

Figure 2.2: The ten connectivity patterns allowable for a two phase composite [53].

Concerning the piezoelectric properties, which are the main topic of this thesis,
Newnham proposed two simple models to predict the behavior of composite
materials assembling the characteristics of the two constituents. By putting
in series and parallel the two phases, respect to the external field (whatever it
is), it is possible to have a forecast of the final property. Despite these models
are extremely simplistic, they represent a sort of delimitation for the values the
piezoelectric coefficient may have. In the following equations the superscript (m)
indicates the matrix, while (f) the filler. The quantities taken into account are
the volume fraction φ, the dielectric permittivity ε33, the elastic compliance s33
and, of course, the dielectric coefficients d33 and g33.

d33 =
(f)φ (f)d33

(m)ε33 +
(m)φ (m)d33

(f)ε33
(f)φ (m)ε33 +

(m)φ (f)ε33
(2.2)

using the well known definition for the voltage coefficient g33 = d33/ε33 from
Equation 1.18

g33 = (f)φ (f)g33 +
(m)φ (m)g33 (2.3)

In this kind of connection even a thin layer of polymer, with permittivity sensibly
lower than a ceramic, can lower the d-coefficient, while the correspondent g-
coefficient remains substantially unaffected. For the parallel connection the two
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layers lay perpendicular to the electrodes, and the piezoelectric coefficients can
be defined as

d33 =
(f)φ (f)d33

(m)s33 +
(m)φ (m)d33

(f)s33
(f)φ (m)s33 +

(m)φ (f)s33
(2.4)

g33 =
(f)φ (f)d33

(m)s33 +
(m)φ (m)d33

(f)s33

((f)φ (m)s33 +
(m)φ (f)s33) · (

(f)φ (f)ε33 +
(m)φ (m)ε33)

(2.5)

For a parallel connected composite with a stiff piezoelectric phase (i.e. a fer-
roelectric ceramic) and an elastically compliant polymeric phase the equations
can be simplified considering that (f)d33 >> (m)d33, (m)s33 >> (f)s33 and
(m)φ = (f)φ = 0.5. In this case d33 ≃ (f)d33 and if (f)ε33 >> (m)ε33, then
g33 ≃ (f)g33/

(f)φ = 2 (f)g33.
It is evident that with smaller volume fractions, the voltage coefficient increases
[51,54].

Figure 2.3: The series and parallel models proposed to estimate the piezoelectric and
pyroelectric properties of composites [54].

2.2 0-3 piezoelectric composite materials

By arranging in different configurations the same raw constituents, a final
composite can result with a very wide range of properties values. For this reason
piezoelectric composites with the same composition, but different configurations,
have been investigated for a wide range of applications and work conditions.
Among the configurations the most simple is the 0-3 one. It consist of a random
array of particles dispersed in a matrix. The most common materials used for
piezoelectric applications are ceramic piezoelectric particles, such as ferroelectric
perovskites, in a polymeric matrix which can be piezo-active or passive. Despite
the simplicity, polymer-ceramic composites in this configuration have a series of
advantages:

• Processability

The process for the preparation can vary from simple mechanical mixing
between particles and polymer melt or solution, to more refined techniques
of dispersion in photo-curable monomer or in situ synthesis of particles.
Other possibilities are to combine the raw materials in order to get a paste
or an ink, depositing the composite via screen printer or inkjet printer.
Otherwise they can be processed more or less like a pristine polymer (melt-
cast, pressed ate relatively low temperature, extruded) obtaining a large
number of shapes for the final product. This wide variety of choice has
great impact on the attractiveness of these materials from the industrial
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point of view because of the consequent adaptability to industrial processes
and possibility to reduce the costs of production.

• Matrix effect

The main purpose of these composites is to extend the application of
ceramic functional properties to mechanical environment other than the
usual. The polymer matrix grants flexibility and the possibility of being
shaped in several forms. For actuation application this allows bigger
displacement and an extended working electric field, due to the higher
breakdown resistance.

• Functional properties

In principle the functional property of interest can be modulated by varying
the filler content. This is partially true. For piezoelectricity over a certain
volume fraction the agglomerates of particles can be detrimental for various
reasons.

For piezoelectric application this kind of composites have been explored,
especially with low filler fractions. Of course the piezoelectric response is far from
the pristine ceramic materials, but they can be suitable for sensor applications.

2.2.1 Piezoelectric models for 0-3 ceramic-polymer com-

posites

One of the interest in composite formulation is to achieve a prediction, as
precise as possible, of the final piezoelectric constant. As stated before, the
models in series and in parallel combine two phases obtaining the lower and
the highest values that can be obtained in a composite. From a geometrical
point of view, these models exploit a 2-2 composite applying a field parallel
and perpendicular to the layers. For a 0-3 composite several models have been
proposed in order to describe the behavior of the piezoelectric constant within
this threshold; in the next pages the most commonly used ones will be illustrated.

Furukawa

Apart the simple series and parallel model proposed by Newnham [51,54],
the first attempt to match a theoretical description of piezoelectric composites to
experimental data is due to Furukawa in 1976 [55, 56]. This model contemplates
an isotropic composite with spheric inclusions. It introduces the concept of local
field by the use of local field coefficient. They express the ratio between the field
perceived by the inclusions and the total field. The coefficients L for the different
fields (Lσ stress, Lx strain, LE electric field, LD dielectric displacement) are
functions of the volume fraction φ, the dielectric permittivity ε and the elastic
modulus c.

Lσ =
5 (f)c

3(1− φ) (m)c+ (2 + 3φ) (f)c
(2.6)

Lx =
5 (m)c

(3 + 2φ) (m)c+ 2(1− φ) (f)c
(2.7)
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LE =
3 (m)ε

(2 + φ) (m)ε+ (1− φ) (f)ε
(2.8)

LD =
3 (m)ε

2(1− φ) (m)ε+ (1 + 2φ) (f)ε
(2.9)

The strain generates on the material a local strain on the particles which start
the local dielectric displacement and then the final global dielectric displacement.
In Figure 2.4 there is a graphical explanation for the e constant.

Figure 2.4: Description of the piezoelectric effect for a two phase system including the
local field concept [56].

The four coefficient can be expressed as a function of the local field

d = φLσLE
(f)d (2.10)

e = φLxLE
(f)e (2.11)

g = φLσLD
(f)g (2.12)

h = φLxLD
(f)h (2.13)

The greatest limit of this model is the narrow range of applicability. In fact
it matches experimental results only for low ceramic loads, typically with volume
fraction less than 0.3.

Yamada

Yamada model have been developed to describe ellipsoidal inclusions in
continuous non piezoelectric medium [57]. The microstructure is described by
a shape factor n used to define the local electric field and, consequently, the
dielectric permittivity

ε = (m)ε

{

1 +
n (f)φ((f)ε− (m)ε)

n (m)ε+ ((f)ε− (m)ε)(1− (f)φ)

}

(2.14)

A new local field coefficient G is defined
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G =
nε

nε+ ((f)ε− ε)
(2.15)

and the piezoelectric constant is given by

d = (f)φαG (f)d (2.16)

In this model is taken into account the role of poling by the product for a
parameter α which varies from 0 to 1. When the sample is un-poled, α = 0,
no piezoelectric response can be found. By using this model also the elastic
coefficient (Young modulus) c has been calculated

c = (m)c

{

1 +
(f)φ((f)c− mc)

(m)c+ n′((f)c+ (m)c)(1− (f)φ)

}

(2.17)

where n′ is a parameter related to the shape of the inclusions. In all the equations
the material is considered loss-free both from the mechanical and dielectric point
of view.

Jayasundere

Jayasundere and Smith proposed an analytical expression for permittivity
and dielectric coefficient by considering the composite as piezoelectric spheres
randomly dispersed in a dielectric continuum, and subjects to the condition
(f)ε >> (m)ε. The electric field interactions between spheres were included in
the model [58,59].

d33 = (f)φ (f)d33
(f)σ

σ

ε
(f)ε

(

1 +
3 (f)φ (f)ε

2 (m)ε (f)ε

)

(2.18)

The analytical expression of the stress ratio developed in the Furukawa model [55]
was

(f)σ

σ
=

1
(f)φ

(f)c

c

c− (m)c
(f)c− (m)c

(2.19)

where c represents the elastic constant. At a first approximation for highly
loaded composites c, (f)c >> (m)c so that the stress ratio can be approximated
as

(f)σ

σ
≃

1
(f)φ

(2.20)

and, by substituting in Equation 2.19, a new simplified expression for highly
loaded ceramic composite is obtained

d33 ≃ (f)d
ε

(f)ε

(

1 +
3 (f)φ (f)ε

2 (m)ε+ (f)ε

)

(2.21)
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Banno

Banno proposed a model in 1994 moving from the series-parallel analysis
[60,61]. The 0-3 composite is represented by a representative volume element
that comprises parallelepiped-like inclusions and the surrounding matrix. The
effective electromechanical properties in this composite are determined by direct
averaging of the properties in the components. In the averaging the shape of the
inclusions plays a key role but the interaction between the phases is negligible.
The final equation for the dielectric constant is

d = 4a2
{a (m)ε (f)d+ (1− a) (f)ε (m)d}

[a (m)ε+ (1− a) (f)ε] + (1− 4a2) (m)d
(2.22)

where a is a parameter related to the volume fraction of the filler: (f)φ = a3 and
0 ≤ a ≤ 0.5.

Matrix method

This method has been proposed by Levassort et al. [62, 63] developing a
previous model born for 2-2 composites based, in turn, on the Banno paral-
lelepiped unit cell. The electro mechanical coefficients (elastic stifness, dielectric
permittivity and piezoelectric tensor element) are involved in a 9x9 matrix to
which boundary conditions derived from the connectivity are applied.

