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ABSTRACT

Ceramic-polymer composites with different compositions have been prepared and
their electrical properties (absorption current, quasi-steady-state conduction current,
dielectric and pyroelectric behaviour) have been studied. In addition, similar
measurements have been made on a commercially available ceramic-polymer
composite, PIEZELY". The ceramics used include Lead Zirconate Titanate (PZT) and
Barium Titanate (BaTiOs) while the polymers were Polyvinylidene Fluoride (PVDF),
copolymer of Vinylidene Fluoride-Trifluoroethylene (VDF-TIFE) and Polypropylene
(PP). Analysis of data revealed that the process of charging and discharging currents
of the composites involves charge carrier hopping through localised states (trapping
sites) distributed throughout the bulk whereas the steady-state electrical conduction
in these composites may originate from an ionic hopping mechanism.

Dielectric properties of the composites in the frequency range of 10Hz to 100KHz
have been measured using an a.c. bridge technique. Results show that the dielectric
loss process is dominated by the polymer phase whereas the ceramic phase may
have a significant contribution at low frequencies and high temperatures. With the
increase of ceramic content in the composite, dielectric permittivity and loss were
observed to increase. Measured dielectric permittivities of the composites were
generally in agreement with the calculated values.

The pyroelectric activity of the composites has been measured by the direct
method. For samples with a high content of ceramic phase, calculated pyroelectric
coefficient data appear to be comparable to those observed. The inherent high
pyroelectric activity of the composites is essentially due to the ceramic phase while
the high dielectric permittivity of the polymer is required to maintain a large dielectric
displacement flux in the medium. Higher pyroelectric activity has been achieved in
PZT5/VDF-TTFE (or PZTS5/PVDF) composites in comparison with that of the other
composites in the present work. The pyroelectric figure of merit in these particular
composites was found to be about four times higher than that of the single phase
ceramic.
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CHAPTER 1

INTRODUCTION

1.1. Background

There is a need of a better performance pyroelectric
materials for diverse industrial, medical, public services and
consumer products applications. Pyroelectric materials exhibit
changes 1in the electrical polarization with changes in
temperature and this effect tends to be 1largest in
ferroelectric materials (subgroup of pyroelectric materials
which posses a spontaneous electric polarization that can be
reversed or reoriented by application of an electric field ;
see chapter 2 for materials classification). Examples of these
ferroelectric materials include 1lead niobate (PbNbOjy),
triglycine sulphate(TGS), titanate and niobate ceramics,
single crystals 1lithium niobate(LiNbO,) and 1lithium
tantalate(LiTaO5) and lead zirconate titanate(PZT) ceramics.

Since every pyroelectric material has its own advantages



as well as disadvantages, a wide range of pyroelectric
materials is necessary not only for improving the pyroelectric
detector performance but also to meet the demand for specific
applications of detectors. The choice of the pyroelectric
material is mainly determined by: (a) its figure of merit,
(b) the detector size, (c) availability and durability of the
pyroelectric material, (d) environment in which the material
has to operate, (e) the radiation levels to be detected.

The performance of the pyroelectric detector is usually
described by voltage responsivity (i.e. the pyroelectric
voltage output per unit energy of incident radiation), current
responsivity (i.e. the pyroelectric current generated per unit
energy of incident radiation) and detectivity (i.e. the
inverse of noise equivalent power (NEP) where NEP is defined
as the incident energy required to produce a signal equal to
that of detector noise). The voltage and current
responsivities as well as the detectivity depend not only on
the particular pyroelectric material but also on the
characteristics of the amplifier employed for detecting the
pyroelectric voltage (1,2). In terms of material’s parameters,
the voltage responsivity is proportional to p/(g&c), the
current responsivity is proportional to p/c while the
detectivity is proportionai to p/[c( £tan§ )1/2], where p is
the pyroelectric coefficient, £ is the permittivity, tan § is
the loss tangent and c is the volume specific heat. Hence
p/( ec) , p/c and p/[c( &tan § )1/2] could be considered as the
figures of merit of pyroelectric materials. For many

