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ABSTRACT

In this research, the BaTiO3;-PVDF composites in which a PVDF
polymer was a matrix filled with 0.15 volume fraction of the BaTiO3 ceramic were
prepare. The composites were formed by a tape casting method and undergone
different conditions during the corona poling process. The samples were poled in
order to activate 1) only the PVDF, and 2) both the ceramic and polymer phases (pole
oppositely). The dielectric constants at 1 kHz of the poled samples mentioned above
were 8.622 and 8.753, respectively (6.8 for those unpoled). The dielectric loss (at 1
kHz) as low as 0.013 was obtained in the sample with both phases active.
Subsequently, the piezoelectric stacks of 1, 2, 3 and 4 layers of the composites were
made and the resonance method was used to observe the resonant and antiresonant
frequencies of the stacks. For the piezoelectric stack with PVDF poled, a relationship

between the observed frequencies (f) and number of the layers (n) in the stack was

given as f = 107.59n + 269.54. The finite element analysis agreed well with

experimental data. The stack with both phases poled was anticipated to have a
similarly linear relationship, but, with a different sets of a slope and an intercept. The
observed frequencies were used in the calculations of the electromechanical coupling
coefficient of the piezoelectric stacks. The electromechanical coupling coefficient was
decreased with number of the layers in the stack of only the PVDF poled. For the case
of both phases poled oppositely, the coefficient was slightly increased with number of
the layers. This suggested that the stack is attractive for use as transducer elements.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

For many decades, piezoelectric ceramics have been studied
intensively in adaptive microelectromechanical systems (MEMs) such as sensors,
transducers, micropositioners, and actuators. However, thin film technology has now
been the basis of almost all modern high technology and plays an increasing role in
the field with regard to many applications as: 1) dielectrics for MLCC (Multilayer
Layer Ceramic Capacitors) technology, ii) piezoelectric devices for microtransducers
and frequency filters, iii) electronics for integrated ferroelectric devices, iv) FRAM
(Ferroelectric Random Access Memory) etc. In comparison with ceramic pellets,
multilayered structures have several advantages, such as small driving voltage, quick
response, large generative force, and high electromechanical coupling (Uchino, 1997).
During the entire service lifetime of piezoelectric devices, mechanical failure (e.g.
cracking) often happened due to its brittleness and low fracture toughness. This is
resulted from the microcrack growth which has been examined to be a major
impediment to large scale usage (Li and Guo, 2007). Debonding along interfaces
between electrodes and piezoelectric ceramics is experimentally shown to be the
typical failure mode (Dos Santos e Lucato et al., 2001; Koh et al., 2004). Therefore,
in an attempt to decrease the failure mechanism and avoid the catastrophic cracking
failure of piezoelectric devices. It is desired to improve the mechanical property of
piezoelectric ceramics.

Conventionally, materials like barium titanate (BaTiO; or BT), lead
zirconate titanate (Pb(Zr,Ti)Os or PZT) and polyvinylidene fluoride (PVDF) polymer
have been popular candidates for the use as piezo-materials (Patil, Ashwin and
Radhakrishnan, 2007). Both BT and PZT ceramics display higher piezoelectricity
than the PVDF polymer but the PZT, however, contains a harmful element (Pb) for

the environment. PVDF is being received wide attention today in various fields due to

1



the ease of processing, its flexibility, low density, low acoustic and mechanical
impedance (Harrison and Ounaies, 2001).

This work proposes the piezoelectric composites which are able to
produce by mixing the BT particles which is non-toxic with the PVDF-polymer host.
A shape forming used in this work is a tape casting method. The material is
anticipated to give advantages of mechanical flexibility and retain useful piezoelectric
properties. The layers of the material are further formed into a stack similar to
conventional transducers available in sectorial markets. Two ways used in this work
to study the electromechanical properties of the piezolelectric stacks of the BT and the

PVDF are experimental procedure and a finite element analysis (FEA).

1.2 Literature Reviews

Piezoelectricity was first observed in 1880 and this property has been
investigated in many types of materials ever since. A historical review of these
measurements and some of theoretical principle of this effect clearly show that
piezoelectricity has continued to interest and puzzle the investigators for over a
century. Newnham, Skinner and Cross (1978) were probably the first to propose the
possibility of a piezo-and pyroelectricity in ceramic-polymer composites. They found
that the connectivity is a critical parameter in composites design to use as
piezoelectric transducers or as pyroelectric detectors. There are 10 important
connectivity patterns in diphasic solids, ranging from 0-0 unconnected checkerboard
pattern to 3-3 pattern in which phases 3-dimensionally self-connected. Their series
and parallel models for piezoelectric and pyroelectric composite lead to several
interesting results, such as a diphasic pyroelectric in which neither phase is
pyroelectric. The models are also helpful in interpreting the structure-property
relations in single-phase material where the crystal structures mimic certain
connectivity pattern.

In 1989, Smith found that combining a piezoelectric ceramic and a
passive polymer to form a piezocomposite allowed the transducer engineers to design

new piezoelectrics that offer substantial advantages over the conventional



piezoelectric ceramic and polymer. The rod composite geometry provided materials
with enhanced electromechanical coupling and with acoustic impedance closely
related to that of tissue; these advantages made transducers capable for medical
ultrasonic imaging with high sensitivity and compact impulse response (Smith, 1989).

A few years later, Smith studied a simple physical model of 1-3
piezoelectric composites. The advantages of the material properties related to their
thickness-mode oscillation. Expressions were derived for the composite's material
parameters in terms of the volume fraction of piezoelectric ceramic and properties of
the constituent piezoelectric ceramic and passive polymer. This model illustrated that

the composite structure enhanced its hydrostatic charge coefficient (d, ), hydrostatic
voltage coefficient (g, ), and hydrostatic coupling factor (k; ) (Smith, 1993).

Dias and Das-Gupta (1994) presented the piezo-and pyroelectric
properties of composites with 0-3 connectivity type. A review of the electroactive
properties predicting model of 0-3 composites was presented together with a proposal
for a new mixed connectivity cubes model to be applicable in the case of high ceramic
loading and/or when the ceramic grain size incorporated in the polymer matrix was
comparable to the thickness of the sample. They also presented the experimental
results of the piezo-and pyroelectric properties of various ferroelectric composite
materials.

Kwok, Chan, and Choy (1994) fabricated 1-3 composites of PZT in the
copolymer of the PVDF, i.e.,P(VDF-TrFE) by embedding pre-sintered PZT rods in a
pre-poled copolymer matrix. Their observations have been summarized as:

1. The characteristic resonance of the individual PZT rods were
clearly observed. The copolymer matrix did not significantly modify the characteristic
resonance of the individual PZT rods, because the soft copolymer matrix did not
impose an appreciable clamping on the rods.

2. The thickness resonance of the poled copolymer matrix was
very weak and, in the sample geometry, merged with the PZT resonance to form a
broad resonance peak.

3. The resonance characteristics of the composites with PZT and

copolymer poled in the same and opposite directions were quite similar. Higher



electromechanical coupling constant (K, ) is obtained if the two phases were poled in

the same direction.
4. The radial mode resonance of the 1-3 composites depended
only on the diameter of the sample but did not depend on sample poling history.
Kwok, Chan and Choy have also evaluated the elastic, dielectric and
piezoelectric constants using five different methods: 1) the IEEE Std. 176 method, 2)
the method of Smits, the method of Sherrit (Sherrit, Wiederick, and Mukherjee,
1992), 3) a software package “Piezoelectric Resonance Analysis Program (PRAP)”,
and 4) a nonlinear regression method. The IEEE Std. 176 method was strictly valid
only for lossless materials. They have found that it was applicable to material with
moderate loss, in agreement with experimental results. However, for high-loss

materials such as PVDF, the k, value evaluated using this method was much higher

than the value determined by the nonlinear regression method.

In 1999, Chan, Ng and Choy fabricated 0-3 composite PZT/P(VDF-
TrFE) by incorporating PZT powder into a P(VDF-TrFE)copolymer matrix. In this
work, original experimental results on the properties of 0-3 composite PZT/P(VDF-
TrFE) poled under different condition were reported and possible reasons behind the
reinforcement and cancellation of piezoelectric and pyroelectric properties were
explained. The changes in the pyroelectric and piezoelectric coefficients of the poled
0-3 composites PT/P(VDF-TrFE) with increasing ceramic volume fraction could be
described by modified linear mixture rules (Chan, Ng and Choy, 1999). Lau et al.
(1999) measured the piezoelectric coefficient of the 0-3 composite PZT/P(VDF-TrFE)
using a laser interferometric technique. The diphasic composites which were poled
oppositely is able to enhance the piezoelectric activity as a whole.