Shin Poon

Shin and Poon’s group tried, in several works, to obtain simple expressions for
permittivity and piezoelectric coefficients [64–67]. Their purpose is to overcome
some approximations of the previous models (like non interacting particles,
incompressible particles and so on) with a model that allows to obtain an
analytic expression of the coefficients without the need of heavy computation.
In principle their objectives is to have simple expressions with an applicability
extended on a wide range of volume fraction of inclusions. The basic assumption
is to have elastic spherical inclusions embedded in an infinitely large matrix. Both
materials are assumed to be isotropic and homogeneous. As an approximation,
the electric field is considered not to alter the mechanical equilibrium, hence
the stress distribution is handled solely by the elastic theory. The one particle
problem is then generalized defining volumetric average of the applied field and
deriving the local field coefficients acting on the material.

LE =
1

φ

ε− (m)ε
(f)ε− (m)ε

(2.23)

L⊥
σ =

{

1

3

k−1 −
(m)

k−1

(f)
k−1 −

(m)
k−1

−
1

3

µ−1 −
(m)

µ−1

(f)
µ−1 −

(m)
µ−1

}

(2.24)

L‖
σ =

{

1

3

k−1 −
(m)

k−1

(f)
k−1 −

(m)
k−1

+
2

3

µ−1 −
(m)

µ−1

(f)
µ−1 −

(m)
µ−1

}

(2.25)

LE = (1− φLE) / (1− φ) (2.26)
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L
⊥

σ = −φL⊥
σ /(1− φ) (2.27)

L
‖

σ = (1− φL‖
σ)/(1− φ) (2.28)

where ε, k, µ represent the permittivity, the bulk coefficient and the shear modulus
while φ is the volume fraction of the ceramic filler. The effective permittivity
and piezoelectric constant are

ε = (m)ε+
φ((f)ε− (m)ε)

φ+ (1− φ)
(f)ε+ 2 (m)ε− φ((f)ε− (f)ε)

3 (m)ε

(2.29)

d33 = φLE

{

2L⊥
σ

(f)d31 + L‖
σ

(f)d33

}

+

(1− φ)LE

{

2L
⊥

σ
(m)d31 + L

‖

σ
(m)d33

} (2.30)

This model is as effective as the Furukawa’s and Jayasundere’s ones for low
ceramic load but fits much better higher loads. From the same group there has
been an attempt of modelling the poling process [68].

Model for dielectrophoretically aligned piezocomposites

Dielectrophoretic effect can be utilized to manipulate particles dispersed in
viscous media. In a work by van den Ende et al. [69] dielectrophoresis is applied
to an uncured thermosetting polymer so that the dispersed particles form chains
which are stuck in place once the matrix is cured. From the theoretical point of
view, they use the Yamada model considering that the particles experience a
strong interaction in the direction of alignment resembling like a 1-3 composite.
The piezoelectric coefficient is defined as

DEP d33 =
(f)φ (m)S

(f)φ (m)S + (1− (f)φ)
(f)

S′
33

(2.31)

while the dielectric permittivity is

DEP ε = (f)φ

[

R (m)ε (f)ε
(f)ε+R (m)ε

]

+ (1− (f)φ) (m)ε (2.32)

The dielectrophoresis appears both in simulations and experimental validation
to improve the dielectric coefficients d33 and g33 until a certain concentration
is reached. The purpose of this process is to create chain of particles at small
distance with a favourable polar interaction among them. It is clear that once
the particles concentration is very high the distance is already favourable, and
such a process is not needed.
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2.2.2 Models for random 0-3 composites dielectric prop-

erties

A great drawback for the technological exploitation of 0-3 composites is
the lies in the decrease of dielectric strength. Typically great the higher the
permittivity the lower the value of dielectric breakdown (expressed as the electric
field at which the breakdown occurs Ebreak). Although a satisfactory reliable
expression for the breakdown field has not been proposed yet it is worthwhile to
present two simple models, well reviewed in Dang’s work [53].

The first one deals with a very rough schematization that considers the
polymer as a homogeneous material and a purely elastic body at low strains.
Under such conditions the nominal breakdown field of the material is given by
the following expression:

Ebreak =
Vbreak

d0
≃ 0.6

√

Y

2ε
(2.33)

where Vbreak is the breakdown voltage, d0 the thickness at rest and ε the
permittivity of the material.

Another model is taken from the field theory of dielectric media. The field
applied to the material is considered as an average value. The actual internal field
can vary from point to point depending on interactions of local fields generated
by dipoles. Assuming that the local breakdown field is the same for the matrix
in its pristine and composite form, the local field breakdown expression can be
equated

(m)ε+ 2

3
(m)Ebreak =

(c)ε+ 2

3
(c)Ebreak (2.34)

A number of models have been proposed for predicting the behavior of
relative permittivity ε once a second phase is added to a matrix. In Appendix
B are presented several solutions collected in some reviews [53, 70–72]. As
stated before the two simplest interpretations are the series (Equation B.1) and
parallel (Equation B.2) models which represent a sort of lower and upper limits.
According to Araùjo et al. [70] the models can be classified in three main groups:

1. These models were historically the first and typically consider composite
systems where spherical inclusions are embedded in a polymer matrix.
Neither the interactions between particles or particle and matrix nor the
size of the inclusions are taken into account. The involved Equations range
from B.3 to B.7.

2. These models are used typically to describe composites with spherical inclu-
sions in a polymer matrix. In these models are considered the polarization
of materials by an applied electric field, interaction with this field and
interaction between filler and matrix. As a low concentration is maintained
interaction among the particles can be neglected. The Equations included
in this family are those from B.8 to B.15.

3. The last group includes refined models, that typically improvement of the
previous ones. Depolarizing field and/or particle shape, ellipsoids in most
of the cases, are taken into account with the introduction of two parameters
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n and n′. The Equations belonging to this group are those from B.16 to
B.20.
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Experimental activity
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Chapter 3

Piezoelectric 0-3 composites:

formulation, materials and

methods

3.1 Introduction

A device working as tactile sensor can be designed following two different
strategies:

• a distribute sensors array

• a sensitive skin.

In the first case the main problem is the integration of a big number of devices
on a substrate, which in principle can be rigid or flexible. In the second one
the main problem is to have a material with both a measurable response to the
stimuli and flexibility. In the project of this thesis concerning a fully functioning
hand exoskeleton the second choice appears very attractive. Since some sensors
of that kind have already been built [73] with piezoactive polymers to this
application, an improvement in the properties is highly desired. Sensors is not
the only application for these materials. In fact a flexible lead free material able
to generate charge as a function of the deformation can be exploited for power
generation [74].

In this PhD project the main objective is to produce and characterize materials
which can possibly be used for sensing applications. This imposes that they
should have good piezoelectric response and flexibility, in order to be used as
an artificial skin. In addition, the materials should have a low cost and an
easy processability. Because of these requirements we decided to study 0-3
piezoelectric composites based on a polymeric matrix, granting flexibility, and
piezo-active fillers, granting the functional properties. Their simple connectivity
grants wide possibilities of processing of the materials.
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3.2 Materials

In this thesis barium titanate was chosen as piezoelectric ceramic phase.
Other ferroelectric perovskites have higher performances but all of them are lead
based. So this choice is based on the will to prepare a material totally lead-free.
In addition barium titanate has a Curie temperature relatively low (≃ 130◦C).
It can be sustained by polymer during poling process, and it is high enough to
avoid an easy thermal depoling. Ceramic filler was introduced in increasing vol%
of 20, 35, 50.

PVDF along with two copolymers were characterized for their exploitation
as matrices piezoelectric composites and barium titanate particles was used as
active fillers. The similar chemical nature of these polymers should, in principle,
grants a similar dispersion of the powder when the processing conditions coincide.
These polymers, depending on the crystalline phase, can behave with different
piezoelectric responses; in addition they have different mechanical properties. In
this way similar composite microstructures are explored changing the property
of the matrix. Being the piezoelectric coefficient of the PVDF opposite respect
to that of the barium titanate, they are expected to be subtracted, decreasing
the overall effect. Nevertheless it is interesting for the application evaluating
how two opposite contributions interact.

Another commonly used polymer, such as PMMA, was studied as matrix
in order to evaluate the effect of filler on a cheap material with relatively poor
mechanical properties.

The raw commercial materials used to prepare the composites were:

• BaTiO3 particles (from now on indicated as BT) produced by Inframat,
Advance Material. The mean particle size declared by the supplier is 500
nm. The density is 5.85 g/cm3

• Polyvinylidenefluoride (from now on indicated as PVDF) Kynar 720 (pel-
lets), produced by Arkema, having an average MW ∼250000 and a density
of 1.78 g/cm3

• Copolymer polyvinylidenefluoride-co-hexafluoropropylene P(VDF-HeFP)
(from now on indicated as HeFP) Kynar-Superflex 2500 (pellets), produced
by Arkema with a 20 w% of HeFP and a density 1.79 g/cm3

• Copolymer polyvinylidenefluoride-co-trifluoroethylene P(VDF-TrFE) (from
now indicated as TrFE) Solvene250 (powder), produced by Solvay and
characterized by an average MW ∼200000, density 1.88 g/cm3

• Polymethilmetacrilate (PMMA), Sigma Aldrich. with an average MW ∼350000
and a density of 1.17 g/cm3

• Dimethylsulfoxide (DMSO), Sigma Aldrich with a density of 1.1004 g/cm3

and a boiling point 189 ◦C

3.3 Elaboration of 0-3 composites

The final properties of a composite are influenced not only by the composition,
intended as the choice and the amount of the constituents. A critical parameter
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is also the morphology, which is strictly related to the processing technique used
to obtain the final material. Different processes may lead, in principle, to very
different microstructures in terms of defects and particle dispersion. Moreover,
using a semi-crystalline polymer as the matrix, the process may have influence,
along with the presence of a second constituent, the final crystalline form. The
complexity increases considering that piezoelectricity is a property derived from
the coupling of the electric and the mechanical behavior of the materials. Let
us consider a composite constituted by a piezo active matrix with piezoelectric
inclusions. The process may, in principle, modifies the piezoelectric response and
the mechanical behavior of the polymeric matrix (assuming that both depend on
the phase and on the degree of crystallization). The latter has a direct influence
on the piezoelectric behavior of the polymer (as in Equation from 1.10 to 1.17)
and an indirect influence on the response of the fillers, being responsible of the
stress effectively transmitted to it. Moreover it is important to consider that the
contribution of some elements such as amorphous fraction, amorphous-crystalline
interfaces and polymer-ceramic interfaces are not clarified and, in any case, can
hardly be estimated [75].