pyroelectric applications, it is convenient to define the



voltage pyroelectric figure of merit as given by p/g .
Single crystals such as TGS and LiTaO3 have high
pyroelectric figure of merit and thus they are good materials
for pyroelectric detection ([2)]. However TGS has rather low
Curie point (T, =322K) which is of disadvantage for some
applications. Pyroelectric ceramics such as PZT and 1lead
titanate (PbTiO3) possess a number of attributes which make
them more promising for diverse applications (see section
1.2). A significant pyroelectric effect can be induced in
polyvinylidene fluoride (PVDF) polymers (see chapter 6).
Although the polymer’s figure of merit (for detectivity) is
low as compared to ceramic and single crystal, the figure of
merit for voltage responsivity is comparable to ceramic and
not very much different as compared to single crystal [2]. The
material is readily available in the form of thin films and
has found use in the pyroelectric vidicon [3]. Recently,
ceramic/polymer composites emerged which have been shown to
have better piezoelectric properties (the change in electrical
polarization with mechanical stress) as compared to the
homogenously poled ferroelectric ceramics (see section 1.4).
The interest in these composites stems from a need of
piezoelectric materials which are flexible, large areas,
complicated shapes or large improvement in the pjiezoelectric
properties. It appears that there is not much wofk have been
done on the pyroelectric properties of ceramic/polymer
composites. Obviously, the pyroelectric properties of these
composites would mainly depend on the properties of its single

phase components (ceramics and polymers). The following



sections (sections 1.2 and 1.3) describe a brief account of
the properties of the ferroelectric ceramics and pyroelectric

polymers in general.

1.2. Ferroelectric Ceramics

A polar axis can be induced on ceramics by the
application of sufficiently high electric field. This
important consequence of the orientability of the polar axis
is an advantage as compared to single crystals which have fix
direction of polar axis. In addition, ceramics can readily be
prepared in complex compositions and hence can be adapted for
particular applications.

After poling treatment, the polarization of each
crystallite in the ceramic is aligned to those directions
allowed by the symmetry (the feature of atomic arrangement in
the crystal) of the lattice and nearest to that of the
electric field. The net polarization and hence the non-zero
dipole moment is created which will respond to applied
electric field or mechanical stress as those of single
crystals as long as the field or stress is well below that
needed to switch the polar axis. However, since the original
crystallographic directions of the crystallite in the ceramic
were oriented at random, the alignment of polar axes can not
be as perfect as in a single crystal of the material. A
measured value of polarization (charge per unit area) will

give a good indication of this dipole alignment. There are



some other factors such as imperfections and grain boundaries
effect which may result in preventing a maximum polarization
to be achieved in ceramics. Well poled barium titanate(BaTiO,)
ceramic for example has a polarization of 8x10™2 Coul/m? [4]
while a value for single crystal is 26x10”2 coul/m? [5].

It is common that the evidence of charge-field (or
polarization-field) hysteresis is used as one of the criteria
for the material to be accepted as ferroelectric. This is
basically achieved by applying an alternating voltage to the
test material and the voltage which corresponds to the stored
charge on the test material is displayed against the applied
voltage[6]). A typical of polarization(P)-field(E) hysteresis
loop in ferroelectric is shown in Figure 1.1. The charge(Q)
stored in the sample capacitor is proportional to the electric
displacement (D). From the relation: D = EL,E + P (see chapter
4, Eqg.(4.7)), it is obvious that since &E is wusually
negligible in comparison to P, the spontaneous
polarization(Pg) is taken as the saturation value of the
electric displacement extrapolated to zero field . The
remanent polarization, denoted by P, is taken to be the
displacement at zero field, i.e. P,.=D(E=0). The value of P, is
normally be used to asses the quality of ceramic compositions
since generally the large piezoelectric effect results from
high value of P,. At the highest field where the polarization
is saturated (corresponds to point A in Fig.1.1), most of the
polar axes are aligned preferentially. As the field reduces to
zero, and then becomes large in the reversed direction, the

dipole moment reverses in the opposite direction and saturates



as the field increases further. The magnitude of field at
which the dipole moment switches to opposite direction is
designated as coercive field (E.), i.e. E_=E(P=0). It is worth
noting that the shape of hysteresis depends on the
material and the frequency of applied field[7]. Hence careful
consideration has to be taken when examining the material with
this kind of measurement, as the nonlinear lossy dielectric
may also produce a kind of hysteresis loop, but with different
shape of course(2,7].

Usually the ferroelectric crystal has regions in which
the direction of spontaneous polarization in one region is
different from the next region. This region is called domain
and the boundary between the domains is called domain wall.
The application of electric field (E) will cause the domain
wall to be displaced so that the domain volume of width d,
with the spontaneous polarization parallel to the electric
field expands (refer to Figure 1.2). At sufficiently strong
electric field, the whole crystal will have the spontaneous
polarization parallel to the field when the optimum
polarization is achieved. Likewise, if the field is reversed
and increased adequately, the polarization will be saturated
in the opposite direction. By this means, the reversal of
spontaneous polarization follows the change of the electric
field with some delay which yields the hysteresis loop as in

Fig.1l.1.