In 2000, Ng et al. showed that the pyroelectric activities of the 0-3
composite PZT/P (VDF-TrFE) would reinforce and the piezoelectric activities would
partially cancel if the ceramic and copolymer phases were poled in the same direction.
On the other hand, when the ceramic and copolymer phases were poled in opposite
directions, their piezoelectric would reinforce while their pyroelectric activities would
partially cancel. Im et al. (2000) simultanecously fabricated multilayer piezoelectric

actuators (MPAs) by using a 70Ag/30Pd paste as internal electrodes because of its



low cost and low sintering temperature. The MPAs with 75 layers were fabricated
with layer thicknesses of 30+35 mm. It was clearly showed that the 70Ag/30Pd paste
electrodes had a good matchability with PNN+ PT+PZ ceramics, cofired at 1,050 °C
for 3 h since no defects such as delamination of ceramic layers, diffusion of internal
electrode into ceramic body, shortage of internal electrode and gapping phenomena
were detected. The MPA exhibited maximum displacement of ~4 mm at 2.85 kV/mm,
superior to other products. The dissipation factor of the MPA was below 3%,
applicable to practical uses due to low heat generation. Therefore, it was confirmed
that the MPA having a low cost and a good electrical property can be mass-produced
using a AgPd internal electrode.

Burianova and Prokopova observed piezoelectric coefficient of PZT
ceramic and the ceramic-polymer 0-3 composites by resonance and laser

interferometric methods. The obtained results d,, coefficients by the both methods

were in good agreement (Burianova and Prokopova, 2001). Ng et al. (2000) showed
that 0-3 composites of lead zirconate titanate particles dispersed in a polyvinylidene
fluoridetrifluoroethylene copolymer matrix may have a good potential for pyroelectric
sensor applications.

In 2002, Wang et al. studied the characteristics of the multilayer
actuators. There are recognized as being the best pre-clinical assessment of a hearing
implant. They give a very satisfactory performance over the audio frequency range,
with high signal fidelity and adequate stapes movement at relatively low power
consumption. The power consumption of 0.7 mW per volt of excitation at 1 kHz is
low enough for it to be used in a partially implantable hearing aid. This power source
could be provided externally via a percutaneous coupling. It generates considerably
more driving force than a bimorph actuator. The simulated surgical implantation
showed that the procedure is straightforward. Improved methods for anchoring the
actuator and coupling it to the incuses are currently being developed.

In 2003, Kondo et al. fabricated of PbNi;;3Nb,303-PbTiO3—PbZrOs
(PNiNb—PT—PZ) multilayer ceramic actuators with silver internal electrodes sintered
at 900 °C. They investigated the influence of the excess lead oxide (PbO) content on
the sinterability of the PNiNb—PT—PZ ceramic. A liquid phase was formed by adding



the excess PbO, and the liquid phase promoted the sintering of the ceramic. As a
result, the sintering temperature could be decreased to around 900 °C with 1 mol% of
excess PbO. The multilayer actuator was fabricated by co-firing the PbO-rich PNiNb—
PT—PZ ceramic and the silver internal electrodes. The displacement of this actuator
was the same as that of an actuator fabricated with stoichiometric ceramic powder
sintered at 1,050 °C and silver—palladium alloy electrodes. The displacement of the
actuator with silver electrodes did not decrease after it had been driven for 9.65 days
in an environment at 40 °C with humidity of 90%. The PNiNb—PT-PZ ceramic is thus
promising as a piezoelectric material that can be sintered at a low temperature and
used in multilayer actuators with silver internal electrodes.

The piezoelectricity and polarization of multilayer actuators, being
designed to stack ceramic layer and electrode layer alternately, were investigated
under a consideration of geometry, the thickness ratio of the ceramic layer to
electrode layer. The actuators were fabricated by tape-casting of 0.42PbTiOs—
0.38PbZrOs—0.2Pb (Mn;;3Nb,3)O3 followed by laminating, burn-out and co-firing
process. Increase in polarization and electric field-displacement with thickness of the
ceramic layer was attributed to the change of non-180/180° domain ratio. The relative
amount of non-180° domain reorientation observed from the XRD diffraction
indicates that the internal stress is generated between the two layers in a manner that
the ceramic tends to contract along X3 axis and to elongate along X; axis. In addition,
the piezoelectricity and actuation behaviors were found to depend upon the volume
ratio (or thickness ratio) of ceramic layer to total layer. The 60 pm-thick ceramic layer
actuator showed lower dependence of dielectric polarization and permittivity and
piezoelectric coefficient on electric field than a 120 pm-thick actuator. The change in
dielectric and piezoelectric properties may be caused by the retardation of non-180
domain wall motion due to the internal stress generated between the two layers (Jeong
et al., 2004).

In 2008, a large-area multilayer ceramic actuator with a
width/thickness ratio of 30 was fabricated without bending or wrenching by co-firing
of piezoelectrically active PZN-PZT layers and silver metal layers prepared by tape-

casting method. The thickness of the piezoelectric and electrode layers was about 120



and 20 mm, respectively. The sintered tape showed the highest density at a
powder/(binder + plasticizer) wt. ratio of 10.8. A silver inner-electrode containing
30% of PZN-PZT ceramic frits was effective for the preparation of multilayer ceramic
actuator, with no reaction being observed between PZN-PZT and silver interface. The
multilayer PZN-PZT/Ag actuator showed a piezoelectric strain of 0.34% compared to
0.38% for the single-layer bulk specimen. The voltage required to obtain a strain of
0.3% was decreased from 2500 to 260 V for the actuator with 13 layers (Choi et al.,
2008).

1.3 Objectives

The objectives of this work are:

1. Prepare the composite materials of BT ceramic and PVDF polymer
and form the material into a thick layer by a tape-casting method.

2. Study the dielectric properties of the prepared composites under
different poling condition.

3. Form a piezoelectric stack from the layers of the prepared
composites and study their electromechanical properties using a resonance method

and a finite element analysis.



CHAPTER 2

BACKGROUND

This chapter gives the overviews of the piezoelectricity, piezoelectric
stacking transducers, patterns of composite connectivity, tape casting technique, and
the overall properties of the ceramic and polymer phases (BT and PVDF,
respectively) of the BT-PVDF composites.

2.1 Piezoelectricity

History of Piezoelectricity

The first experimental demonstration of a connection between
macroscopic piezoelectric phenomena and crystallographic structure was published in
1880 by Pierre and Jacques Curie. Their conclusive experiment is to measure the
surface charges appearing on specially prepared crystals (tourmaline, quartz, topaz,
cane sugar and Rochelle salt) which were subjected to an external mechanical stress.
This is namely the direct piezoelectric effect. However, the Curie brothers did not
predict that crystals also exhibited the converse piezoelectric effect (stress in response
to applied electric field). This property was mathematically deduced from
fundamental thermodynamic principles by Lippmann in 1881. A year later, the Curies
immediately confirmed the existence of the "converse effect". It was not until the
experiments by Neumann in 1890, that he established the existence of three basic
principles that appears to govern the physical behavior of all crystalline materials

(Ballato, 1996). Neumann suggested that:

1. The symmetry elements for any physical property of a crystal must
include all symmetry elements of the point group of that crystal.

2. Every physical property of a crystal must possess at least the symmetry
of the point group of that crystal.



3. Any kind of symmetry that is possessed by the crystallographic form
of a material is also possessed by the material in respect of every

physical property it possesses.

In 1893, Lord Kelvin provided the real groundwork for understanding
the piezoelectric concept when he developed models which explained and expanded
the concept of the macroscopic/phenomenological theory of piezoelectricity, based on
thermodynamic principles. It was not until the work of Voigt in 1894, that equations
governing the linear behavior of piezoelectric crystals were described as "tensors".
This "Tensor concept" suggested that "Stress (T) is proportional to Strain (S) which is
proportional to electric field". Therefore, the piezoelectric coefficient which couples
both "mechanical and electrical tensor variables" is the same (Ballato, 1996). The
state of piezoelectric knowledge was summarized in Voigt’s “Lerbuch der
Kristallphysik” was published and became a standard reference work detailing the
complex electromechanical relationships in piezoelectric crystals (Cady, 1964).

The first major practical application of piezoelectric materials came in
the World War I. In 1917, Langevin and co-workers (Langevin et al., 1950)
developed a piezoelectric ultrasonic transducer (quartz crystal) during World War 1.
Their success opened up opportunities for piezoelectric materials in underwater
applications as well as a host of other applications such as ultrasonic transducers,
microphones, loudspeakers, accelerometers, bender element actuators, phonograph
pick-ups, signal filters, etc. And 18 years later, Busch and Scherrer discovered
piezoelectricity in potassium dihydrogen phosphate (KDP). The KDP family was the
first major family of piezoelectrics and ferroelectrics to be discovered.

During World War II, research in piezoelectric materials expanded to
the U.S., the Soviet Union and Japan. Up until then, limited performance by these
materials inhibited commercialization but that changed when a major breakthrough
came with the discovery of barium titanate and lead zirconate titanate in the 1940s
and 1950s respectively. These families of piezoelectric ceramics exhibited very high
dielectric and piezoelectric properties. Furthermore, they offered the possibility of

tailoring their behavior to specific responses and applications by the use of dopants
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(Jordan and Ounaies, 2001). A decade later, researchers had discovered a weak
piezoelectric effect in whale bone and tendon. This began an intense search for other
organic materials that might exhibit piezoelectricity. In 1969, Kawai found very high
piezo-activity in the polarized fluoropolymer, polyvinylidene fluoride (PVDF). While
other materials, like nylon and PVC exhibit the effect, none are as highly piezoelectric
as PVDF and its copolymers (Kawai, 1969). Their characteristics are lightweight,
tough, readily manufactured into large areas, and can be cut and formed into complex
shapes. This precipitated further works and led to a greater understanding structures
and behaviors of piezoelectrics. Extensive researches and developments throughout
the last five decades has lead to the use of piezoelectrics in a wide variety of
commercial, communications, automotive field, medical, and military applications
(Jordan and Ounaies, 2001).