3.3.1 Composites formation techniques: a brief overview

The dispersion of a ceramic filler in a polymeric matrix is a crucial parameter
affecting the final properties and applicability of the composites. On the basis of
the objectives many strategies can be chosen, all of them presenting advantages
and drawbacks. Concerning 0-3 composites, in fact, three main families of
processes can be identified [76]:

• Mixing of pre-synthesized constituents (ex situ matrix and inclusion)

• Addition of inclusion to matrix precursor (ex situ inclusions, in situ matrix)

• Simultaneous in situ synthesis and in situ polymerization of filler and
matrix

This project is focused on the exploitation of ex situ/ex situ processing
techniques to control matrix phase and global microstructure of composites.
These techniques are so far the most commonly used in the industry because
of the relative simplicity of the required technologies. The choice to use raw
commercial materials is attractive also for a technological research approach.
It allows to focus the attention on the morphology-properties relation without
considering the first synthetic step, which can be a source of problems concerning
the reproducibility.

The mixing step of the two constituents can be performed with various
techniques [53]:

• Direct solid state mixing, that involves the mixture of fillers and a ther-
moplastic polymer without any pre-treatment. It is commonly used when
both the constituents are powders that, after mixing, were submitted to
hot pressing in order to produce the final material. The main drawback
is that this kind of mixing leads to a very limited dispersion due to the
tendency of sub-micron and nanometric particles to agglomerate.
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• In melt compounding the particle aggregates are broken by high shear
forces of the melt matrix that is highly viscous. The most commonly used
equipment for this kind of mixing is the twin screw extruder. This kind of
process is quite energy expensive.

• At high filler concentration melt mixing can be difficult because of the high
viscosity of the system. High amount of fillers can be incorporated into
polymer matrices by using solution processing. This process involves the
dispersion of both polymer and filler in a solvent. The problem is that this
process requires the use of large volumes of solvents which affects the costs
of production. Over all, the most common solvents are of high toxicity, so
that precautions concerning safety and environmental risk should be taken
into account.

3.3.2 Preparation

Two preparation techniques among the previously exposed were used, with
little variations.

The first step for composite preparation was to dissolve the polymers in DMSO.
The chosen concentration was 20 wt%: after few dissolution tests, this value
appeared as a good compromise between solvent consumption and viscosity. For
PMMA the concentration was 10 wt% because of difficulties during the casting
step of polymeric pellets or powders were put in a sealed vessel under magnetic
stirring at about 60 ◦C for 60 minutes. Once the polymer was fully dissolved,
BT powder was added and left under stirring for 20 minutes in order to mix the
constituents. After that, other 20 minutes of strong mixing were performed using
Ultra-Turrax IKA at 30000 rpm. Purpose of this mixing was to homogenize
the mixture and breaking particles agglomerates. Composite thick films were
then prepared by casting the mixture on glass slides. After the deposition
step the composites were left in a close chamber for 24 hours. A preliminary
test was performed at various temperatures in order to correlate evaporation
temperature and crystallized phase. Once verified that this parameter has a little
influence, 100 ◦C, the highest temperature considered, was chosen to prepare all
the composites. The reason for this choice is to evaporate as much solvent as
possible, in particular considering the high boiling point of DMSO. Among all
the polar solvents DMSO was chosen due to its low toxicity.

A second process was applied in order to improve the dispersion of fillers
and to reduce possible matrix defects. For each composition, some samples were
heated at 230 ◦C and pressed. Heating at such a temperature should have also
the effect of evaporate the residual solvent. In Figure 3.1 the preparation process
is resumed.

3.4 Characterization techniques

3.4.1 Phases characterization

Infrared spectroscopy

Infrared spectroscopy is an analytical technique based on the interaction
between an electromagnetic radiation and matter. When an organic compound
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Figure 3.1: Flow chart resuming the preparation step for the composites.

is exposed to infrared radiation (form 10000 to 10 cm−1), energy is absorbed
at certain frequency by the stimulation of vibrational modes of the molecules.
The signals are influenced by several chemical, structural factors (for instance
hydrogen bond, polarization, conjugation, sterical interaction). Adsorption of
the radiation from the samples is detected as spectra where every compound
has a typical behavior. This technique results particularly useful for chemical
and even phase identification of the polymers.

The most typical configuration fo this kind of measurement is in transmission.
Because of thickness and the high absorption of the samples such a configuration
was not possible. The spectra presented in this thesis were all collected via total
attenuated reflectance (ATR). In this technique the sample is in contact with
a material with a high refraction index in the infrared range. The radiation
is reflected several times penetrating for few microns in the sample and then
collected.

This technique has a depth of penetration given by:

d =
1

2πncσ
√

sin2θ − n2
x

(3.1)

where nc is the refractive index of the high refractive crystal, nx is the ratio
between the refractive index of the material and that of the crystal, θ the
angle of incidence and σ the wavenumber [77]. ATR is considered a surface
characterization technique because the maximum depth of penetration in the
samples is about two microns.

In this work a Bruker Tensor 27 spectrometer was used. All the ATR spectra
were collected in the range 4000-400 cm−1, but in the following will be reported
only the range 400-1500 cm−1, that is useful for PVDF phase identification. In
all the cases samples are scanned on both faces.

Differential scanning calorimetry (DSC)

This technique is widely used in polymer science to evaluate phase transitions
and thermal behavior.

Differential scanning calorimeters consist commonly of two sample positions,
one for the sample and the other for a reference (usually an empty crucible).
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Temperatures of both are measured by a resistive sensor and both have a
resistance heater. A temperature program is applied and if a temperature
difference is detected between the sample and reference, due to a phase change in
the sample, energy is supplied until the temperature difference is compensated.
The energy input per unit time is recorded as a function of temperature or
time [78]. Phase transitions appear as peaks in the thermograms and the area
under the curve is defined as heat of transition.

DSC is the most widely used technique to evaluate the cristallinity of the
polymeric materials according to

Xc =
∆Hm

∆H0
m

(3.2)

where ∆Hm is the measured melting enthalpy, ∆H0
m is melting enthalpy of

the 100% crystalline polymer. Considering the matrix of a composite, the real
melting enthalpy is found from the ratio between the measured peak signal and
the mass fraction of the polymer:

∆Hm =
∆Hmeas

m

(1− w)
= ∆Hmeas

m

ρpφp + ρfφf

ρpφp
(3.3)

where ∆Hmeas
m is the area under the melting peak, w is the mass fraction of the

ceramic filler, ρ is the density, φ the volume fraction; the subscript p indicates
the polymer, while f the filler.

The instrument used during this thesis work was a Netzsch DSC 204 F1
Phoenix. All the thermograms are collected in the range -70 to 230 ◦ with
heating/cooling rates of 10◦C/min.

X-ray diffraction (XRD)

X-ray diffraction is a widely used technique for the characterization of the
crystalline materials. It is based on the capability of atoms to act as scattering
centres. When an x-ray radiation falls on crystalline structure, due to the fact
that interatomic distances are comparable with X-ray wavelength, a reflection
signal is generated, according to the Bragg’s law

nλ = 2dhklsinθ (3.4)

where n is an integer, λ the wavelength, dhkl the interplanar distance of the
"hkl" planes and θ the angle between the incident radiation and the scattering
planes. When this equation is satisfied, scattering can occur. In diffractograms
are shown the peaks intensities as a function of the diffraction angle. Peak
position is related to the interplanar distances so that it can be used for the
identification of the crystalline phases.

In this work a diffractometer Philips PW 1710. This instrument has a
Bregg-Brentano geometry and a Cu Kα radiation.

3.4.2 Piezoelectric and dielectric characterizations

For this kind of measurements Au electrodes were deposited on the composites
films. The samples were cut into disks of 5 mm diameter and the thickness
evaluated with a gauge.

38



3.4. CHARACTERIZATION TECHNIQUES

Poling process

Because of the random orientation of ferroelectric domains, as-prepared
ferroelectric materials do not show any piezoelectric activity. To obtain a non-
zero net polarisation it is necessary to force the piezoelectric domains walls to
move (either from ceramic or polymer) in order to grow aligned domains. The
alignment is given by an electric field above the coercive field. To favour the
mobility of domain walls the process is performed at a temperature slightly
below the Curie temperature. The other parameter to be set is the poling time.

Theoretically the higher the poling field the more effective is the domain
switching. A limitation in the applied field is given by the possibility of dielectric
breakdown. Apart the intrinsic breakdown, which is a characteristic of the ideal
material itself, discharges can easily generate between the electrode and the tip.
In order to avoid the flashover, poling is usually performed in silicone oil.

Dielectric strength of the real material is the other main limitation for the
maximum poling field. This is related to the defects and the interfaces present
in the material. Because of this, the pristine polymer can sustain higher electric
field than its composites.

Poling is a very critical step for the study of piezoelectric properties and
it should need an optimization. In this project for a reason of time it was not
possible to analyze the poling conditions and the samples were poled according
to the cycle of Figure 3.2, inspired by reference paper [79]. In particular the
samples were immersed in oil and the temperature raised. Once reached 110 ◦C
the electric field was switched on at about 12 V/µm. After 30 minutes, cooling
begans, going on for further 30 minutes when the temperature arrives at about
35 ◦C and the electric field was removed.