Most ferroelectrics have a transition temperature (T.)

called Curie point at which the spontaneous polarization has a

finite value below it and vanishes if the temperature is



increased above that point. Usually a high dielectric
permittivity is demonstrated in the vicinity of the Curie
point. Above this point, the relative permittivity (g&)

follows the Curie-Weiss law [5]:
4
€ = C/(T-To) ’ T>T (1.1)

where C is a Curie-Weiss constant, T temperature and T (Curie-
Weiss temperature), which does not coincide with the Curie
point, is defined as the temperature at which the extrapolated
curve of the inverse of &’ meets the temperature axis.

A knowledge of piezoelectric and pyroelectric activity
is always desirable as evidence for ferroelectricity, although
their effects may not be the determinant factor for the
confirmation. In any case, the poling process usually results
in dielectric absorption with storage of charge much 1larger
than those associated with the ferroelectric effect. These
charges would be released by thermal change or by mechanical
stress but the process is irreversible, hence it does not
constitute a true effect. Further related characteristic of

ferroelectric ceramic will be treated in the next chapter.
1.3. Pyroelectric Polymers
Pyroelectricity can be induced in polymers by suitable

application of a large electric field. Among the pyroelectric

polymers, PVDF and copolymers of vinylidene fluoride(VDF) with
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Fig.1.1l. Typical ferroelectric hysteresis loop

Fig.1.2. A model of domain structure showing the direction

of spontaneous polarization



trifluoroethylene(TrFE) and tetrafluoroethylene(TFE) show
relatively high pyroelectric activity (see chapter 6). These
pyroelectric polymers have unique properties compared with
other pyroelectric materials such as inorganic oxides, in that
they are flexible and mechanically robust and also can be
obtained as a thin film of very large size.

The detailed structure and related properties of PVDF
are given in chapter 2. It should be noted that F-phase
crystals (having all-trans conformation) of PVDF is the most
polar because all its dipole vectors are aligned essentially
normal to the chain direction. It is obtained by stretching or
by electrical poling of the unpolar form ( & ~phase) of PVDF
film (see chapter 2). The stretched film requires subsequent
electrical poling so that the random orientation of
crystallites within the polymer film become preferentially
aligned to give a net dipole moment. Poling can be
accomplished by the application of an electric field to the
electroded polymer film at an elevated temperatures and
subsequent cooling while the field is still applied.
Alternatively, it could be achieved at room temperature in
relatively shorter times by the technique of corona
charging[8,9].

Mechanism related to pyroelectricity in PVDF is
described in chapter 6. Basically, thé improvement in the
pyroelectric activity of the polymer may be made by increasing
the dipolar alignment within the crystalline phase, which may
be achived by the improvement in the fabrication process and

in the technique of poling[10].
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VDF-TrFE and VDF-TFE copolymers crystallize directly
from the melt into the polar form crystals ( @-phase) over a
wide range of composition{l1l]. Although some early results
show that the pyroelectric activity in these copolymers are
not better than that of PVDF [12,13]) (see chapter 6), the
copolymers do not need to be stretched, which may be an

advantage in some applications.

1.4. Ferroelectric Composite

Ferroelectric composites may be designed to combine the
superior properties of the ferroelectric ceramics and
polymers. It would be of great advantage to have such flexible
composite with high pyroelectric activity and low thermal
conductivity for pyroelectric detector arrays.

The composites may be produced by several methods such
as : (a) ceramic particles dispersed in a polymer matrix,
(b) ceramic rods embedded in a polymer matrix, (c)
replamineform technique, which is based on the template of
natural coral [14].

Some interesting results' on piezoelectric properties of
the composites appeared in the literature. Skinner et al[1l4]
showed that the piezoelectric voltage coefficient g35 (933 =
d33/& , where dj; is the piezoelectric strain coefficient and
g is the permittivity) of the composite prepared by
replamineform technique is about 15 times better than that of

single phase ceramic. In another work, Runt and Galgoci([15]
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reported that the hydrostatic piezoelectric figure of merit
d,9n (where dy = d35 + 2d3, , g, = d,/€ ) for composite
produced by embedding PZT rods in polymers (e.g. nylon) is
about 5 times that of PZT. This improvement in the
piezoelectric figure of merit is very wuseful for
hydrophones(14,15].

Ceramic/polymer composites exhibit pyroelectricity if
they are suitably poled [16,17]. Newnham et al[l16] suggested
that the large thermal expansion mismatch between the two
phases of the composite (e.g. composites where ferroelectric
ceramic rods embedded in polymer) could contribute
significantly to the total pyroelectricity. This means that a
suitably chosen modes of phase interconnection can have
composite property that improve the pyroelectric figure of
merit beyond those possible with the single phase. Early
results on the pyroelectric properties of ceranmic/polymer
composites obtained by several researchers are given in
chapter 6. These works were primarily concern to maximize the
pyroelectric figure of merit (p/g). Obviously, more work is
needed to produce and characterize the pyroelectric
ceramic/polymer composites to meet the demand for better

pyroelectric materials in diverse applications.