To date, it is desired to use lead-free materials for environmental
protection. For example, the legislation will be enforced in the EU as the draft
directives on waste from electrical and electronic equipment (WEEE), restriction of
hazardous substances (RoHS) and end-of life vehicles (ELV). Therefore, lead-free
piezoelectric materials have been widely attracting attention as new materials in place

of PZT ceramics.

Crystallography Applied to Piezoelectric Crystals

Generally, most piezoelectric materials of interest for technological
applications are crystalline solids. These can be single crystals, either formed in
nature or formed by synthetic processes, or polycrystalline materials like ferroelectric
ceramics which can be rendered piezoelectric and given, on a macroscopic scale,
a single-crystal symmetry by the process of poling. Depending on their degrees of
symmetry, crystals are commonly classified into 7 systems: triclinic (the least
symmetrical), monoclinic, orthorhombic, tetragonal, trigonal, hexagonal, and cubic.
The systems, in turn, are divided into point groups (classes) according to their
symmetry with respect to a point. Table 2.1 provides the detail of these point groups
arranged by seven crystal systems (IEEE Std 176, 1988).
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Table 2.1 The crystallographic point groups arranged by crystal systems (Lang et al.,

2001).
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There are 32 classes, 11 of these classes have a centre of symmetry.
The remaining 21 non-centrosymmetric classes, and the 20 crystal classes (excepted
432 crystal class) are known to be piezoelectric, i.e., show changes in their internal
polarization for change in mechanical stress and the converse effect also holds. Ten of
these twenty classes have a unique polar axis and they possess spontaneous
polarization (i.e., electric dipole moment per unit volume). Their spontaneous
polarization is decreased by increasing of temperature. Thus these materials are
named pyroelectric. Ferroelectric are subclass of the pyroelectrics, which has two or
more orientation stages (in the absence of an externally impressed electric field),
which can be switched from one state to another by an electric field. These two
orientational states have identical crystal structure, but differ only in their electric
polarization vectors at zero electric field. All ferroelectric materials are piezoelectric
material, but not piezoelectric materials are ferroelectric material. However, the
converse is not true, i.e., all piezoelectrics are not pyroelectric and all pyroelectrics

are not ferroelectric, as illustrated in Figure 2.1

32 Crystallographic symmetry classes
[

v v

11 Centrosymmetric 21 Non-centrosymmetric
; —
20 piezoelectric 1 Non-piezoelectric
(Polarized under stress)

|

A 4 h 4

10 Pyroelectric 10 Non-pyroelectric
(Spontaneously polarized)

|

A 4 A

Ferroelectric _
(Spontaneously polarized and Non-Ferroelectric
reversible polarization)

Figure 2.1 Classification of symmetry relating piezoelectric, pyroelectric and

ferroelectric materials (Lang et al., 2000).
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Piezoelectric materials are a type of dielectric crystal that produces an
electric charge when a mechanical stress is applied. This effect is referred to as “the
direct piezoelectric effect”. Conversely, a mechanical deformation is produced under
an electric field is called “the converse piezoelectric effect”. The effects were

schematically shown in Figure 2.2.

(@)

(b)

Deformation Defunmtiuli

Figure 2.2 Schematic pictures of the (a) direct and (b) converse piezoelectric effects.

Normally, 2 types of piezoelectric effect are formed in dielectric
crystals which have no a center of symmetry. These materials can have single crystal
structure and polycrystalline structure (Figure 2.3). To explain these (IEEE Std 176,
1988), crystals are considered as being composed of molecules with a polarization,
one end is more negatively charged and the other end is positively charged, and is
called a dipole. The polar axis is an imaginary line that runs through the center of both
charges on the molecule. In a single crystal, the polar axes of all of the dipoles lie in
one direction. On the part of a polycrystal, there are different regions within the
material that have a different polar axis or dipoles are oriented at random in which it
exhibits a weak piezoelectric property. Polycrystalline structure can be given single

crystal symmetry by the process of poling as depicted in Figure 2.4.
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Figure 2.3 Concepts of single crystal and polycrystal.
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Random dipoles Polarization processing The polarization axes are
in DC electric field oriented upward.

Figure 2.4 A polarization process depicted for piezoelectric materials.

Poling is a process by which a DC electric field is applied to a
specimen of multi-domain crystal to switch the direction of electric dipoles. An
electric field of the order of kV/mm is applied to the crystal to align the internal
electrical dipoles in a single orientation. Due to the strong dielectric property of the
crystal, the electric dipole moment remains unchanged after the electric field is
removed, and the crystal thus exhibits a strong piezoelectric property

In order to describe behaviors of the coupled system in piezoelectric
media, let us consider single crystal is based on the linear interaction processes
between electrical and mechanical systems and the adiabatic and isothermal
conditions are assumed. The constitutive equations can be derived Legendre
transformations of the thermodynamic functions or energy density which is a
quadratic form in electromechanical state systems such as Helmholz Free Energy,
Gigbbs Free Energy, Elastic Gibbs Energy and Electric Gibbs Energy (Ikeda, 1990).
The choice of the thermodynamical function leads to different variable-type relations

(different forms). The constitutive relations are given by
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d -form:
oG
Sij = g = sijElekl + dkij Ek (2.4)
D, :Z—(E;: diy T +giT( E, (2.5)

which is characterized by *““complementary energy function or Gibbs function (G)”.
1 1
G(T.E) = suTyTu + dyET, +- & EE, (2.6)

where the subscripts are i, j,k,I=11to 3.

Piezoelectric Coefficient
In piezoelectric materials, the various piezoelectric coefficients of each
forms are properly defined by the following partial derivatives, where the subscripts

indicate the variables held constant (©® is the temperature).

Table 2.2 The four piezoelectric coefficients (Moulson and Herbert, 1990).
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Dielectric Material

When an electric field is applied on a particular material, no current
flows within the material because there are no free charged particles within the
material to conduct the current. These materials are dielectrics and are commonly
known as insulators. Although dielectrics do not conduct current, they may be
polarized under the influence of an externally applied electric field. Within dielectrics,
there are bound charges arising from the simple fact that all matter consist subatomic
charged particles (i.e. protons and electrons). Some dielectrics are made of polar
molecules in which, due to the geometry, one end of the molecule has a slightly more
positive charge whereas the other end has a slightly more negative charge even
though the whole molecule is neutral. Such molecules possess a dipole moment and
are also known as electric dipoles. However, since the molecules are randomly
oriented in the material, macroscopically the material is also neutral. But when an
external electric field is applied, all polar molecules will align themselves in the
direction of the field and the material is said to be polarized. For dielectrics that are
composed of non-polar molecules, there are no intrinsic dipole moments. But the
application of an external electric field modifies the distribution of charges in each
molecule such that dipole moments are induced. In other words, whether the
molecules are polar or non-polar, the presence of an external field will polarize the
material by aligning the electric dipoles. The volume density of the electric dipole
moment is defined as the polarization, Pand the overall charge neutrality of

dielectrics in an external field is described (William and Callister, 2005) by

D=¢g,E+P (2.19)

The vacuum contribution caused by the externally applied electric field
is represented by the term ¢ E , and the electrical polarization of the dielectrics in the
system is described by P . This relation is independent of the nature of the polarization

which could be pyroelectric polarization, by piezoelectric polarization or dielectric

polarization (by an external electric field, E ).
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Figure 2.5 A parallel plate capacitor (a) without any dielectric, (b) filled with
dielectric under short circuit condition and (c) filled with dielectric under

open circuit condition.

Considering a simple parallel plate capacitor filled with dielectric
(Figure 2.5), 2 cases have to be distinguished. If the applied voltage is kept constant
(E = constant short circuit condition), additional free charges need to flow into the
system to increase D. If the charges on the plates are kept constant (D = constant
open circuit condition), the field E and the voltage between the plates will therefore
decrease according to Equation (2.19). For many dielectric materials, P is proportion

to the electric field in a linear approximation (William and Callister, 2005) by
P=¢xE or D=¢& E=¢E (2.20)

where the electric susceptibility, y is related to the dielectric constant or relative
permittivity (&,) by y =¢, —1. ¢ and ¢, are the permittivity of the material and free
space (8.854x 102 F /m), respectively.

Dielectric constant (&, ) is relative to the permittivity of free space
(&,)- The real part of complex relative permittivity (&, ) is a measure of how much

energy from an external field is stored in a material. For most solids and liquids are
g > 1. The imaginary part of complex relative permittivity (&) is called the loss
factor and is a measure of how dissipative or lossy a material is to an external field.

& 4

¢ is always > 0 and is usually much smaller than &/ . The loss factor includes the

effects of both dielectric loss and conductivity. When complex permittivity is drawn
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as a simple vector diagram as shown in Figure 2.6, the permittivity of material (&)

can be mathematically expressed by a complex dielectric permittivity (Sadiku, 1995):

=g, =& —]&" (2.21)
or
= S=el sl (2.22)
& &
"
& g

b %I 6"
Figure 2.6 The vector diagram of the permittivity.