Figure 3.2: Graphical representation of poling process.
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Evaluation of piezoelectric coefficient: the Belincourt method

Piezoelectric performances in materials were evaluated by the coefficients
defined in Table 1.1. Direct methods consists in measuring charge upon the
application of a mechanical stress according to Equation 1.8. The Belincourt
d33-meter is one of the most commonly used piece of testing equipment for
piezoelectric material [80]. The sample is put between metallic jaws and subjected
to a mechanical stress. The generated charge is collected. The force applied on
the material is probed by a piezoelectric of known performance (usually quartz)
put in series with sample, so that both feel the same force F . The charges produce
by the sample and the reference, namely Qs and Qr, are measured as voltage at
the parallel capacitance Cs, Cr. Since both the sample and reference undergo
the same force it can be written that Qs = dsF and Qs = dsF . Equalizing this
two expressions the coefficient of the sample will be equal to

ds = dr

(

Qs

Qr

)

(3.5)

Since the signal is measured as a voltage on a capacitance, the expressions
Qs = CsVs and Qr = CrVr can be inserted giving the final expression for the
piezoelectric coefficient

ds = dr

(

Cs

Cr

)(

Vs

Vr

)

(3.6)

dr is known, and the ratio between the capacitance can be set to unity. This
means that it is possible to evaluate the piezoelectric coefficient by measuring
two voltages.

Dielectric measurement

Permittivity is a complex, frequency dependent quantity defined as

ε(ω) = ε′(ω)− iε′′(ω) (3.7)

The imaginary part is related to all the phenomena of dissipation occurring. A
loss factor is defined as

tanδ(ω) =
ε′′(ω)

ε′(ω)
(3.8)

Both the values are very different between nonpolar and polar materials.
In the former case they are nearly constant over a wide frequency range and
for temperatures below the softening point. In contrast, for polar materials,
the dielectric constant decreases with an increase in frequency, whereas the
dissipation factor increases and decreases in a cyclic manner [81].

The relative permittivity εr (real part of the complex quantity) was deter-
mined from the measurement of the capacitance according to the relation

εr =
Ct

ε0A
(3.9)

Both the capacitance and losses were measured with a high precision HP4284A
LCR meter.
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Results and discussion

4.1 Preliminary characterization of barium titanate

powders

Barium titanate is the firstly discovered ferroelectric perovskite. Its ferroelec-
tricity is strictly connected with its crystalline phase. The Curie point of barium
titanate can be found in the range 120-130 ◦C. Above this temperature the cubic
cell is stable up to 1460 ◦C, and further above the hexagonal structure is found.
At the Curie temperature barium titanate undergoes paraelectric to ferroelectric
transition and the tetragonal phase takes place. Below 10 ◦C orthorhombic
structure is stable until -90 ◦C where the low temperature phase has a trigonal
structure [82].

Many effects can occur altering the stability of the tetragonal phase. In
particular several works have related grains or particle size with the stable phase.
In fact it seems that below a certain threshold of grain size, cubic cell is stable
at room temperature [83]. Barium titanate submicron- or nano- particles have a
shell crystalline structure. Due to the absence of Ba ions in the structure at the
powder surface [84], the core of the particles has a tetragonal structure, while
the external shell is in the cubic form with a gradient lattice strain layer between
them [85]. Because of this layered structure BaTiO3 particles whose size is below
200 nm are easily detected as fully cubic.

For the just explained reason the powder chosen for this project was character-
ized by a mean particle size of 500 nm. Nonetheless due to synthetic techniques
(critical for the presence of inner pores [86]) or impurities, the cubic phase may
result stabilized even for relatively large particle size. A careful check of the
crystalline phase of the raw commercial powders is therefore needed.

In Figure 4.1 phase transformations are shown. Dielectric characterization
was performed on a pellet prepared by cold pressing the powder. It is well
known that the permittivity is dependent on temperature and frequency. The
temperature dependence has been reported on in several of papers, where barium
titanate was prepared by different types of synthesis showing in all the cases
discontinuities at the onset of the transitions [12, 87, 88]. As the BaTiO3 is
cooled below the Curie temperature, tetragonal domains begin to nucleate and
at around 10 ◦C the orthorhombic phase appears. The phase transitions of
barium titanate are first order transitions, therefore accompanied by hysteresis.
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During the heating step a broad signal in the dielectric characterization is found
in the range 0-50 ◦C. This effect can be assigned to the adsorbed moisture.
Accordingly to other studies it could be a dynamic process of water absorption
and desorption [89].

DSC analysis confirms the transitions and heating/cooling cycle dependency.
There remains one anomalous peak at about 40 ◦C. This can be treated as a
stress induced Curie temperature. It has been demonstrated that hydrostatic
compression of BaTiO3 favours the smaller volume phase. The cubic phase cell
has a smaller volume so it results stabilized at room temperature [90]. In powder
sample this might be not so effective allowing the crystallographic compression
of a fraction of particles.

Figure 4.1: Comparison of two characterizations inherent to barium titanate phase
transition. The coloured curves represent the permittivity and the black one
DSC signal, both as a function of temperature. The permittivity curves are
taken at various frequencies. Dashed lines represent heating step, whereas
solid lines represents cooling step.

XRD spectra are compatible with that of tetragonal barium titanate (JCPDS
#05-0626) [86]. The peaks at 45.1◦ and 45.6◦ are those typical of tetragonal
structure. Smaller barium titanate particles having cubic structure show a single
peak assigned to the crystallographic plane (200) [85,91,92].

Figure 4.2: XRD spectrum of raw barium titanate powder.
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FT-IR spectrum show two broad and intense signal in the range 700-400
cm−1 (not reported). This technique usually is not used for phase identification
of barium titanate. In literature it has been find out only one work, published in
1956, where barium titanate phase discrimination was performed by FT-IR [11].

4.2 Crystallization of PVDF

As stated in Section 1.2.2, piezoelectric properties of PVDF can be measured
only in β-phase. Several attempt have been done in literature to obtain this
phase, but some papers are not completely reliable. The most commonly used
technique for the phase identification of PVDF is Infrared spectroscopy. Lanceros-
Mendez et al. [93] tried to bring order by collecting all the signals of PVDF from
different references. Still they fall in the mistake not to take into account γ-phase.
Indeed the most common mistake concerning IR identification of PVDF is not
to consider that, despite α-phase can be easily recognized, it is very difficult
to distinguish β- and γ-phase because their signals are very similar. The only
signals that can be unambiguously used to distinguish the two forms are at
about 1234 cm−1 for γ-phase and 1279 cm−1 for β-phase [32,34,36,45,47,77].
Another slight difference lays in the intensity of the peak at 839 cm−1, which
can be found in the spectra of both the phases, but it is more intense in the
β-phase. In the greatest part of the works, spectra cut in the region 400-1100
cm−1 are shown [30,33,35, 37, 43, 48, 93–96], but neglecting the region 1200-1300
cm−1 the identification of β- rather than γ-phase becomes uncertain. In Table
4.1 the characteristic bands of PVDF are collected.

Being interested in piezoelectric effect, one of the first steps of this work
concerned the preparation of PVDF crystallized in β-phase. According to the
procedure chosen for the preparation of composites, crystallization behavior of
PVDF was systematically investigated. Solutions of PVDF in DMSO at 10 and
20 wt% were prepared and cast on glass slides, then put in a chamber for 24
hours. It is widely accepted in literature that casting of PVDF from solution in
polar solvents promotes the formation of the polar β-phase. It depends basically
on the evaporation rates of the solvent during crystallization. Low evaporation
rates favour nucleation and growth of the thermodynamically stable β-phase,
whereas high evaporation rates yield the metastable α-phase [33].

Figure 4.3a show the films cast at different temperatures. Opacity is a
common characteristic for all the samples. Opacity in polymers is usually due
to the dimension of crystallites: the smaller the crystallites the more important
the scattering of the light, the more evident the opacity. In the case of solvent
cast materials another reason is that the solvent, evaporating, digs paths in
the polymer. Depending on the rheological behavior of the material, a very
defective, even membrane-like, films may be obtained. In Figure 4.3b ATR
spectra are reported. Because of the evaporation rate changes at different depths
of the material, spectra were collected on both sides of the film, obtaining
similar spectra. Although lots of papers assert that β-phase can be obtained
via solvent casting with polar solvents, in almost all the conditions γ-phase was
obtained. Despite, as stated before, IR spectra interpretation in literature are
sometimes ambiguous, our results are not enough to state that solvent casting
leads necessarily to γ-phase. Polymers are very complex systems so that different
raw materials may, in principle, imply to very different behaviors. Crystallization,
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Table 4.1: Characteristic bands in PVDF FTIR spectrum [77,93].

Wavenumber
Group Vibration Phase

[cm−1]

3016 CH2 Symmetric stretching
2978 CH2 Asymmetric stretching

1453 CH2

In-plane bending
or scissoring

1335 CH2

Out-of-plane bending
(wagging or twisting)

1279 β-phase
1234 γ-phase

840 CH2, CH2

CH2 rocking and CF2 β- and γ-phase
asymmetric stretching (more intense in β-)

763
In-plane bending

α-phase
or rocking

745
In-plane bending

β- and γ-phase
or rocking

677
Presence of head-to-head

tail-to-tail defects

615 CF2, CCC
CF2 bending and CCC

α-phase
skeletal vibration

510 CF2 Bending β- and γ-phase
490 CF2 Bending and wagging α-phase
445 β-phase

for instance, can be dramatically affected by molecular weight, defects, branching
and terminal groups [97].

Table 4.2: Characteristic peaks in PVDF XRD spectrum [32,36].

2θ Crystallographic plane Phase

17.6◦ (100) α

18.4◦ (020) α

19.9◦ (110) α

20.3◦ (101) γ

20.7◦ (200) β

20.8◦ (110) β

26.6◦ (021) α

39.5◦ (041) (132) γ

In Figure 4.3c collected diffractograms are reported. XRD interpretation
is controversial as well. The profile typical for γ- and β-phase can be easily
confused, because of the most intense reflections are very near: about 20.3◦ for γ-
and 20.7◦ for β. To discriminate properly the two phases it should be taken into
account the peak at about 40◦, which is typical of γ-phase. Film obtained via
solvent casting technique and hot pressed at a temperature above the melting
point of the polymer is fully crystallized in α-phase. All the reflection signals
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are collected in Table 4.2.
In the confusion concerning the possible interpretations of PVDF phase

characterizations, some order is brought by Satapathy et al. [32]. Once considered
full spectra, for both XRD and FTIR, the identification is no more ambiguous.
As outlined by their work, PVDF dissolved in DMSO crystallizes in γ-phase if
the temperature of the solution is higher than 50 ◦C when cast, for crystallization
at room temperature. At such a temperature the viscosity of the PVDF solution
is high so that the thermal energy is not sufficient to rotate the CF2 group.
Increasing the temperature the viscosity of the solution decreases and the total
energy is enough to rotate the dipoles leading to a cooperative motion, resulting
in obtaining the two polar phases (in this case γ-phase). Similarly in this work
the solution of PVDF was prepared at a temperature of about 60 ◦ but we
preferred to crystallize the polymer at high temperatures in order to evaporate
as much solvent as possible.