1.5. Aims of Present Work

In view of the need for pyroelectric materials with good

pyroelectric figure of merit and of some encouraging results
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on the pyroelectric properties of ceramic/polymer composites
obtained by previous researchers [16,17,18], the present work
is aimed at producing pyroelectric ceramic/polymer composites
system and to characterize their electrical properties.

The first ceramic/polymer composite available for use in
the present work was PIEZEL, a commercial product of Daikin
Industries Limited of Japan. It is prepared by mixing P2ZT
ceramic powder and VDF-TrFE copolymer and rolled into a
flexible film. The received film was unpoled and unelectroded.
As the work progressed, the hot roller machine became
available in our laboratories at the final stage of the work
and several ceramic/polymer composites were produced (the
detailed fabrication process of the composites can be found in
chapter 4). The ceramics powder used include PZT and BaTiO,
while the polymers were PVDF, VDF-TrFE and polypropylene(PP).
Although the ceramics used are far from ideal as
pyroelectrics, they can be used as a model in the present
composite system in which the ferroelectric ceramics have been
dispersed in the polymer matrix. The use of different polymers
serves to test the effect of the different properties of
binding matrix on the overall electrical properties of
composites.

The composites are characterized by measuring the
transient (absorption and resorption) and conduction currents,
the dielectric properties (permittivity and loss) as well as
the pyroelectric current. Details of the transient and
conduction currents in ceramic/polymer composites have not yet

been reported in literatures. Thus, the present work is
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carried out to study these currents at various fields and
temperatures and to identify the responsible mechanism for
them. Furthermore, the information obtained on the electrical
conduction level and the mechanism involved will be discussed
in relation with the measured pyroelectric properties of the
composites.

The permittivity and loss in composites were determined
by measuring the capacitance and the conductance of the sample
in the frequency range of 10 Hz to 100 kHz, using an a.c.
bridge technique. This measurement is accomplished at various
temperatures to determine their temperature dependence
characteristics. The information obtained from these data can
be combined with data from the pyroelectric current
measurements to evaluate the voltage pyroelectric figure of
merit of the materials.

The direct method was used to investigate the
pyroelectric activity of composites. In this method, the poled
samples were heated at linear heating rate and generated
pyroelectric currents were measured as a function of
temperature. The effect of different poling parameters
(electric field, temperature, time) on the pyroelectric
activity were also investigated to determine the optimum
poling condition.

The structure and related properties of polymers and
ferroelectric ceramics are presented in chapter 2. This is
followed by the principles of ferroelectricity and basic
polarization process in chapter 3.

Chapter 4 provides the theory of electrical conduction
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and associated processes (polarization mechanisms),
experimental details (sample preparation, experimental system
and measurement procedure), experimental results and the
aiscussion of these results. For the sake of completeness,
theories on various models of the electrical conduction have
been included and used appropriately in the data analysis.

The relevant theory of the dielectric dispersion in
solid single phase polymer and ceramic together with that of
composite is presented in chapter 5. Further, the results of
the dielectric properties of composites obtained in the
present work along with the discussion are included.

Chapter 6 presents theories and evidence of
pyroelectricity, results of the present pyroelectric studies
on composites and the discussion.

Finally, chapter 7 includes the general discussion and
conclusion of the electrical conduction, dielectric and
pyroelectric properties of ceramic/polymer composites in the
present work. Some suggestions to improve the present
experimental technique and to enhance the pyroelectric

properties of the composites have been included at the end of

the chapter.
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CHAPTER 2

STRUCTURE AND RELATED PROPERTIES OF POLYMERS

AND FERROELECTRIC CERAMICS

2.1. Types of Ferroelectrics

Much of the behaviour of ferroelectric materials can be
understood in terms of an information obtained from a study of
their structural properties [1]. Generally, the study involves
a determination of crystallographic configuration of atomic
arrangement in relation to a polarization process that occurs
in the materials. Hence, the ferroelectric materials may be
classified according to certain basic features of their

structure ; briefly as in the following.