!
r°

Constant ¢, ¢,, ¢, and & have the same meaning as before, while j is the

imaginary unit. &' and &" are the real and imaginary parts of permittivity and both
parts are related to the stored energy and dissipation (or loss) of energy within the
material. The real and imaginary components are 90° out of phase. The vector sum
forms an angle 6 with the real axis. The tangent of this angle, tan d or loss tangent or
dissipation factor (D) is usually expressed (Sadiku, 1995; Agilent Application Note
1369-1, 2006) as

= (2.23)

where o is the conductivity of the material in mhos per meter or siemens per meter
and @ is known as the angular frequency in radians per second.

Practically, the parallel plate method involves sandwiching a thin sheet
of material or liquid between two electrodes to form a capacitor (Figure 2.7). The
measured capacitance is then used to calculate permittivity. In an actual test setup,

two electrodes are configured with a test fixture sandwiching the dielectric material.
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The impedance-measuring instrument would measure vector components of
capacitance (C) and dissipation (D). The real part of the relative permittivity can be

calculated by using Equation (2.24) (Agilent Application Note 1369-1, 2006):

g=—=—L 2.24
g gA (229)
Y =G+ jaoC,
Electrodes (Area =
Equivalent = joC &—j G
(:II'(:UI'[ ’ Co «C,
$ . C, : Free space
capacitance
C, .G
& =—"—j—
C:0 C()CO
tC
g =—F
Az,
" t
g

Solid Liquid " oR As,

thickness =t .
R, : parallel resistance

(a) (b)
Figure 2.7 (a) Parallel plate method and (b) related equations (Agilent Application
Note 1369-1, 2006).

Electromechanical Coupling Coefficient

The electromechanical coupling coefficient, Kk -value, is the efficiency

of converting electrical energy into mechanical energy, or converting mechanical

energy into electrical energy. The K -value defined in terms of by k?

k* = (2.25)

==
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For the direct effect, w, and w, are the mechanical energy output and
electrical energy input, respectively. On the other hand, for the converse effect, w,
and w, are the electrical energy output and the mechanical energy input, respectively.

Since piezoelectricity is a linear interaction between electrical and mechanical
systems, the electromechanical coupling coefficient can be defined by following

Equation (2.26) (Ikeda, 1990).

(2.26)

where d, &'and s® are the piezoelectric constant, dielectric constant at constant

stress and elastic compliance at constant electric field, respectively.

Electromechanical Coupling Coefficient Measurement

The electromechanical coupling coefficient, K can be calculated for
the various modes of vibration investigated by one of the two following methods.
First, the static method is the original measurement using the direct effect. In details,
putting a weight on a material and observing the charge generated by charge detector
such as an electrometer. This method is rather indeterminate since they may depend
on how much of the charge generated has leaked off during the measurement. The
second method is the dynamic or resonance method. It is an easy and accurate method
for evaluating the Kk-value by measuring the resonance and anti-resonance
frequencies which relate to the k -value (Mason and Jaffee, 1954). In this method, if
an AC voltage of varying frequency is applied to a piezoelectric ceramic of a certain
shape (as listed in Table 2.3), there is a specific frequency at which the ceramic
produces a very strong vibration. This frequency is called the resonance frequency
which depend on the shape, orientation of polarization, and the direction of the

electric field. Each vibration mode has unique resonance, f, (the impedance is at a

minimum) and anti-resonance f, (oppositely, the impedance is at a maximum).



Table 2.3 Typical vibration modes of piezoelectric materials.
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Mode Shape Electromechanical
of —>: Polarization direction Coupling
Vibration |~ Direction of displacement Coefficient
2
Radial k2=|251- famfo) [ fa=f,
P fa fa
Thicknpss k2=" L cotl = L
extension 2 f, 2 f,
0=d
Cylinder
bd
2
A —
Longitudinal K2 = K L cot| = L
length £ £ 2 f, 2 f,
e—
@ £ > 2.5a, 2.5b, 2.5d
Rectangular plate
ﬁ ¢ k2 f
Transverse ' 31 T lagot| B la
length o ) -k 2 f 2 f,
£>4a a>3t
Rectangular plate
£
. I
Thickness L 5, »_ r f
k = ._r Cot .
shear RW% | T2 f, ( 2 f, j
| t
P—
:> g=>a=>t

(PIEZOTITE®, 2008; Ferroperm Piezoceramics, 2003).

The effective electromechanical coupling, k, is also frequently used

to express the electromechanical coupling of an arbitrary resonator regardless of its

shape as given by:
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K =— 0 (227)

Resonance Method

A popular method for evaluating the electromechanical coupling
coefficient value of piezoelectric materials is the resonance method, because it does
not have any problem with the electric charge leakage during the experiment. The
resonance method can determine the electromechanical coupling coefficient value
from the resonance characteristics of the piezoelectric material. As mentioned earlier,

the f is where the piezoelectric material’s impedance is at a minimum while the
current is at a maximum. Oppositely, the f, corresponds to the frequency at the

lowest current value and at the highest impedance. An original circuit for measuring
the resonance and anti-resonance frequencies of the piezoelectric material is shown in
Figure 2.8

In practice the electronic circuits were developed for measuring the

resonance. Some circuits were shown in Figures 2.9 and 2.10.

‘ HIGH

| VOLTAGE |
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5 MEG = < 5MEG
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| OSCILLATOR |10 0 < 2100 | pecTIFIER v,

| l 1 o

—

Figure 2.8 An original circuit for measuring the resonance of a piezoelectric

material (Mason and Jaffee,1954).
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Figure 2.9 A constant voltage circuit for measuring the resonance of a piezoelectric

material (T.P) (PIEZOTITE®, 2008).
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Figure 2.10 A constant current circuit for measuring the resonance of a piezoelectric

material (T.P) (PIEZOTITE®, 2008).

Frequency

The constant voltage circuit includes an oscillator (osc) for generating
an AC-voltage and the input resistors R1 and R2 are used to apply a constant voltage
signal to the piezoelectric material. The current is passing through the piezoelectric
material. If the piezoelectric material’s impedance is much greater than R2, the output
voltage, which is across the output resistor R2, is proportional to the piezoelectric
material’s admittance. The frequency where the output voltage is maximized is the

resonance frequency ( f,) and the frequency where the output voltage is minimized is
the anti-resonance frequency ( f,).

The constant current circuit consists of an oscillator (osc) that
generates an AC current and of an input resistant R3, which regulates the current

passing through the piezoelectric material. If R3 is much greater than the piezoelectric
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material’s impedance, the output voltage across the piezoelectric material is
proportional to the piezoelectric material’s impedance. The frequency with the

minimal output voltage is a f, whereas and the frequency with the maximal output
voltage isa f,.

Although the constant voltage circuit gives the output voltage opposite

to the output voltage of the constant current circuit, the f, and f, values are the

positions where the piezoelectric material’s impedance are at a minimum and
maximum, respectively. Therefore, the constant current circuit can be substituted for

the constant voltage circuit because it measures the same values f, and f, .

2.2 Piezoelectric Actuator and Transducer

Piezoelectric transducers are devices which convert one form of energy
to another and are used in a broad range of applications such as transformers, sensors,
filters, resonators and actuators (piezomotors). Actuators can convert electrical energy
to mechanical energy or convert voltage and charge to force and motion. They are

suitable for the following applications (Ghouti, 2000).

1. Actuators for robots: The capability of producing high torque (tens of
Nm) by a lightweight motor is required in this application and can be
easily fulfilled by an ultrasonic motor.

2. Actuators of devices for consumer goods: Successful applications
which make full use of the flexibility of the shape, controllability and
quiet operation of the motor, already exist in the car industry, in drive
mechanisms for autofocus lenses in cameras etc.

3. Actuators for precise positioning devices: Rapid positioning devices
with accuracies of the order of nanometer are being used in the
production of semiconductors. Moreover, linear and rotary ultrasonic
motors and appropriate control methods are being developed for

various applications in positioning devices.
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4. Actuators for miniaturized machines: Research into the use of static
electrical motors and bio-actuators as drives for micro-mechanisms is
also being conducted but has yet to produce some results.

5. Actuators for machines used in space: With high torque at low speed,
they are well-suited for operating in vacuum and in the absence of the
gravity in space.

6. Actuators for material conveyors: Because of their quiet operation,

ultrasonic motors are well-suited for the conveyance of parts.

Single Layer Actuators

Longitudinal and Transverse Actuators: When an electric field having
the same polarity and orientation as the original polarization field is placed across the
thickness of a single sheet of piezoceramic, the piece expands in the thickness or
“longitudinal” direction (i.e. along the axis of polarization) and contracts in the
transverse direction (perpendicular to the axis of polarization). This is represented in
Figures 2.11 (a) and (b). When the field is reversed, the motions are reversed. Sheets
and plates utilize this effect. However, the motion of a sheet in the thickness direction
is extremely small (on the order of tens of nanometers). On the other hand, the
transverse motion along the length is generally larger (on the order of microns to tens
of microns) since the length dimension is often substantially greater than the
thickness. The transverse motion of a sheet laminated to the surface of a structure can
induce the structure to stretch or bend, a feature often exploited in structural control

systems (Transducer elements, 2007).
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Figure 2.11 (a) Longitudinal, and (b) transverse single layer actuators (Transducer

elements, 2007).