(a) Picture of PVDF cast at 60◦C, 70◦C,
80◦C, 90◦C, 100◦C from a 20 wt% so-
lution in DMSO.

(b) ATR spectra of PVDF in DMSO cast at
different temperatures. Solid lines are
related to 10 wt% solution, dotted lines
to 20 wt%.

(c) XRD diffrattogram of films cast from 20
wt% solution of PVDF in DMSO along
with hot pressed film.

Figure 4.3: Preliminary study on PVDF crystallization.

Differential scanning calorimetry can be hardly used for the phase identifica-
tion in PVDF. Melting peaks of the different forms, in fact, occurs at temperature
that are very close, and also the peak shape can be very similar. Furthermore
PVDFs from different producers can show slight differences in melting tempera-
ture. The importance of this technique for PVDF is to give an indication of the
crystalline fraction which, in case of β-phase, gives an idea of the portion of the
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polymer that contributes to the piezoelectric response of the composites.

(a) 1° heating step (b) Cooling step

(c) 2° heating step

Figure 4.4: DSC on PVDF samples cast from DMSO solution at 60◦, 80◦, 90◦, and
obtained by pressing over the melt point.

Melting temperatures of the different phases lay in the range from 168 to 173
◦C. The lowest value is for α-PVDF being thermodynamically unfavoured. At
60 ◦ the peak is curiously narrower than the others. Broader melting peak is
usually explained with a broader distribution of the crystallites sizes. Smaller
crystallites have a slightly lower melting temperature. Degree of crystallizations,
listed in Table 4.3, are slightly higher for solvent cast samples with a maximum
for material prepared at 60 ◦C. Due to the arbitrariness inherent to the peak
area determination, these values cannot be used to infer that there is a general
trend about the degree of crystallization ( ±5% can be considered a reasonable
error). On the second heating cycle the melting peak is at 168 ◦C for all the
samples and the degree of crystallinity is much more similar to those of melt
cast PVDF. Thermal history of the sample is not necessarily erased by heating
above the melting temperature. The choice to heat at 230 ◦C, well above the
melting temperature, is necessary in order to destroy all the crystal nuclei, as
clearly outlined by Judovits [98].

The calculation of crystallization degree was performed according to the
Equation 3.3 considering the melting enthalpy of PVDF ∆H0

m,α = 104.7J/g
which is the melting enthalpy for α-phase. Only Gradys and Sajkiewicz [34] have
tried to determine the melting enthalpy for β-phase and there is no literature
concerning γ-phase.

Interestingly 60 ◦C cast PVDF shows a second broad peak at about 60 ◦

whose area of the peak is about 22J/g. It disappears completely in the second
heating step. This phenomenon is pretty well known among several polymers as
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secondary crystallization and has been extensively studied even for PVDF [99].
PVDF undergoes structural evolution during annealing over a wide range of
temperatures. The molecular organization that develops during such annealing
is destroyed at slightly higher temperatures. This can be detected by a small
endotherm like the one found for the 60◦C cast sample. According to Neidhofer,
no evidence of dependency of the secondary crystallization on the PVDF phase
has been observed.

Table 4.3: Crystallinity of PVDF from DMSO casting at different temperatures com-
pared to the hot pressed one.

PVDF TM [◦C] Crystallinity
sample 1◦ heating 2◦ heating 1◦ heating 2◦ heating

60◦C 168 168 50% 36%
80◦C 172 168 40% 38%
90◦C 172 168 38% 35%

Hot press 168 168 35% 35%

Considering the conditions used for composite preparation as can be seen in
Figure 4.5a DSC analysis on PVDF cast at 100 ◦C and remelted under pressure
shows slight differences in melting peaks. On the first heating, solvent cast
sample has a melting temperature (around 173 ◦C) higher then remelted sample.
Of course the second heating cycle on both the samples shows the same melting
peak at about 168 ◦C. Differential scanning calorimetry technique is sensitive
to the dimension of crystallites. Slight differences on the onset and/or peak
temperature can be found for the same sample with different crystallite dimension.
Moreover the width of the peaks is an index of the dispersion of the crystallites
dimensions. Cast PVDF melting peak is broader than the remelted one, meaning
a less homogeneous distribution of crystallite size. On the second heating cycle
peaks have a much similar shape and the same position. Crystallinity lays around
35 % for cast sample and around 30 % for remelted one.

(a) Heating steps (b) Cooling step

Figure 4.5: DSC on PVDF samples cast from DMSO solution at 100◦, and obtained
by remelting the cast sample via hot press.
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4.3 Characterization of 0-3 composites

4.3.1 FESEM morphological characterization

In this section will be discussed the microstructure of the composites observed
by FESEM characterization. The collection of all the cross section images is
shown in Appendix C.

FESEM images of PVDF composites (for example, the microstructure re-
ported in Figure C.1), show a relevant difference between solvent cast and hot
press samples. The former have a very defective structure with cracks and
bubbles that sometimes develop through all the thickness of the materials, as can
be clearly seen in Figure 4.6a. The latter show a much more uniform microstruc-
ture (4.6b), due to the melting that the polymeric phase undergoes during hot
pressing process.

(a) PVDF_35v-sc (b) PVDF_35v-hp

Figure 4.6: Comparison of PVDF composites cross section in the case of 35 vol% of
filler.

The upper surface of the solvent cast samples, illustrated in Figure 4.7a,
clearly shows the nature of crystallization in spherulite structures. The greatest
part of the defects developed during solvent casting are corrected by remelting
the sample under pressure. As shown in Figure 4.7b the microstructure is no
more globular and the dispersion of the powder appears effective. Of course
powder agglomerates cannot be completely avoided, but this kind of samples
approximates well enough the morphology of an ideal 0-3 composite material.

(a) PVDF_BT(35v)-sc (b) PVDF_BT(50v)-hp

Figure 4.7: PVDF-BT composites: FESEM images of the surfaces.

Microstructures similar to those of hot pressed PVDF composites have been
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found in literature for different kinds of processing:

• Melt mixing at 200 ◦C [100]

• Simple physical mixing of powders followed by hot pressing [101]

• High energy ball milling under cryogenic conditions followed by hot pressing
[102]

• Solvent casting from 1-methyl-2-pyrrolidone (NMP) [103]

The difference in the microstructure found in the latter work and in the present
one, both implying solvent casting, may be related to the different viscosity
of the solvent and, consequently, of the solution during the evaporation step.
Higher viscosity means that the crystallizing material is not compliant with the
stresses accompanied by solvent removal, and this is translated in a final defective
microstructure. So, in principle, one can expect that NMP solution has a lower
viscosity than DMSO one (considering that initial viscosity ηNMP = 1.67cP ,
ηDMSO = 2.0cP ). Of course this hypothesis should be experimentally confirmed.

(a) HeFP_BT50v-sc (b) HeFP_BT50v-hp

Figure 4.8: Comparison of HeFP composites cross section in the case of 50 vol% of
filler.

Section of PVDF-HeFP matrix composites show a different degree of ag-
glomeration depending on the preparation. In solvent cast sample (Figure 4.8a)
aggregates of particles can be clearly identified whereas in hot pressed sample
(Figure 4.8b) again looks like an almost "ideal" 0-3 composites with isolated
particles.

Concerning surfaces, solvent cast pristine polymer (Figure 4.9a) shows the
globular surface typical of spherulite crystallization that have been already
observed in the case of PVDF. On the other hand, surfaces of the composites
shown in Figure 4.9b and 4.9c are very different. The distribution of polymer
is highly depth depending so that the bottom surface is in a situation of 0-
3 composite, while the top one looks like an agglomeration of particles with
occasional presence of polymer in some isles. Also in this case these imperfections
are recovered after hot press processing which grants an almost ideal morphology
(see Appendix C).

PVDF-TrFE surface (Figure 4.10a) has a different appearance respect to
other polymers. Instead of a globular like morphology the surface is wizened.
Such appearance has been found to develop for casting or annealing temperature
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(a) HeFP-sc

(b) HeFP_BT50v-sc bottom surface (c) HeFP_BT50v-sc top surface

Figure 4.9: FESEM images of HeFP-BT composites surfaces.

over 100 ◦C [104]. Composites sections are pretty satisfactory in terms of
particles dispersion, referring to Figure C.3. Again problems of homogeneity of
the composites are detectable by observing the two surfaces of the solvent cast
sample (Figure 4.10b and 4.10c), as for HeFP composites. Such a behavior has
not been detected for PVDF composites. And again the explanation may live
in a matter of viscosity. A too low viscosity can favour the flow down of the
polymer solution from the top to the bottom, after casting. In a polymer solution
viscosity depends to several factors as molecular weight, branching degree and
length, defects. Another explanation could be related to different capability of
the polymer solution to act as a dispersant for the ceramic powders. The driving
force is the chemical affinity between the solution and particles. In this case the
chemical affinity it is not expected to vary between PVDF and its copolymers
with barium titanate. This lead to be incline to the hypothesis of a different
viscosity effect. Because of processing is not strictly the topic of this thesis,
and considering that the morphology has been anyway optimized via hot press
method no further investigations were carried on. Nevertheless the suggested
interpretations need to be experimentally evaluated.