(a) Compounds with corner sharing oxygen octahedra.
This group of materials includes perovskite type
(e.g. BaTio, , P2ZT, etc), (Bi2°2)2+ compounds (e.g. Bismuth

titanate), Lithium niobate and tantalate, and tungsten bronze
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type compounds (e.g. lead niobate, strontium barium niobate,
sodium barium niobate). It contains corner sharing octahedra
of 02~ ions with a cation BPY (b= 3 to 6) near to its centre.
The octahedra forms a continuous network by sharing corner 02~
with six neighbouring octahedra [2]. Between the octahedra are

A?%T ions where a varies from 1 to 3. In the

spaces occupied by
prototype forms, the A2% and BP* jons have mean positions at
the geometric centres of the surrounding 02~ ions giving a
non-polar lattice. In the polar form, both A and B ions are
displaced (which resulted in distortions of the octahedra and
changes in the lattice dimensions) in the same direction
relative to the geometric centres and so confer polarity on
the lattice. However, the formation of dipoles through the
displacement of ions does not necessarily lead to a polar

phase, since in some cases a compensating pattern of dipoles

is formed resulting in a zero overall moment.

(b) Compounds containing oxygen tetrahedra.
These oxides ferroelectrics contain BO, groups in
which the BP+ (b= 4 to 6) ion 1lies near the centre of a
tetrahedron with 02~ ions at each corner. Lead germanate
(PbgGe30,49) and Gadolinium Molybdate (Gd,(MoO,);) are examples

of materials which belong to this group.

(c) Hydrogen bonded compounds.
This group generally contains hydrogen bonds coupled
to the structural ions such as phosphate and glycine. The

example of the materials that belong to this group include
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potassium dideuterium phosphate (KD,PO,), Triglycine sulphate

(TGS) and Rochelle salt (RS).

(d) Organic polymers.

This group of materials consists of long chain
molecules that contain dipoles of covalently bonded atoms
which can be oriented by a combination of mechanical and
electrical treatments. A wide range of polymers are
piezoelectric and some of them posses a reorientable polar
axis [3,4]. Polyvinylidene fluoride (PVDF) and its copolymers
have been shown to be ferroelectric [5-7] which successfully
have been used in many device applications, for example in
underwater devices as well as in medical sensors [8-10]. Due
to its high compliances and the fact that they are readily
formed into robust thin films, polymers with improved
ferroelectric properties seem likely to emerge as attractive
sensor materials in future.

In the following sections, the basic structure and
related properties of ferroelectric perovskite ceramics and
organic polymers will be given: since these materials are used
in the fabrication of ceramic-polymer composites in the

present work.
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2.2. 8tructural and Physical Properties of Ferroelectric

Ceramics

The perovskite crystals have the general formula ABO,
(derived from mineral perovskite calcium titanate (caTiog) ),
where A (larger radius cation) situated at the apices of cubic
cell, B (small radius cation) at the body centres and the
oxygens (02') at the face centres (se Fig. 2.1). The
structure can also be regarded as a set of BOg octahedra
arranged in a simple cubic pattern and linked together by
shared oxygen atoms, with the A atoms occupying the spaces in
between. Such a structure allows considerable variations of
composition, by substitutions of A and(or) B ions by other
ions of compatible ionic size. A large number of elements
therefore have suitable radii(r) for the perovskite structure,
e.g. Ba?t (r= 160 pm), Pb?* (r= 132 pm), K* (r= 133 pm), Ti%*
(r= 60 pm), zrdt (r= 87 pm), Nb>* (r= 69 pm), etc. Thus, a
wide range of properties could be generated by these ions
substitutions [11]. More complex compositions can easily be
achieved in ceramic form than in single crystals {1], allowing
the control of the characteristics of the material for
different applications.

Barium titanate (BaTiO;) was the first ferroelectric
perovskite to be discovered [12] which has been used as
piezoelectric material since then. Above its Curie point (T,
~403 K), BaTiO; exhibits a cubic perovskite structure as shown
in Fig.2.2 [13,14]. It consists of cubically close packed

layers of composition BaO; in each of which the Ba2t ions are
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surrounded by six 02~ ions. The Ti%4t ions are located in those
octahedra interstices in the BaO; lattice which are surrounded
exclusively by 02~ ions.

During cooling, the cubic latice becomes unstable at
around 403 K and the distortion occurs which transform the
crystal into a tetragonal phase. Extreme dielectric anomalies
(the peak 1in dielectric permittivity) accompany this
transition which marks the onset of the replacement of the
centro-symmetric cubic structure by a tetragonal phase [13].
In the tetragonal phase the Ti%* and 02~ ions move relative to
Ba?t resulting in the formation of la polar 1lattice
structure[{l]. It has been verified that the Ti4* ion in the
tetragonal structure, does in fact move physically in phase
with an applied electric field, as expected [15]. Upon further
cooling, another transition occurs at about 273 K accompanied
by a change to orthorhombic phase and at even lower
temperature ( ~ 183 K), a third transformation occurs below
which the symmetry is rhombohedral. In each phase, the
polarization produced by the displaced ions would correspond
to the polarization of the lattice, as it results from the
vector addition of the polarization components of Ti-O
chains[16]. As with the Curie transition, the ionic
polarizability increases (giving a high spontaneous
polarization) at the second and third transitions with
resulting peaks in the permittivity-temperature relation. Such
characteristics are well reflected in the dimensional change
of the lattice in the respective phases. The exact transition

temperatures are dependent on crystallite size, rate of
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Oxygen A ion B ion

Fig. 2.1. Perovskite ABO; crystal structure.