2-Layer Actuators

Two-layer elements can be made to elongate, bend, or twist depending
on the polarization and wiring configuration of the layers. A center shim laminated
between the two piezo layers adds mechanical strength and stiffness, but reduces
motion. ‘“2-layer” refers to the number of piezo layers. The “2-layer” element actually
has 9 layers, consisting of 4 electrode layers, 2 piezoceramic layers, 2 adhesive layers,
and a center shim. The two layers offer the opportunity to reduce drive voltage by half
when configured for parallel operation.

Extension Actuators: A 2-layer element behaves like a single layer
when both layers expand (or contract) together. If an electric field is applied which
makes the element thinner, this is the cause of extension along the length and width.
Typically, only motion along one axis is utilized (Figure 2.12). Extender motion on
the order of microns to tens of microns, and force from tens to hundreds of Newtons

is typical (Transducer elements, 2007).
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Figure 2.12 2-layer transverse actuators expanding lengthwise

(Transducer elements, 2007).

Bending Actuators: A 2-layer element produces curvature when one
layer expands while the other layer contracts. These transducers are often referred to
as benders, bimorphs, or flexural elements. Bender motion on the order of hundreds to
thousands of microns and bender force from tens to hundreds of grams is typical

(Transducer elements, 2007).
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(a) 2-layer bending actuators cantilever mount. (b) 2-layer bending actuators simple beam mount.
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(c) 2-layer bending actuators “S” configuration, cantilever mount.

Figures 2.13 Show several common bending configurations. The variety of mounting
and motion options make benders a popular choice of design engineers

(Transducer elements, 2007).
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Multi-Layer Actuators

Any number of piezo layers may be stacked on top of one another.
Increasing the volume of piezoceramic increases the energy that may be delivered to a
load. As the number of layers grows, so does the difficulty of accessing and wiring all
the layers. Typically, more than 4 layers become impractical.

Stack Actuators: The co-fired stack represented in Figure 2.14 is a
practical way to assemble and wire a large number of piezo layers into one monolithic
structure. The tiny motions of each layer contribute to the overall displacement. Stack
motion on the order of microns to tens of microns, and force from hundreds to

thousands of Newtons is typical (Transducer elements, 2007).
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Figure 2.14 Stack actuator (Transducer elements, 2007).

A stack actuator has advantages in terms of a high generative force

(100 kgf) with high efficiency (electromechanical coupling factor, k,,> 70%), low

operation voltage, response speed (10 us), and lifetime (10" cycles) (Uchino, 1997;
Newnham and Ruschau, 1991). In addition, it enables larger displacements to be
generated than would be possible having a single layer in the same total thickness, for
a given driving voltage (Harris et al., 2006). In the stack actuator, the

displacement AT,

o » the capacitance C and the maximum force F__ produced for an

actuator with n layers excited by an applied voltage V are given by:
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AT, =nAT =nd,.V (2.28)
C= n‘go‘gtiA (2.29)
F =kAT (2.30)

where t, At, d,;, A, and k; are the singe layer thickness, displacement of a single

layer, piezoelectric strain coefficient, electrode surface area and the actuator stiffness,

respectively (Wang, 2002).

Actuators Performance

Piezoelectric actuators are usually specified in terms of their free

deflection and blocked force. Free deflection ( X, ) refers to displacement attained at

the maximum recommended voltage level when the actuator is completely free to

move and is not asked to exert any force. Blocked force (F,) refers to the force

exerted at the maximum recommended voltage level when the actuator is totally
blocked and not allowed to move. Deflection is at a maximum when the force is zero,
and force is at a maximum when the deflection is zero. All other values of
simultaneous displacement and force are determined by a line drawn between these
points on a force versus deflection line, as shown in Figure 2.15. Generally, a piezo
motor must move for a specified amount and exert a specified force, which
determines its operating point on the force against the deflection line. An actuator is
considered optimized for a particular application if it delivers the required force at one
half its free deflections. All other actuators satisfying the design criteria will be larger,

heavier, and consume more power.
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Figure 2.15 Force vs. displacement diagram for a piezoelectric

actuator (Transducer elements, 2007).

Series and Parallel Operation

For actuators, series operation refers to the case where supply voltage
is applied across all piezo layers at once. The voltage on any individual layer is the
supply voltage divided by the total number of layers. A 2-layer device wired for series
operation uses only two wires (Figure 2.16(a)), one attached to each outside electrode.
Parallel operation refers to the case where the supply voltage is applied to each piezo
layer individually. This means accessing and attaching wires to each layer. A 2-layer
bending motor wired for parallel operation requires 3 wires (Figure 2.18(b)), one
attached to each outside electrode and one attached to the center shim. For the same
motion, a 2-layer motor poled for parallel operation needs only half the voltage

required for series operation and has four times the capacitance.

A

+ Vin AXout AXout
v AFout Vi y, AFoutO
INn

Z 1 J/& 1

7 Z

7 Z

v v
(a) (b)

Figure 2.16 A 2-layer bending actuators; Poled for Series (2-wire) and Parallel

Operation (3-wire) (Transducer element , 2007).
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2.3 Composite Materials

Many of our modern technologies require materials with unusual
combinations of properties that cannot be met by the conventional metal alloys,
ceramics, and polymeric materials. In the present, composite or multiphase materials
are popular and developed continually because of their various properties. Many
composite materials are composed of just 2 phases; one is termed the matrix which is
continuous and surrounds the other phase often called the dispersed phase. The
properties of composites are a function of the properties of constituent phases, their
relative amounts, and geometry of dispersed phase. “Dispersed phase geometry” in
this context means the shape of the particle size, distribution, and orientation (William

and Callister, 2005).

The 0-3 composite connectivity

The most commonly studied composites are 0-3 and 1-3 configurations
and the former one owed popularity to the easy and convenient fabrication procedure
which allows for commercial production at a relatively low cost (Dias and Das-Gupta,
1996). The 0-3 composites may be produced by mixing the ceramic particles in a hot
rolling mill with softened thermoplastic polymer, and forming process can be made at
room temperature. The following equation can be used to prepare the quantities

required for mixing of the ceramic and polymers (Lang and Das-Gupta, 2000).

ME=MPxZ @ (2.31)

where M, p and ¢ are the mass, density, and volume fractions respectively, and the
subscripts P and C refer to the polymer and ceramic respectively. The density p of

the composite is determined thus

p=gp°+(1-9)p° (2.32)
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and the total composite volume V is given by

MC

V =
#p°

(2.33)

2.4 Tape Casting Technique

There are many techniques for forming material. The one is ““tape
casting” which is applied to this work. As the name implies, thin sheet of flexible
tape are produced by means of a casting process. These sheets are prepared from slips,
in many respects similar to those employed for slip casting. This type of slip consists
of a suspension of ceramic particles in an organic liquid that also contains binder and
plasticizers that are incorporated to impart strength and flexibility to the cast tape. The
actual tape is formed by pouring the slip onto a flat surface (of stainless steel, glass, a
polymeric film, or paper). A doctor blade spreads the slip into a thin tape of uniform
thickness, as shown schematically in Figure 2.17. After thin tape has been formed,
retains significant porosity, low density, and insufficient strength for practical
application. Moreover, it may still contain some liquid (e.g., water or solvent), which
was added to assist in the forming operation. These things are improved or removed
in drying and annealing process. During annealing operation, the density is further
increased (with an attendant decrease in porosity) and the mechanical strength is
enhanced. The one thing is taken into consideration. During the tape is cooled from
elevated temperature. The internal stress or thermal stress may be introduced as a
results of the difference in cooling rate and thermal contraction between the surface
and interior regions. These thermal stresses are important in brittle ceramics or non-
uniform properties in composites. Normally, attempts are made to avoid thermal
stresses, which may be accomplished by cooling the piece at a sufficiently slow rate.
Tape thickness is normally between 0.1 to 2 mm (0.004 to 0.08 in.) (William and
Callister, 2005).
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Figure 2.17 Schematic diagram showing the tape casting process_ (Mistler et al.,1978).

2.5 Overall Properties of BaTiO3; and PVDF

The samples used in the present work were the 0-3 connectivity

composites, which consisted of ceramic BT and polymer PVDF as described below.

The barium titanate or BaTiO; ceramic is one of the most intensively
studied ferroelectric materials and wused in various applications such as
electromechanical applications, electro-optic, electronic component. BaTiOs has an
A"B"O; type perovskite structure. A general unit cell of a cubic perovskite was
shown in Figure 2.18. Below the Curie point (~130 °C), the structure is slightly
distorted to the tetragonal form with a dipole moment along the c¢ direction. Other
transformations occur at temperature close to 0 °C and -90 °C. Below 0 °C, the unit
cell is orthorhombic with the polar axis parallel to a face diagonal and it is
rhombohedral with the polar axis along a body diagonal below -90 °C. The
transformations are illustrated in Figure 2.19.

A consideration of the ion displacements accompanying the cubic-
tetragonal transformation can give insight into how the spontaneous polarization
might be coupled from unit cell to unit cell. X-ray studies have established that in the

tetragonal form, taking the 4 central (B) oxygen ions in the cubic phase as origin, the
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other ions are slightly shifted as shown in Figure 2.20. It is evident that if the central
Ti*" ion is closer to one of the O ions marked A, it will be energetically favorable for
the Ti*" ion on the opposite site of the A to be located more distantly from that O
ions, thus engendering a similar displacement of all the Ti*" ions are displaced in the

same direction.