Interestingly, PMMA shows a bottom surface (Figure 4.11c) which is rich
in ceramic particles and a top surface that is poorer. Contrary to PVDF
and its copolymers. The first explanation is the difference in the density of
the polymers. In PMMA, which has a lower density, particles tend to sink
faster. Moreover, taking again into account the double hypotheses given before,
this can be interpreted a precipitation for gravity that is typical for ceramic
particles in a non dispersant media. This hypothesis is supported by considering
also the FESEM images of the cross section (Figure 4.11). In the case of
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(a) TrFE-sc

(b) TrFE_BT35v-sc bottom surface (c) TrFE_BT35v-sc top surface

Figure 4.10: FESEM images of TrFE-BT composites surfaces.

PMMA composites, particles results in aggregates even for remelted samples,
demonstrating a poor surface affinity between this polymer and barium titanate.

4.3.2 Matrices phase identification

Phase identification of the different PVDF matrix was obtained through ATR
on the samples. As discussed previously this technique is so far the most reliable
in order to discriminate the two polar phase, namely β and γ, that have very
similar signals in almost all the identification techniques.

In Figure 4.12 is reported a comparison among the ATR absorbance spec-
tra of PVDF and its copolymers. As already discussed in Section 4.2 PVDF
crystallizes in α-phase when cast from the melt and in γ-phase when cast from
solution of most of the polar solvents. Very similar crystallization behavior is
found in copolymer with hexa-fluoropropilene. On the other hand, PVDF-TrFE
crystallizes in polar β-phase. Concerning PVDF, the fundamental peak for β
identification is reported in literature at 1279 cm−1 whereas for trifluorethylene
copolymer is recorded at 1288 cm−1. The band at 840 cm−1 results shifted, as
well, at about 850 cm−1. The first two signals belong to the CF2 symmetric
stretching with the dipole moments parallel to the polar axis. The 1400 cm−1

band is assigned to the methyl groups wagging vibration with the dipole moment
along the polymer chain. To our purpose, being interested in piezoelectric d33

coefficient, a strong absorption bands at 1288 cm−1 and 850 cm−1 is highly
desired. It indicates that the polar axis of the PVDF-TrFE copolymer chain is
perpendicular to the substrate and the planar zigzag chains are aligned parallel
to the substrate. On the contrary, a strong signal at 1400 cm−1 indicates that
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(a) PMMA_BT20v-sc (b) PMMA_BT20v-sc

(c) PMMA_BT20v-sc bottom surface (d) PMMA_BT20v-sc top surface

Figure 4.11: FESEM images of PMMA-BT composites.

the polymer chain is tilted, and a significant number of the molecules are aligned
normal to the substrate, which is undesirable for vertical polarization [18]. In
our case it seems that the two different processes did not affect the texture of
the polymers.

Figure 4.12: ATR spectra of PVDF and copolymer. Solid lines represent samples
crystallized via solvent casting, while dotted lines represent remelted
sample.

The presence of barium titanate fillers substantially did not alter the phase
of PVDF whatever the preparation technique, as can be observed in the spectra
in Figure 4.13. Signal from 700 cm−1 is due to absorption bands of barium
titanate. The only element that need to be outlined is that by increasing the
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filler content, the shoulder at about 1280 cm−1 increases as well. This signal is
attributed to β-phase, so in principle it is possible to assert that the presence
of barium titanate particles acts as a nucleant for this phase. Despite it is well
known that planar polar structures (such as clays) favour the crystallization
in β form [38–42,105,106], the situation can be far more complicated, and the
standard characterization that has been performed is not enough to support
such an opinion, first of all because ATR technique is a surface characterization
technique.

(a) PVDF composites prepared via solvent
casting.

(b) PVDF composites prepared via hot
press.

Figure 4.13: ATR spectra of PVDF composites prepared with increasing amount of
ceramic filler.

Figure 4.14, 4.15 show the spectra for copolymers composites. In this case the
presence of particles did not modify the profile of absorption spectra concerning
the polymer phase.

(a) HeFP composites prepared via solvent
casting.

(b) HeFP composites prepared via hot press.

Figure 4.14: ATR spectra of HeFP composites prepared with increasing amount of
ceramic filler.

4.3.3 Thermal behavior of polymeric matrices

Thermal behavior of PVDF composites is illustrated in Figure 4.16. The
main difference from the solvent cast to the remelted samples is a slight shift
of the melting peak towards lower temperatures. A very small signal can
be distinguished at about 130 ◦C corresponding to the Curie temperature of
BaTiO3 (phase transition from paraelectric cubic, stable at high temperature,
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(a) TrFE composites prepared via solvent
casting.

(b) TrFE composites prepared via hot press.

Figure 4.15: ATR spectra of TrFE composites prepared with increasing amount of
ceramic filler.

to ferroelectric tetragonal stable at room temperature). The addition of ceramic
powders favour the crystallization of the polymeric matrix against the amorphous
fraction, as reported in Table 4.4.

PVDF sc hp

Pristine 30% 30%
20 vol% 42% 41%
35 vol% 42% 38%
50 vol% 39% 37%

Table 4.4: Cristalline fraction in PVDF composites solvent cast at 100 ◦C from DMSO
and remelted via hot press.

Figure 4.16: DSC heating step of PVDF composites. Solid lines are intended for solvent
cast sample, while dotted lines for remelted sample.

The samples prepared with HeFP matrix have surprisingly complex DSC
curves. The first encountered peak (at about 50 ◦C) vanishes for remelted
sample so that it is possible to relate its to the phenomenon of a secondary
crystallization, as seen for PVDF. The main melting peak appears, for all the
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solvent cast sample, doubled. For the remelted material only one peak is found,
which in the case of pristine matrix, is clearly correspondent with the first signal
of the solvent cast sample. Two interpretation can be proposed:

• The peaks at lower temperature can be interpreted as a Curie transition,
but according to ATR analysis cast samples result to be in fully γ-phase,
whereas the melt cast ones result in α-phase so that no Curie transition
should be observed.

• The first peak in solvent cast HeFP can be assigned to a secondary crys-
tallization of polymer (as the peak at 50 ◦C), related to the long solvent
casting thermal treatment. For PVDF it has been found that two recrys-
tallization signals can be found if materials were subjected to two different
isothermal treatment [99]. Despite this behavior has been found only in
this copolymer this is the more reasonable explanation. As a consequence
the second peak is due to the melting of γ-phase and is higher than the
melting signal found for the hot pressed sample that is related to the
α-phase.

It is important to outline that this copolymer has lower melting temperature
than PVDF. Being around 130 ◦C the melting signal hides the small peak of the
Curie temperature of barium titanate. In addition PVDF-HeFP results to have
lower degree of crystallinity: from about 15 % for solvent cast to about 10 %
hot pressed.

Figure 4.17: DSC heating step of HeFP composites. Solid lines are intended for solvent
cast sample, while dashed lines for remelted sample.

PVDF-TrFE thermograms show clearly two endothermic signals (Figure 4.18).
The peak at higher temperature is a melting peak while the other is related to
the Curie temperature. In this copolymer the transition para- to ferro-electric
phase, by cooling, is below the melting temperature, while in PVDF it has been
evaluated to be at around 205 ◦C [107], above the melting temperature. If
the copolymer contains a sufficiently high fraction of TrFE, the chain rotation
is quite hindered because of electro-steric reasons. Molecular chains cannot
accommodate in α-phase TGTG conformation and the polymer crystallizes
always in ferroelectric phase from the melt.

The crystalline fraction of the polymer is around 20 %, decreasing slightly
for remelted samples.
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Figure 4.18: DSC heating step of TrFE composites. Solid lines are intended for solvent
cast sample, while dashed lines for remelted sample.

4.4 Piezoelectric and dielectric characterization

4.4.1 Permittivity measurements

Considering the integration of a piezoelectric element in a device, character-
ization of the dielectric properties is fundamental. In particular piezoelectric
coefficient and permittivity are used to determine the piezoelectric voltage
coefficient.

(a) PVDF-BT composites (b) HeFP-BT composites

(c) TrFE-BT composites (d) PMMA-BT composites

Figure 4.19: Comparison of the effect of processing on the relative permittivity of
pristine matrices and composites. Dashed lines correspond to solvent cast
samples, solid lines to hot pressed samples.
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In Figure 4.14 relative permittivity ε′r is shown for the four different matrices
along with their composites. By observing all the cases a trend can be inferred
concerning the processing. In fact, solvent cast samples show higher permittivity
than the hot pressed ones. Apparently this result is in contrast with previous
papers where lower permittivity is found in solvent cast materials [79,108]. This
trend can be imputable to the presence of pores and defects, that allows to
consider the solvent cast materials as composites with low permittivity inclusions
(εair ≃ 1). Also residual solvent has to be considered. DMSO, in particular, has
a high boiling point (Tb=189 ◦C) so that a considerable quantity is expected
to remain in the polymeric matrices. Having a pretty high relative permittivity
it is possible for its participation to the overall response. Thermogravimetric
analysis could be useful in order to evaluate the presence of residual solvent.

Moreover this analyses show that the introduction of barium titanate leads,
in all the cases, to an increase in permittivity. The profile of the dependence
of permittivity from the frequency is substantially not altered except for an
increasing of the slope at lower frequency, as already observed in literature [100].
In a system of such a complexity (solvent cast material involves matrix, filler,
solvent, pores) it is extremely difficult to understand a behavior like this, and in
literature no systematic studies have been found so far. Based on the observation
of FESEM images, it can be stated that there could be a correlation between this
anomalous slope and the distribution of filler along the thickness. In fact, the
samples showing this peculiar permittivity profile are those with worse particles
distribution. This is typical for higher ceramic loads, but also for PMMA based
materials which, due to density and/or surface interaction, has a lower capability
to disperse BaTiO3 particles. In fact, for such a matrix, this phenomenon
occurs for lower ceramic load (PMMA-BT20vol%-sc) and for hot pressed sample
(PMMA-BT35vol%-hp) respect to PVDF and copolymers. As just stated, the
system is far to complex and several studies should be perform to understand
the phenomenon.

Permittivity, along with the loss tangent, was measured as a function of the
time after poling. The complete collection of the data is reported in Appendix
D. Some interesting behaviors can be outlined:

• In almost all the cases the poling step leads to a general decrease of
permittivity. After some time it seems like it comes back to the unpoled
values.