O = Oxygen 0% @ = Titanium Ti%

@ = Barium Ba?

Fig. 2.2. Perovskite cubic structure of BaTiO,.
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temperature variation, condition of stress and precise purity
of the material. Similar transitions appear in ceramic
materials but are not as distinct as single crystals[13].

It is to be noted that when a crystal is cooled from a
paraelectric phase to a ferroelectric phase in the absence of
applied fields there are at least two equivalent polar
directions along which the spontaneous polarization may occur.
In a crystal, different regions may polarize in each of these
directions mentioned above and form domains. A single domain
configuration is rarely achieved in a virgin crystal in the
absence of applied fields and the observed domain pattern
depends on many factors including the crystal symmetry, the
electrical conductivity, the defect structure, the magnitude
of the spontaneous polarization and the dielectric compliance,
as well as the history of the crystal preparation and sample
geometry. With all these factors, the resulting domain
structure usually yields in a near complete compensation of
polarization and the crystal consequently exhibit very small,
if any, pyroelectric effects until they are poled by
application of an electric field [13,1].

In BaTiO, below the Curie point, the tetragonal
structure allows six alternative directions for the polar axis
of each domain [13]. In this particular phase, there exist 180
walls (regions with oppositely oriented polar axes) and 90’
walls (regions with polar axes perpendicular to one another).
The domain walls move in applied fields so that the volume of
material with its polar axis parallel (or as near parallel as

the lattice orientation allows) to the applied field is
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increased. Movements of 180 domain walls are not accompanied
by a dimensional change since it involves only a reversal (or
partial reversal) of the polar axis. The movement of 96’walls,
on the other hand, requires the conversion of a polar into a
non-polar axis and is therefore accompanied by a dimensional
change [13,14].

At sufficiently high dc field (typically : 0.5 - 5x10°
\Y/ m'l), 180 domains are aligned as near as the lattice
orientation allows, to the applied field direction, whereas 90
walls are moved in a limited manner due to the stresses
involved in the changes of axial direction. In ac fields the
domain walls vibrate and the resulting fluctuations in dipole
directions make a significant contribution to the
polarizability. Such contribution is shown as a large increase
in dielectric permittivity with electric field strength.
similar effect has also been observed in dielectric loss
behaviour [14]. However, under static electric field bias,
domain movement is inhibited, resulting in the fall of
permittivity with increasing magnitude of static field [14].

In ceramic, both 90 and 180 walls are generally present
and will be oriented according to the lattice structure of the
crystal whose axes are randomly oriented throughout the
material. Consequently, the observed P-E hysteresis loop in
ceramic are much slanted than those of single crystals, which
tend to be ’square’ in shape [13]). The coercive field is
greater than in single crystal and the saturation polarization
is less because defects and internal strain (due to 1local

stresses) inhibit wall movement. Domain walls are liable to
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clamping by mechanisms such as local stresses (such as arise
from changes of axial direction which inhibit 90 wall
movement) and lattice defects (occuring in both types of wall
which may immobilize the walls movement). The result of
clamping is a lower permittivity and loss and a further
departure from a usual P-E hysteresis loop ([17].

At temperatures just below and up to the Curie point,
the domain wall mobility increases while the clamping effects
diminish. The ionic polarizability also increases, allowing a
greater polarizability with respect to external fields. At the
curie point, the freedom of oscillation of ions reaches a
maximum so that the dielectric permittivity reaches a maximum
and the dissipation factor (tan § ) a minimum magnitude [14].

The ferroelectric behaviour of the ceramic depends
greatly on the crystallite (grain) size, which in turn depends
on exact composition and processing conditions of the
material. Result of Heywang [18] showed that the effect of
small grain size is to increase the small field dielectric
permittivity in the region between the Curie point and the
second transiton temperature in BaTiO; ceramics. However, Arlt
et al [19] and Shaikh et al [20] showed that the dielectric
permittivity increases sharply with increase in grain size,
reaching maxima at about (0.5 - 1) Mm and decreases with
further increase in grain size. Arlt et al [19] attributed the
high increase of dielectric permittivity in fine-grained
BaTiO; as due to the increasing contribution of 90° domain
walls (the total area of 9& domain walls per volume strongly

increases in the fine-grained ceramic). At grain sizes (0.5 -
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1) amm and lower, however, gradual ferroelectric structural
changes occur (resulting in the formation of different domain
structure) which <causes the decrease of dielectric
permittivity.