@ A-site cation (Ba) (O Oxygen anion ® B-site cation (Ti)

Figure 2.18 A cubic perovskite unit cell showing the oxygen octahedral and the ionic

positions for the A and B cations.

Monoclinic
Orthorhombic ===-

Figure 2.19 Unit cell distortions of BT single crystals ; <= represents direction of
dipole moment (Kay and Vousdan, 1949; Moulson and Herbert, 1990).
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o

Figure 2.20 Approximate ion displacements in the cubic-tetragonal distortion in BT

(Moulson and Herbert, 1990).

Interest in the electrical properties of PVDF has began since 1969
when Kawai (Kawai, 1969) showed that poled thin films that had been poled
exhibited a very large piezoelectric coefficient, 6-7 pC/N, and a value which is about
10 times larger than those observed in any other polymer. PVDF molecules have a
repeat unit of -CH2-CF2- and are typically 50 to 60% crystalline depending on
thermal and processing history. The morphology of PVDF consists of crystallites
dispersed within amorphous regions. The degree of crystallinity present in such
polymers depends on their method of preparation and thermal history. Most
semicrystalline PVDF has at least 4 polymorphic phases (Figure 2.21), i.e., a-, B-, y-,
d-phases. The nonpolar a-phase is the most common structure of PVDF, and the other
3 phases are polar.

Mechanical orientation, thermal annealing and high voltage treatment
have all been shown to be effective in inducing crystalline phase transformations.
Stretching the polymer essentially aligns the amorphous strands in the film plane as
shown in Figure 2.22 and facilitates uniform rotation of the crystallites by an electric
field. Electrical poling is accomplished by applying an electric field across the
thickness of the polymer. An electric field on the order of 50 MV/m is typically
sufficient to effect crystalline orientation. Polymer poling can be accomplished using

a direct contact method or a corona discharge. The latter method is advantageous
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since contacting electrodes are not required and large area samples can be poled in a

continuous fashion.

ol g,

¥
=

5

Figure 2.21 Unit cells of PVDF phases when project on a plan that perpendicular to
the ¢ axis; (a) a-phase, (b) B-phase, (c) y-phase, and (d) 6-phase. When

(o) and (O) represent carbon and fluorine atom, respectively (not show

hydrogen atom) (Lovinger, 1983).

Crystalline &%
Region — |}

Amorhous
Region

Melt Cast

Electrically Poled

QOriented Electric
Field
Direction

(a) (b) (c)

Figure 2.22 (a) Schematic illustration showing random stacks of amorphous and
crystal lamellae in PVDF polymer, (b) crystalline phase transformation
due to mechanically stretching and (c) crystalline orientation in PVDF

under the applied high electric field (Harrison and Ounaies, 2001).
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The P-phase of PVDF is probably the most important of the 4
polymorphs in piezoelectric and pyroelectric applications. The [-phase has
orthorhombic structure with mm2 symmetry. The dipole moment of the polymer
chain in the B-phase is 7.0x107° C-m, and it lies normal to the chain direction. Each
crystallite of the B-phase has a dipole moment. The random orientation of crystallites
has not net polarization until it is poled by an application of an external electric field,
which encourages a dipolar orientation of the crystallites. The piezo- and
pyroelectricity of PVDF are directly associated to the field induced polarization of the
B-phase crystallites. This polarization arises from the alignment of the C-F dipoles of

the B-phase polymer chains in the electric field direction (Figure 2.23).

a &
n }‘ Dipole moment direction
A & ¢ &t
C
¢
X
0 nm
X
.
b ’z\%&. )\-’ '
=056
t ¢ ¢ ¢
Figure 2.23 Structure of B-phase PVDF (Zhu et al., 2008).
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CHAPTER 3

EXPERIMENTALS

This chapter presents the details of the experimental procedure

involving the preparation and characterizations of the BT-PVDF composites. The

characterizations include the physical and dielectric properties followed by the

determination of most relevant electromechanical coupling using the resonance

method. Thereafter, the piezoelectric stacks are made from the composite samples and

determined the electromechanical coupling. The experimental results of the stacks are

then compared with those from the finite element analysis.

3.1 Materials

3.11

Commercial polyvinylidene fluoride (PVDF) powder (Aldrich)

3.1.2 1-Methyl-2-pyrrolidone (NMP) solution (Fluka 69120, 98 % purity)

3.1.3 Barium titanate powder (Aldrich, 99 % purity) with average particle size of
3 um

3.14  Acetone

3.15 Thermally conductive adhesive (RS 850 984)

3.1.6 SPI conductive silver paint (SPI Supplies®)

3.1.7 Copper wire

3.1.8 Glass plate

3.2 Apparatus

3.2.1 High voltage power supply (Stanford Research Systems model PS
350/5000V-25W)

3.2.2 pA meter/DC voltage source (Hewlett Packard model 6451B)

3.2.3 Corona poling setup

38
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3.2.5
3.2.6
3.2.7
3.2.8
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3.2.15

3.2.16
3.2.17
3.2.18
3.2.19
3.2.20
3.2.21
3.2.22
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Thermometer (Hanna instrument model HI 8757)

Soldering iron (Hisatomi model OP 60L)

Hot plate (PNP model HS-2)

Magnetic stirrer

Hot plate (Chemat model KW-4AH)

Beaker (volume 100 ml)

Digital electronic balance (Cahn model 7550)

Multimeter (Fluke model 8840A)

Multimeter (Digicon model BM-870A)

Plastic spatula

forceps

LCR meter (Hewlett Packard model HP 4263B) with dielectric test fixture
model HP 16451B

Oscilloscope (Tektronix model TDS 420A)

30 MHz Synthesized Function Generator Model DS 345

Constant voltage circuit setup

Electrometer (Keithley Model 6514)

Lock-in amplifier (Standford Reseach Systems model SR 530)
Thickness Gauge Handing (Peacock Model G-7C, resolution 0.001 mm)

Vernier calipper

3.3 Experimental Procedure

3.3.1 BaTiO3-PVDF Composite Preparation

In the preparation process, the quantity of 0.15 volume fraction of the

BT powders was calculated from Equation (2.31). The low volume fraction of the

ceramic was used in order to assure that the ceramic particles were dispersed

uniformly in the polymer matrix without interconnection among the powders
(Hajeesaeh and Muensit, 2006).
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For the polymer matrix, the 1-methyl-2-pyrrolidone (NMP) solvent of
10 %wt and the PVDF powder of 90 %wt were under mixing before being boiled at
200 °C. The PVDF solution was then stirred at 60 °C for 2 h. And used as the matrix
of the BT particles. The BT-PVDF mixture was then stirred at 60 °C for 4 h (Figure
3.1). Figure 3.2 shows the heat treatment conditions used in the composite sample
preparation.

Figure 3.1 Illustration of the apparatus necessary

for the sample preparation.

A
g_’/ 60r
8 .
E 5 °C/min
©
o
% Troom ---------------------------
|_

0

v

Time (h)
Figure 3.2 Heat treatment conditions used in the composite sample preparation.

The tape casting technique was used to shape the treated mixture. A
glass plate (Figure 3.3) with clean surfaces was used as a base or substrate. The
viscous solution was poured onto the glass plate, and the thickness of each casted
sample was controlled by fixing the height of a blade at a constant height which was

later moved across the poured solution.
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\Bla

Glass plate Glass plate \

(@) Top view (b) Side view
Figure 3.3 A glass plate of an area of 15x15 cm? with a blade for tape casting.

After the tape was formed, it still remained porous with insufficient
strength. An annealing process was applied to the taped sample at 120 °C for 6 h

(Figure 3.4). The NMP solvent was all evaporated and the density of the dried sample
was determined.

A

O 120} °h

[

S

©

2

E TTOOm ___________________________

0 >
Time (h)

Figure 3.4 Heat treatment conditions for an annealing process.

Finally, the tape-casted BT-PVDF was cut into pieces of dimension of
about 10x10 mm?. These samples were divided into 3 groups:

1) Unpoled sample.

2) Polymer-poled sample, the corona poling method was used to pole

the PVDF phase with a DC electric field of 500 MV/m for 20 min
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(Dasaesamoh, 2008). Illustrations of the poling process were in Figures
3.5and 3.6

3) Sample with both phases active, the sample with poled PVDF phase
was subsequently poled the BT phase in opposite direction under the
applied filed -25 MV/m at room temperature for 15 min (Limbong and
Guy, 1998). This condition was chosen in order to enhance the

piezoelectric activity of composite (Bloss et al., 2001)

In conclusion, the sample preparation procedure was schematically shown in Figure
3.7.

Insulatof]

High voltage

Composite Film
Cathode electrode

Wood

@ (b)
Figure 3.5 A corona poling setup. (a) The apparatus for the corona poling and (b) the

details of the connected parts in (a).

. A
S 20 mi
min
2 500 |- !
=
2 0.1 kV/m-min 0.1 kV/m-min
[&)
3
m O >
Time (min)

Figure 3.6 The application of a DC electric field during
the poling of the PVDF (Dasaesamoh, 2008).
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PVDF powder 1-methyl-2-pyrrolidone (NMP)
\ |

A

PVDF solutions BaTiO; powder
| |

Composite solution

A

Tape casting

Annealing

Poling

v

Composite specimen

Figure 3.7 A schematic diagram of the preparation of the BT-PVDF composites.