• The previously noticed anomalous slope of bad dispersed samples is strongly
affected both on its relative permittivity and loss factor (see Figures D.1c,
D.2g , D.3e, D.3g, D.4c, D.4e, D.4f)

• PVDF and its composites show a signal at the upper edge of the range of
measurement for dielectric loss which is typical for PVDF αa relaxation.
It is related to the micro-Brownian cooperative motions of the main chain
backbone and it is the dielectric manifestation of the glass transition
temperature [100].

4.4.2 Piezoelectric coefficient

Measurements of d33 coefficient were performed at different times after poling
in order to evaluate the ageing of this property. The complete collection of the
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measures is reported in Appendix E.

(a) As poled

(b) 48 hours after poling

Figure 4.20: Piezoelectric coefficient as a function of the volume fraction of barium
titanate.

In Figure 4.20a the piezoelectric response is displayed as a function of the
ceramic content. As expected, the coefficient increases with increasing barium
titanate content. Pristine TrFE has a negative coefficient subtracting to powder
contribution. The interaction between two opposite polarizations was investigated
in various papers [109–112] where piezoelectric properties was measured from
PVDF-TrFE/PZT composites. By varying the poling conditions it is possible to
obtain poling of the matrix alone, or parallel and anti-parallel polarization of the
system matrix-filler. Since the piezoelectric coefficients of the filler and PVDF-
TrFE have opposite signs, the piezoelectric activities of the two phases partially
cancel each other when they are polarized in the same direction, as obtained
also in this thesis. When the polarizations are parallel the piezoelectric response
is enhanced but the there is no more an increase as the ceramic load is increased.
Thus this kind of poling is effective for obtaining enhanced piezoelectric response
in low ceramic concentration composites. A proposed hypothesis is that after
the poling process of the copolymer phase, in opposite direction respect to the
filler, charges accumulated at the interfaces are redistributed [109].

In literature solvent cast samples show significantly lower piezoelectric coeffi-
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cient [79]. On the contrary, in the present work it has been found values that
are at least comparable or, for some samples, even higher. Generally speaking,
the obtained values appear to be comparable with those of literature [79,113],
even for composites where PZT was used as a filler [108]. A more "quantitative"
comparison can hardly be done because of the involved variables are too much,
even for raw materials which are chemically equal:

• Characteristics of the raw polymeric matrix (percentage of the copolymer,
branching, molecular weight)

• Preparation technique and thermal history of the polymer

• Particle size

• Particle dispersion

• Percentage of tetragonality (or whatever active phase)

• Poling technique and conditions

Ageing is an important effect verified in almost all the samples. The value of
piezoelectric coefficient, one hour after poling, is significantly lower. In polymeric
based composites the viscoelastic behavior of the polymer matrix can be one
explanation for the degradation of properties: the aligned domains are literally
moved when the stress release occurs in the matrix. Poling reorient the polymeric
chains through a field-temperature action. This process can store internal stress
in the material that releases it in time leading to a loss of alignment. This
theory is not fully convincing. The most evident proof against this hypothesis is
the behavior of composites made with TrFE copolymer, that show an almost
constant coefficient.

The coefficient’s values are almost stable after one hour for solvent cast
samples and 24 hour for hot press samples (as can be observed in the slopes
of ageing curves for PVDF, HeFP, TrFE). The main differences between the
two kinds of samples are the presence of solvent and the uniformity of particles
distribution. Again, TrFE is useful to exclude one of the options, because of
solvent cast pristine TrFE does not show significant ageing, so it is possible to
state that solvent has not a significant effect on this behavior. Unfortunately, in
literature ageing of the composites is rarely considered and, so far, no systematic
studies have been carried out. The presence of defects and interfaces and,
generally speaking, the complexity of this kind of system, make this topic
changeling from the experimental point of view.

As concerning the d33 coefficient, PMMA performances are really low, but
the voltage coefficient is comparable with that of other composites. The reason
is the dramatic effect of poling on the relative permittivity (see Appendix D).

Inverse piezoelectric characterization was tried on some samples, but not
reported. In this case results was not satisfactory. No literature has be found, so
far, concerning this kind of characterization applied on 0-3 composite materials.
Indeed no butterfly loop was collected. A possible explanation lays on the
extremely high compliance of the polymeric matrix. The small deformations on
the barium titanate particles are "absorbed" locally by the polymer compliance so
that macroscopically the sample does not vary its shape, unless for electrostriction
phenomenon. Another reason could be that butterfly loop cannot be observed
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because the composite does not undergoes switching of the domains. In this case
ferroelectric butterfly cannot be observed. This does not mean that the material
is not ferroelectric (as pointed out in a famous critical paper [114]), but simply
that the applied field is not enough for the domain switching. A ferroelectric
material, theoretically, can have a switching field above the breakdown voltage.
Composites studied in this project might belong to this category.
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Conclusions

This thesis has dealt with the preparation and the characterization of piezo-
electric 0-3 composite materials. The technological aim is to evaluate a material
potentially suitable for the development of a sensitive skin for human robotics.
As secondary objectives this material should be cheap (relatively) and easy
processable in order to make it possibly adaptable for industrial production. For
these reasons, 0-3 composites were prepared and characterized. Raw materials
were selected among the most commonly used for piezoelectric applications.
PVDF is the most widely used ferroelectric polymer. It was used along with
two of its copolymers: PVDF-HeFP, developed to have improved flexibility
but no piezoelectricity and PVDF-TrFE, developed to obtain the crystalline
piezoelectric phase whatever the process. PMMA was also studied. Barium
titanate submicron-powder was chosen as piezo-active filler. Composites were
prepared with increasing volume percentages of fillers.

Two different processing methods were explored in order to evaluate their
effect on the microstructure and the piezoelectric response. Solvent casting is an
effective tool for polymers and composites processing allowing, in some cases, a
certain control on the crystallization of the polymeric matrix. In fact, in the case
of PVDF casting from a polar solvent should favour the crystallization of the
piezoelectric β-phase. The main drawback of this technique is the formation of
defects and dishomogeneity in powder distribution along with a residual presence
of solvent. The second process consists in remelting the material under pressure;
this in principle should lead to an almost ideal 0-3 composite.

Crystallization of PVDF was studied. Because of literature concerning this
material is confused, an extensive bibliographic research was necessary in order
to properly characterize this matrix.

Piezoelectricic properties was measured via Belincourt press. Poling was
performed at a temperature below the melting point of the matrices using
conditions similar to those reported in literature. An increase in piezoelectric
coefficient was observed as the barium titanate amount increased. Nevertheless
all the samples showed a dramatic ageing of this property so that the d33

coefficient was already reduced one hour after poling. The only exception was
obeserved in material prepared with PVDF-TrFE copolymer.

For sensitive skin application the studied materials, accordingly to what
obtained, are not the best choice. The two main drawbacks affecting the
applicability are:
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CHAPTER 5. CONCLUSIONS

• Ageing
in order to integrate a material in a device the properties must be well
known and constant in time. According to our experiment in the first 24
hours the material looses the greatest part of the piezoelectric response.
Longer ageing time should be evaluated in order to understand the decrease
in properties after 48 hours.

• Fragility
Increasing the solid load all the films became fragile. Of course an extreme
flexibility is required in order to perform as a skin. From this point of view
the best matrix is PVDF-HeFP.

Nevertheless from the scientific point of view these materials open a series
of questions for future developments. From the technological point of view 0-3
composites are among the most simple materials. FAs concerns the piezoelec-
tric behavior, they are one of the most complex system that can be studied.
Summarizing, in a piezoelectric composites prepared via solvent casting, several
elements contribute to the overall functional response:

• Either active or passive matrix contributes for mechanical coupling with
particles

• In the case of semicrystalline polymer, possible different behaviors of the
amorphous/crystalline fraction

• Piezoelectric particles

• Interfaces

• Residual solvent

• Pores

• Micrustructural defects (aggregates)

So far, the physics of such composites in literature has not been explored
extensively. The models are empirical and the contribution of the various
elements has not been deeply clarified.
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Appendix A

Voigt notation

In Voigt notation a pair of spatial indices are replaced by a single index. The
origin of this notation lays in the symmetry of the Cauchy stress tensor σij and
the strain tensor xkl. The four rank elastic stiffness tensor cijkl which bound
the two quantities accordingly to Hooke’s law

σij = cijklxkl (A.1)

is also a symmetric tensor such that

cijkl = cjikl = cijlk = cjilk (A.2)

and for thermodynamic argument there is an additional symmetry for interchange
of the indices pairs ij and kl

cijkl = cklij (A.3)

This symmetric tensor at least possesses 21 independent coordinates in the
case of triclinic crystal system. Considering the point group symmetry, this
number is further reduced. For a cubic crystal the number of elastic constants
to fully describe the elastic properties is three, while for isotropic bodies two is
sufficient [3].

So the symmetry in these tensors and reduction in the number of coordinates
have given rise to an abbreviate notation useful to represent this quantities in a
matrices. The notation is typical only for piezoelectric and engineering literature.

Table A.1: Voigt notation contracted indices

ij or kl 11 22 33 23 32 31 13 12 21
m or n 1 2 3 4 5 6

In Figure A.1 is reported a graphical description of the role of the indices in
the most conventional use.
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APPENDIX A. VOIGT NOTATION

Figure A.1: Conventional tensor directions for defining the constitutive relations [4].
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Appendix B

Models for permittivity in 0-3

composite materials

In this Appendix the expressions of some models for the prediction of dielectric
behavior of 0-3 composites are reported. The first are the well known models
for series and parallel composites. Rayleigh was developed for a dispersion of
homogeneous spheres in a continuum medium. Maxwell-Garnett is suitable for a
composite where particles with different sizes are immersed in a isotropic matrix.
Both Lichtenecker and Sillars are for spherical dielectric inclusions embedded in
an isotropic dielectric medium. Furukawa expression is simply the approximation
of Equation B.3 considering that permittivity of a ceramic filler is much higher
than the polymeric matrix one.