As regards the spontaneous polarization, it was found
to decrease with the decrease in grain size [20]. This is to
be expected since as the grain size decreases, the
crystallinity also decreases and finaliy one reaches an
amorphous state where ferroelectricity ceases. An alternative
explanation is that in the smallest grains, the polarization
may be completely clamped by local stresses preventing domain
reversal in external fields [1]. At intermediate grain sizes,
domain reversal becomes possible while at the largest grain
sizes, bulk ferroelectric behaviour becomes dominant.

An enormous effort has been made to study the properties
of compositionally modified BaTiO,; ceramics. Accordingly, a
large range of properties have been generated by such solid
solution systems [13]. Obviously, composition 1is only one
factor controlling dielectric properties. Other factors such
as particle size, the mixing proces, the pressing and
sintering all contributes to the characteristics of a
dielectric.

Lead zirconate titanate ( Pb(Z2r,_,Ti,)03 or PZT ) system
constitute one of the most important series of ferroelectric
materials used in ceramics for industrial piezoelectric
transducers. It has continuously been improved by different
compositional variations. The phase diagram of the system is

shown in Fig.2.3 [13]. At high temperatures, the complete
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mixed-crystal series exhibits a cubic perovskite structure.
For a system of less than 50 mole% zirconate content, such a
material changes to the tetragonal ferroelectric phase at the
Curie point. No further phase transitions are found below this
point. Between 50 and nearly 100% zirconate content, the
transition leads directly from the cubic to the rhombohedral
phase (Rh I). A second transition occurs with decreasing
temperature to another rhombohedral phase (Rh II). Although
both phases appear to be simple cell rhombohedral by X-ray
diffraction, they are distinguishable by neutron diffraction
studies, electrical measurements and thermal expansion studies
(13,1]. The boundary between tetragonal and rhombohedral forms
is nearly independent of temperature (morphotropic). In a
composition of more than about 95% lead zirconate content, an
antiferroelectric phase [13] with orthorhombic symmetry (A,)
is formed adjacent to rhombohedral ferroelectric phase (see
Fig.2.3).

In tetragonal phase, both 180° reversal and 9&
reorientation of domains can occur during poling. Experimental
results showed that 180" reversals are virtually complete
whereas only 53% of 90" reorientation can occur which drops to
44% after removing the field ([13]. The polarization is
attributed to the polarizability of the Ti-O chains (as in the
case for BaTiO;) with an additional contribution from 1lead
oxide dipole (which arises because of the partially covalent
bonds of the lead ions as evidenced from the chemistry of the
lead-oxygen compounds). In the titanium-rich tetragonal

region, a lead atom coordinates with four oxygen atoms, and
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forms dipole as shown in Fig.2.4(a). This would directly
contribute to an increase in the coupling of parallel Ti-O
chains leading to a larger polarization. In the rhombohedral
phase, the lead atom coordinates with three oxygen atoms (see
Fig.2.4(b)), in which case, the (2r,Ti)-0 chains retain only
minor significance for the ferroelectricity as a result of the
reduced titanium content. Also, due to higher zirconium
content (0.1 < x < 0.45), the polarizability of the (2r,Ti)-0O
chains are low, resulting in relatively low permittivity. The
polarization aligns with the ({111} direction, in which
alternating TiO3 and PbO, dipoles are formed (see Fig.2.4(b) )
[16]. For rhombohedral compositions near the phase boundary,
70 and 110° domain reorientation can occur in addition to the
186 reorientation, with the former two behaving much as 90°
walls in the tetragonal materials(13].

Most of the piezoelectrically active PZT compositions
have the value of x=0.47, which is close to the morphotropic
boundary, shown in Fig.2.3. For a value of x in the range of
0.45 to 0.50, the rhombohedral and tetragonal forms may
coexist and the ferroelectric properties are also enhanced. It
is believed that the enhanced ferroelectric properties in this
region is because of the increased ease of reorientation of
domains during poling [13].