3.3.2 Physical Characterization

The density of the sample was determined using Equation (2.32). By
using the thickness gauge (Figure 3.8), the thickness can be averaged for the
composite from a measurement at 3-5 different points on the same sample.
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2 |
Figure 3.8 Thickness gauge handing.

3.3.3 Electrical Characterization

Each sample was electroded by a silver paint and heated at 60 °C for
20 min. The capacitance of the sample was measured at room temperature by the LCR
meter at 0.1, 0.12, 1, 10 and 100 kHz (Figure 3.9). The results were used to calculate
the dielectric constant. The dielectric loss for all samples was directly observed from

the LCR meter.

Figure 3.9 (a) HP 4263B LCR meter and (b) a test fixture 16451B.

The following operations were performed after switching on the LCR

meter in order to reduce residual impedance and stray admittance in the test fixture.
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OPEN Correction

The stray admittance in the test fixture can be reduced by performing

the following procedure.

a) Turn the small knob of the test fixture counterclockwise (ccw) to
move the Guarded/Guard electrode away from the Unguarded
electrode.

b) Connect the attachment with the cover to the Guarded/Guard

electrode after removing the covers of both electrodes shown in

Figure 3.10.
Small knob—
I ¥ Guarded/Guard electrode
] 4
f -Attachment
[ TR
0 T . Cover
Attaclunent LI Unguarded electrode
cC——1 L
gl
= i
LT
Cover
(a) (b)

Figure 3.10 (a) The attachment connected to the Guarded/Guard electrode for OPEN

correction; (b) the details of the connected parts in (a).

c) Turn the small knob of the test fixture clockwise (cw) to bring the
Unguarded electrode into contact with the attachment (until the
clutch slips). As shown in Figure 3.10 (b), the inner electrode of
the Guarded/Guard electrode is completely surrounded by the
guard.

d) Perform the OPEN correction measurement by pressing Blue -
Open. The OPEN correction menu is displayed (Figure 3.11).
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shift LEN 18

Cp: +12.345nF D: +0.0001 FREQ : 1kHz
(a) OpenMeas MeasVal  Exit LVL : 1000mV
Shift LEOOI310
Cp: +12.345nF D: +0.0001 FREQ : 1kHz
(b) Open Correction LVL : 1000mv
...Snlt'k::urml_guﬁ In_[ rr??a;;”i gi;l:e L';::d Cavnp;‘rtr c&n'} E‘III; Fmt :3" - Measurement Sattinge ——

Figure 3.11 Illlustration of the messages appeared on the LCR meter display; (a)
during the OPEN correction performance; (b) when the OPEN correction

is complete.

e) Press Arrow key until Openmeas blinks, and press Enter. The
OPEN correction is performed. During that time, the following
message is displayed. After a while, the LCR meter completes
OPEN correction with the message Open Correction Complete

f) Turn the small knob ccw to move the electrodes away from each

other, and remove the attachment.

SHORT Correction

The procedure to perform SHORT correction depends on the type of
the Guarded/Guard electrode used. Therefore, it should select the appropriate
procedure according to the used Guarded/Guard electrode. In this work, the
Guarded/Guard electrode type-B (diameter 5 mm) and type-D were chosen. The
residual impedance in the test fixture can be reduced by performing the following
SHORT correction procedure.

a) Turn the small knob ccw to move the Guarded/Guard electrode
away from the Unguarded electrode then remove the cover from
both electrodes.

b) Remove the cover from the attachment when the Guarded/Guard

electrode type-B is used. Then connect the attachment to the



47

Unguarded electrode as shown in Figure 3.12 (a) and 3.12 (b),
respectively.

c) Turn the small knob cw to contact the Guarded electrode to the
Unguarded electrode for the Guarded/Guard electrode type-D as
shown in Figure 3.12 (c). The knob cannot be turned around until

the Guard electrode is contacted with the Unguarded electrode.

é % % Guarded/Guard electrode

‘lﬁj' -Attaclunent

d

ngu’u ded electrode

Cover —s == (b)

remove the cover T

Attaclunentr ] ¢ ] / Zi Z %E Guarded/Guard
S Electrode
[ ]

Ungarded
Electrode

(a) (c)
Figure 3.12 (a) Connecting the attachment to the Unguarded electrode; (b) the details

of the connected parts in (a).

d) Perform the SHORT correction measurement by pressing Blue —
Short. The SHORT correction menu is displayed (Figure 3.12 (a)).

e) Press the Arrow key until Shortmeas blinks, and press Enter. The
SHORT correction is performed. During that time, the following
message is displayed. After a while, the LCR meter completes
SHORT correction with the message “SHORT Correction
Complete” (Figure 3.13 (b)).

f) Turn the small knob ccw to move the electrodes away from each

other and remove the attachment for the electrode type-B.
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Cp: +12.345nF  D: +0.0001 FREQ : TkHz H

(a) ‘ ShortMeas MeasVal Exit LVL : 1000mV
B e b T epegp G W [, e —
Cp: +12.345nF  D: +0.0001 FREQ : TkHz
(b) Short Correction LVL : 1000mV

Shert  Med Long Int  Man  Ext Hold Load  Gemprtr Cont Talk  Emt  Key ——  Measurement Settings ——
“— Weas Time— -~ Trigger— - FRange On O Chk only Lock

Figure 3.13 lllustration of the messages appeared on the LCR meter display; (a)
during the SHORT correction performance; (b) when the SHORT

correction is complete.

Measurement Method

1. Place a sample between the Guarded/Guard electrode and
Unguarded electrode.

2. Turn the small knob ccw to contact the Guarded/Guard electrode to
the composite.

3. Set the applied voltage at 1 V and choose measurement mode as
capacitance (Cp) and dissipation factor (D).

4. Record the C, and D at 100 Hz, 1 kHz, 10 kHz and 100 kHz.

5. Calculate the dielectric constant.

6. Plot a graph of the dielectric constant as a function of frequency.

3.3.4 Electromechanical Characterization

The sample with both surfaces painted with the conducting glue was
under the resonance measurement using the constant voltage circuit (Figure 3.14 or
Figure 2.9). This experimental setup was shown in Figure 3.15 and the measurement

procedure is as follows.
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sample

signal

generator 1 R, Oscilloscope

Figure 3.14 A schematic diagram of a constant voltage circuit.

(d)

Figure 3.15 Experimental setup for the resonance measurement : (a) Function
generator, (b) constant voltage circuit, (c) oscilloscope and (d) sample
clamper.

1) Clamp a sample with a sample clamper/holder.

2) Turn on the function generator and the oscilloscope (warm up
times > 30 minutes).

3) Apply a start frequency of a sinusoidal signal from the function
generator to the constant voltage circuit. A signal amplitude was
kept constant at 5 V.

4) Monitor the output voltage by the oscilloscope.

5) Repeat the measurement procedure with increasing frequency to
the maximum frequency of the LCR meter.

6) Plot a graph between the output voltage and frequency.
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7) Determine the resonance and antiresonance frequencies, including
calculate the k3; value using a formula for a rectangular plate.

3.3.5 Fabrication of Piezoelectric Stack

From Figure 3.16, each side of the samples was glued together with the
silver paint in order to make a stack. Each stack contained the samples of the same
group (the unpoled samples were not stacked). The number of the layers in the stacks,
n was varied to be 1, 2, 3 and 4. The silver paint was also used as the internal

electrodes inside the stack.

3.4 Finite Element Analysis

The resonance and antiresonance frequencies of BT-PVDF
multilayered stack were analyzed by means of the FEA and the software MSC.MARC
2005r2. The conditions of the model used in the FEA are:

e The stack consists of the alternating layers of the sample and the silver paint

e The thickness of the sample and the silver paint are equal.

e The BaTiO3-PVDF composite layers are composed of the BaTiO; particles
and the PVDF polymer.

e The volume ratio of BaTiO3 to PVDF is 15 : 85.

e The BaTiOjs particles are randomly embedded in PVDF polymer matrix.

e The silver paint layers are used as conductive and adhesive layers.

e Each BaTiOs, PVDF and silver paint layers have similar properties.

e To simplify the analysis, the 2-D model of stack is used and the effect of
electric wire is neglected.
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Figure 3.16 The sketch of the 2-D stack.

The element type used for the meshing of the FEA model was the
element type 11 (i.e., a quadrilateral plane-strain). For the silver paint, BT and PVDF
layers used were the element type 161 (i.e., a plane-strain piezoelectric quadrilateral).
A stacked transducer model in MSC.MARC® 2005r2 requires the permittivity, the

piezoelectric and the elastic coefficient matrices specified. These matrices were listed
in Table 3.1.

Table 3.1 Material properties used in the FEA.