Concerning the second group of models, Bruggeman developed a symmetrical
expression so that interchanging the two phases the results of the permittivity
remains unvaried. The variation of Maxwell-Garnett was proposed to take into
account interaction between inclusions. Böttcher model can be applied for
interacting domains but can be applied only for well dispersed particles so that
there are no continuous paths of filler trough the material. Kerner model move
from the ratio of average electric fields inside each phase, along the direction of
the external electric field. Looyenga derived his equation considering an almost
random distribution of spherical particles in a medium and the interactions
between the spheres. Tinga presented a self-consistent solution for dielectric
constant of multiphase mixtures, considering first order interactions between
inclusions with an arbitrary shape; Equation B.13 is the particular case of a
binary system with spherical inclusions, while Equation B.17 is for ellipsoidal
inclusions. Van Beek proposed an extension of Sillars equation taking into
account the contribution of depoling field. Bergman derived an expression
by calculating the electric field inside and around an ellipsoid embedded in a
homogeneous medium, with the applied field being distorted by the inclusion.
Rother equation is an upgrade of Lichtenecker’s. Jayasundere, Poon and Yamada
models have been already discussed in 2.2.1.

ε =
φ

(f)ε
+

(1− φ)
(m)ε

Series (B.1)

ε = φ (f)ε+ (1− φ) (m)ε Parallel (B.2)

65



APPENDIX B. MODELS FOR PERMITTIVITY IN 0-3 COMPOSITE
MATERIALS

ε =
2 (m)ε+ (f)ε− 2φ((m)ε− (f)ε)

2 (m)ε+ (f)ε+ φ((m)ε− (f)ε)
(m)ε Rayleigh (B.3)

ε = (m)ε

[

1 +
3φγ

1− φγ

]

Maxwell −Garnett (B.4)

γ =
(f)ε− (m)ε
(f)ε+ 2 (m)ε

ln(ε) = (1− φ)ln((m)ε) + φln((f)ε) Lichtenecker (B.5)

ε = (m)ε

[

1 +
3φ((f)ε− (m)ε)

2 (m)ε+ (f)ε

]

Sillars (B.6)

ε =
1− 2φ

1− φ
(m)ε Furukawa (B.7)

ε = (f)ε
3 (m)ε+ 2φ((f)ε− (m)ε)

3 (f)ε− φ((f)ε− (m)ε)
Bruggeman (B.8)

ε = (m)ε



1 +
3φγ

1− φγ − 2
3φγln

(

8+γ
8−2γ

)



 Maxwell −Garnett (B.9)

3ε
(m)ε+ 2ε

(1− φ) +
3ε

(f)ε+ 2ε
φ = 1 Böttcher (B.10)

ε =
(m)ε(1− φ) + φ (f)εξ

(1− φ) + φξ
Kerner (B.11)

ξ =
3 (m)ε

2 (m)ε+ (f)ε

(ε)1/3 = ((m)ε)1/3(1− φ) + ((m)ε)1/3φ Looyenga (B.12)

ε− (m)ε
(m)ε

= φ
3((m)ε− (f)ε)

2 (m)ε+ (f)ε− φ((f)ε− (m)ε)
T inga (B.13)

ε =
(m)ε(1− φ) + (f)εγ

(1− φ) + γ
Jayasundere (B.14)

γ =
3 (m)εφ

2 (m)ε+ (f)ε

(

1 + 3φ
(f)ε− (m)ε

2 (m)ε+ (f)ε

)

ε = (m)ε+
φ((f)ε− (m)ε)

φ+ (1− φ)
(f)ε+ 2 (m)ε− φ((f)ε− (f)ε)

3 (m)ε

Poon (B.15)
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ε = (m)ε
(m)ε+ [n(1− φ) + φ] ((f)ε− (m)ε)

(m)ε+ n(1− φ)((f)ε− (m)ε)
V an Beek (B.16)

ε− (m)ε
(m)ε

= φ
(m)ε− (f)ε

(m)ε+ (f)n((f)ε− (m)ε− (m)εφ((f)ε− (m)ε)
T inga (B.17)

ε = (m)ε+ φ (f)ε
(m)ε− (f)ε

(f)ε+ n((m)ε− (f)ε)
Bergman (B.18)

ε = (m)ε

[

1 +
n′φ((f)ε− (m)ε)

n′ (m)ε+ ((f)ε− (m)ε)(1− φ)

]

Y amada (B.19)

ln(ε) = ln((m)ε) + φ(1− n′)ln

(

(f)ε
(m)ε

)

Rother (B.20)
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Appendix C

FESEM images

In the following the FESEM micrographs for all matrices and composites
prepared for this thesis project are reported. This is intended as a complete
morphological screening of all the samples prepared. The discussion of the most
salient images has been dealt with in the Section 4.3.1.
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(a) PVDF-sc (b) PVDF-hp

(c) PVDF_BT(20v)-sc (d) PVDF_BT(20v)-hp

(e) PVDF_BT(35v)-sc (f) PVDF_BT(35v)-hp

(g) PVDF_BT(50v)-sc (h) PVDF_BT(50v)-hp

Figure C.1: PVDF-BT composites: FESEM images of the cross sections.
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APPENDIX C. FESEM IMAGES

(a) HeFP-sc (b) HeFP-hp

(c) HeFP_BT(20v)-sc (d) HeFP_BT(20v)-hp

(e) HeFP_BT(35v)-sc (f) HeFP_BT(35v)-hp

(g) HeFP_BT(50v)-sc (h) HeFP_BT(50v)-hp

Figure C.2: HeFP-BT composites: FESEM images of the cross sections.
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(a) TrFE-sc (b) TrFE-hp

(c) TrFE_BT(20v)-sc (d) TrFE_BT(20v)-hp

(e) TrFE_BT(35v)-sc (f) TrFE_BT(35v)-hp

(g) TrFE_BT(50v)-sc (h) TrFE_BT(50v)-hp

Figure C.3: TrFE-BT composites: FESEM images of the cross sections.
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APPENDIX C. FESEM IMAGES

(a) PMMA-sc (b) PMMA-hp

(c) PMMA_BT(20v)-sc (d) PMMA_BT(20v)-hp

(e) PMMA_BT(35v)-sc (f) PMMA_BT(35v)-hp

Figure C.4: PMMA-BT composites: FESEM images of the cross sections.
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Appendix D

Dielectric characterization

In the following will be reported all the dielectric characterization performed
on the composites. Measures have been done before poling, immediately after it
and after 1 hour, 24 and 48 hours.
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APPENDIX D. DIELECTRIC CHARACTERIZATION

(a) PVDF-hp

(b) PVDF_BT(20v)-hp

(c) PVDF_BT(35v)-sc (d) PVDF_BT(35v)-hp

(e) PVDF_BT(50v)-sc (f) PVDF_BT(50v)-hp

Figure D.1: Relative permittivity and loss factor of PVDF composites.
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(a) HeFP-sc (b) HeFP-hp

(c) HeFP_BT(20v)-sc (d) HeFP_BT(20v)-hp

(e) HeFP_BT(35v)-sc (f) HeFP_BT(35v)-hp

(g) HeFP_BT(50v)-sc (h) HeFP_BT(50v)-hp

Figure D.2: Relative permittivity and loss factor of HeFP composites.
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APPENDIX D. DIELECTRIC CHARACTERIZATION

(a) TrFE-sc (b) TrFE-hp

(c) TrFE_BT(20v)-sc (d) TrFE_BT(20v)-hp

(e) TrFE_BT(35v)-sc (f) TrFE_BT(35v)-hp

(g) TrFE_BT(50v)-sc (h) TrFE_BT(50v)-hp

Figure D.3: Relative permittivity and loss factor of TrFE composites.
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(a) PMMA-sc (b) PMMA-hp

(c) PMMA_BT(20v)-sc (d) PMMA_BT(20v)-hp

(e) PMMA_BT(35v)-sc (f) PMMA_BT(35v)-hp

Figure D.4: Relative permittivity and loss factor of PMMA composites.

77



Appendix E

Piezoelectric coefficients

In this Appendix are reported the measurements as a function of time after
poling for all the samples. Pristine matrices, with the exception of TrFE, are
not reported because of the did not show any response, as expected.

Along with the piezoelectric coefficient also the piezoelectric voltage coefficient
g33 is reported. It has been calculated in the following way:

g33(200Hz) =
1

ε0

d33(200Hz)

ε′33(200Hz)
(E.1)

where d33(200Hz) is the coefficient measures by the Belincourt device at a
working frequency of 200 Hz, ε′33 is the relative permittivity at 200 Hz. Both
the quantities are taken as a function of time after poling.
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(a) PVDF_BT(20v)-hp

(b) PVDF_BT(35v)-sc (c) PVDF_BT(35v)-hp

(d) PVDF_BT(50v)-sc (e) PVDF_BT(50v)-hp

Figure E.1: d33 (black line) and g33 (red line) of PVDF composites as a function of
time after poling.
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APPENDIX E. PIEZOELECTRIC COEFFICIENTS

(a) HeFP_BT(20v)-sc (b) HeFP_BT(20v)-hp

(c) HeFP_BT(35v)-sc (d) HeFP_BT(35v)-hp

(e) HeFP_BT(50v)-sc (f) HeFP_BT(50v)-hp

Figure E.2: d33 (black line) and g33 (red line) of HeFP composites as a function of time
after poling.
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(a) TrFE-sc (b) TrFE-hp

(c) TrFE_BT(20v)-sc (d) TrFE_BT(20v)-hp

(e) TrFE_BT(35v)-sc (f) TrFE_BT(35v)-hp

(g) TrFE_BT(50v)-sc (h) TrFE_BT(50v)-hp

Figure E.3: d33 (black line) and g33 (red line) of TrFE composites as a function of time
after poling.
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APPENDIX E. PIEZOELECTRIC COEFFICIENTS

(a) PMMA_BT(20v)-sc (b) PMMA_BT(20v)-hp

(c) PMMA_BT(35v)-sc (d) PMMA_BT(35v)-hp

Figure E.4: d33 (black line) and g33 (red line) of PMMA composites as a function of
time after poling.
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