For technical applications, the lead zirconate titanate
ceramic is modified by adding further oxides. A technically
important group of additions is characterized by being
incorporated as ions with higher positive charge into the

lattice. Representative of this group are large trivalent ions
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Fig. 2.4. Dipole formation in Pb (Zr,Ti)O0;.
(a) Parallel Ti-0 chains in the tetragonal phase
coupled by directional covalent bonds of the oxygen
atoms in the transversal chains and covalent coupling
by tetrangular Pb-0 bonds.
(b) Covalently bonded TiO; and Pb0; dipoles in
rhombohedral phase.
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replacing Pb2+ at A-sites, e.g. La3+ and Nd3+ and smaller

4+ 4+

pentavalent ions such as Nb2t and Ta’* replacing Ti and Zr
at B sites. These substitution group is often referred to as
donors, which have the following effects in common [13]:

(a) dielectric permittivity and 1loss are greatly
increased.

(b) lower coercive field, higher resistivity, easier
poling.

(c) increased elastic compliance.

(d) higher piezoelectric coupling factor (a measure of
the square root of the fraction of the mechanical
energy converted to electrical energy or vice versa)

(e) smaller aging effects.

Many of the properties of this family are explained on
the basis of vacancies fascilitating domain boundary motion
[21]). The excess positive charge introduced by the
substitutions is largely compensated by the formation of pb2*
vacancies. These vacancies disturb the ferroelectric PbO
structures shown in Fig.2.4, fascilitate domain wall motion
and allow relaxation of internal stresses leading to the

effects as mentioned earlier [21,1,14].

If substitution of a lower valence ion (acceptor ions)

c3+ 3+ b2+

or Fe is performed for P or for

such as K%, Mg2+, S
(Zr,Ti)4+, a generally opposite effect of the above is
produced [13]. It is assumed from size considerations that Kt
enters the Pb position while Sc3+, Fe3* and Mg2+ substitute

for (Zr,Ti)4+. Ceramic materials doped in this way display

even more unfavourable properties than nonmodified PZT
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ceramics ; it exhibits an even higher p-type conductivity
[16]. It is suggested that these ions, diminish the number of
A position vacancies normally present and cause the existence
of oxygen vacancies in the lattice. Since the perovskite
structure (and many other oxide structures) can be regarded as
a three-dimensional array of oxygen ions in contact with metal
ions that fill the interstices, it is clear that only small
concentrations of oxygen vacancies can occur without
appearance of new phases. Vacancies in the oxygen position
will therefore tend to shrink the cell size, as evidenced from
the case of BaZrO;, where the substitution of sc3* for the
smaller zri?t actually shrank the unit cell [13]. The shrinking
~and distortion of the cells by oxygen vacancies is thought to
contribute to the high coercive field and the 1lowered
dielectric permittivity.

Donors or acceptors are separately used only in doping
concentrations of 2 atom.% at most. If elements of both groups
are used together, forming complex ceramics, their main
effects compensate one another partially or totally, depending
on the ratio [16]. Examples of such a system are solid
solutions of Pb(2Zr,Ti)0O5; with Pb(Mgl/3Nb2/3)O3 [22] and
Pb(Nby spFe; /)03 [23].

It can be seen that the structural modification of the
PZT system has proved to be an exceedingly versatile for range

of properties that can be used for many applications.
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2.3. General Structure of Polymers

Polymers are materials with a very large molecules
comprising hundreds or thousands of atoms, formed by
successive linking of one or two (ocassionally more) types of
small molecules into a long molecular chain or network
structures ([24]. Thus, a single molecular chain commonly
contains a thousand or more repeat units and reaches a total
length in excess of 1 um [25].

As in many other solid materials, the individual atoms
or molecules are held together by stabilising forces acting
between them. The amount of stabilization achieved is at its
greatest when molecules adopt regular rather than random
arrangements [24,25]. In the regular or crystalline
arrangement (crystal structure), the molecules pack together
in such a way to minimise the total intermolecular energy. A
small group of atoms or molecules called unit cell may well be
used to represent the crystal structure.

Although the molecules are held firmly in place in the
crystal lattice, they still posses vibrational and possibly
rotational energy [24]. As the temperature of the crystalline
solid approaches its melting -point, the vibrational motion
becomes more active, finally causing the collapse of the
crystal structure at the melting point itself. At this point,
the regular packing of solid state is replaced with the
disorder of the liquid state.

As the temperature falls below the melting point, the

ordered solid state strives to emerge. However, the regular
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arrangement of molecules cannot arise instantaneously, since
the process takes time to occur. If a molten polymer is
rapidly cooled (or quenched), there is insufficient time for
any significant crystallization to occur which results in the
formation of amorphous solid. Nevertheless, some polymers
posses some degrees of crystallinity while many others are
found to be completely amorphous. It should also be noted that
crystalline bulk polymers contain a proportion of amorphous
phase so that the classificaton of crystalline and amorphous
polymers may not be used too rigidly [24].

The degree of crystallinity, m