Materials Properties Matrices
Density
(kg/m?) 5,800

(Sakakibara et al., 1994)

[211 107 114 0 O
BaTiOs Elastic stiffness 10721l 1140 0
114 114 160 0 O
0 0 0 562 0
0 0 0 0 562 0
0 o 0 0 0 127

o © o o

(N/m?) 10° x
(Lietal., 1996)




Table 3.1 Material properties used in the FEA (continued).
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(SPI supplies®, 2008)

Materials Properties Matrices
Piezoelectric coefficient 0O 0 O 0 580 0
(m/V) 10™x] 0 0 0 580 0 O
_ (Li et al., 1996) -0 -50 106 0 0 O
BaTiOs
Permittivity 0.3630 0 0
(F/m) 107x] 0 03630 0
(Li et al., 1996) 0 0 00112
Density
(kg/m®) 1,780
(Sakakibara et al., 1994)
361 161 142 0 0 0 |
Elastic stiffness 16l 313 1310 0 0
i) Lgfy| 142 131 163 0 0 0
0 0 0 05 0 O
OVDE (\Varadan et al., 1989) 0 0 0 0 059 0
0 0 0 0 0 069
Piezoelectric coefficient 0 0 0 0 -1955 0
(m/V) 10%2x| 0 0 0 -20.56 0 0
(Varadan et al., 1989) 1413 2.02 -2826 O 0 0
Permittivity 0.6109 0 0
(F/m) 10| 0 0.7614 0
0 0 0.6729
Density
(kg/m?) 1,710
(SPI supplies®, 2008)
Silver Young’s modulus
paint (N/m?) 4x10"
(SPI supplies®, 2008)
Poisson ratio
0.35




CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Physical Properties
The density of the BT-PVDF composites prepared in this work was

2,425 kg/m® and the average thickness was 100 + 0.5 pm. Figure 4.1 shows a picture

of the composites.

Figure 4.1 Pictorial view of a composite tape (upper) which was cut into pieces with

dimensions of about 10x10 mm? (lower).

4.2 Dielectric Properties

Figure 4.2 shows the plot of calculated & as a function of frequency.

The measured dielectric loss was also plotted against the frequency in the same figure.
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Figure 4.2 The experimental data of the (a) dielectric constant, and (b) dielectric loss

as a function of frequency for the BT-PVDF composites.
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From Figure 4.2, the sample without poling has the lowest dielectric
constant. These values for the samples with PVDF poled and with both phases poled
are slightly different. This was because i) the poling electric field induced the
alignment of the dipole moment and ii) the poling of the ceramic in opposite direction
did not change the polarization of the polymer. This leaded to an increase in the net
polarization of the composites. The dielectric loss of the sample with both phases
poled oppositely was, in contrast, minimized. This was due to the influence of the
poling field upon the elastic and porous nature of the PVDF polymer as well as the

low-capacitive nature of the BT ceramic.

4.3 Electromechanical Property of the Piezoelectric Stack

The poled samples were glued together and the variations of the
resonance and antiresonance for all stacking samples were shown in Figure 4.3. The
output voltage was found to be proportional to the stacking samples’ admittance
(results were not shown here). Each stacking sample exhibited the maximum and
minimum admittance at the resonance and antiresonance, respectively.

Figure 4.4 displays an increased in the resonant frequency as the
number of the stack increased. A change in the antiresonance was in a similar manner.
A relationship represented for the variations of the resonance and antiresonance was
graphically fitted and mathematically found to be:

f = 107.59n + 269.54 (4.1)

where f is the resonant frequency, n is the number of the layers and C is a constant.
The slope and the intercept depend on the type of piezoelectric materials and structure
of the stack. It is anticipated that the stack with layer of the two-phase poled opposite
will display a relationship similar to Equation (4.1).
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Figure 4.3 Variations of the resonance and antiresonance of the composites with
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Figure 4.4 Changes in a resonant frequency as a function of the number of layers.

Table 4.1 Percentages of the difference (%diff) between experimental data (EXP) and
FEA data for the stack of the BT-PVDF composites with PVDF poled.

fr fa
n EXP FEA %diff EXP FEA %diff
1 394,040 | 395050 | 026 | 396,505 | 395975 | o013
2 468,115 | 469,050 | 020 | 470,107 | 469,975 | .03
3 574,780 | 575424 | 011 | 577,126 | 576,350 | 013
4 717,108 | 717,875 | o011 | 719,530 | 718,800 | o.10

k values for the stack corresponded to those in Figures 4.3-4.4 and Table 4.1.

From Table 4.1, the %diff of f, and f, are less than 0.3%. This

confirmed the validity of the model used in the FEA. Figure 4.5 summarized all of the
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Figure 4.5 Variations of the electromechanical coupling coefficient as a function of
the number of the layers in the stack made from the samples with PVDF

phased active.

The ks; value based on the experimental data is higher than that
analyzed by the FEA. This is because the FEA was not taken into account the
heterogeneous nature of the diphasic composites. It can be noticed that when n is
increased, the ks; value is decreased. This stack consisted of the composite with only
PVDF active. The polymer normally has a large difference between f, and f,
(Kwok, 1997). Although n is increased, the ks; value of natural (PVDF active) did not
increased.

From Figure 4.6, similarly, the experimental k3; value was higher than
the FEA results. In this case, the value is increased with n. This is because the
composite layers were poled in opposite direction. Thus the direction of the dipole

moment of each phase was the same and this enhanced the overall piezoelectric
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response of the composites. Furthermore, if the directions of the dipole moment in the
adjacent layers in the stack were antiparallel, then the impedance of the stack is less
than that of the single-layer stack (Wang et al., 2002).

14
14 .0

A3 A

12

12

11 T T T T

Figure 4.6 Variations of the electromechanical coupling coefficient as a
function of the number of layers in the stack made from the
samples with both phases active.

This work is interested in the k 3; coefficient instead of the ks3. This is
related to the rectangular shape of the sample (Table 2.3). In addition, the elastic
compliance of the polymer is relatively high when compared with the ceramic
(Chan et al., 2001) therefore the dominant vibration mode for the composite is not
longitudinal but lateral deformation (transverse mode). However, if two phases are
active, the ks; can be increased with increasing layers. For the ke coefficient, it is
always lower than the kg; value no matter determined by experiment or FEA.
Because it is independent of a shape of piezoelectric materials in the calculation of the
ke coefficient while it is of importance for the ks;. It is expected that the piezoelectric

stack with both phases active is useful for transducer applications owing to the low
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capacitance, low power consumption and stacking-layer dependence of the
electromechanical coupling.

Table 4.2 lists the properties of all materials involved in this work. It
can be seen that in the material preparation procedure the poling process is an
important factor that can affect the overall properties of the 0.15BT-0.85PVDF
composites. In turn, the overall properties of the 0.15BT-0.85PVDF composite was
dominant by the PVDF matrix.

Table 4.2 A summary of the properties of BaTiOs;, BT-PVDF, and PVDF materials.

Properties
Materials Density | Dielectric . . Reference
5 constant Dielectric loss
(kg/m?) at 1 kHz at 1 kHz
Sakakibara et al., 1994
BaTiOs 5,800 4,100 0.0035 Lietal., 1995
George et al., 2008
BT-PVDF 2,425 8.6225 0.0207 This work
Sakakibara et al., 1994
PVDF 1,780 8.05 0.0362
Varadan et al., 1989




CHAPTER 5

CONCLUSIONS

5.1 Main Conclusions

In this work, the BT-PVDF composite material of low volume fraction
of the ceramic phase dispersed in the host polymer has been prepared. The tape-casted
composites with different poling conditions possessed different characteristics. The
porous and elastic nature of the polymer dominated the properties of the composites

as summarized in Table 5.1.

Table 5.1 Physical and electromechanical properties of the BT-PVDF composites.

Properties
Materials Thickness Density Dielectric Dielectric Reference
(mm) (kg/m°) Constant Loss
at 1 kHz at 1 kHz
BaTiO; 5,800 4,100 0.0035 [1]-[3]
_ 8.6225 0.0207 _
Composite 0.1 2,425 - - This work
8.7530 0.0138
PVDF - 1,780 8.05 0.0362 [1], [4]
[1] Sakakibara et al., 1994 " PVDF poled

[2] Lietal., 1995
[3] George et al., 2008

" Both phases poled oppositely

[4] Varadan et al., 1989

After poling, the dielectric constant of the composite was increased
while the dielectric loss decreased. For the stack with only the PVDF poled active, the
resonant (and antiresonant) frequencies, f of a stacking sample were linearly increased
with the number of the layers, n as given by:

f = 107.59n + 269.54

61
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The FEA results of this type of the stack agreed with experimental data from the
resonance measurement within an accuracy of about 0.3 %.

This work is interested in the ks; coefficient owing to a rectangular
shape of a sample and a lateral deformation of the material with increasing number of
the layers, the ks; coefficient of a stack with PVVDF poled was decreased while it was
slightly increased in the stack with both phases poled oppositely. A summary was
listed in Table 5.2.

Table 5.2 The electromechanical coupling coefficient for all piezoelectric stacks.

Number of layers o
Poled PVDF | Poled PVDF and BT
1 0.12 0.13
2 0.10 -
3 0.10 -
4 0.09 0.14

5.2 Suggestions and Further Investigations

In the sample preparation, problems arise such as the unstability of the
rotating rate of a magnetic stirrer and the contamination of dust in preparing
procedure. Therefore, tools and equipments must be cleaned and checked before the
experiment.

To further reduce errors in the determination of the electromechanical
coupling of the composite stack, the number of the layers should be further increased.

Studying the stacked piezoelectric composite transducers by using the

3-D finite element model is of interest for future work.
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