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Chapter 1
Introduction

1.1 Introduction

Multifunctional systems that can provide performance-tailored functionalityas well as adapt-
ability have emerged in recent years. Researchers are seeking to design materials that in-
clude autonomic structures that can sense, diagnose and respond to external stimuli without
human intervention [1, 2]. Adaptive structures that allow readjustment of functionality,
shape and mechanical properties on demand [3,4], as well as self-sustaining systems with
structurally integrated power harvest, storage and transmission capabilitiesare also under
investigation [5–8].
Multifunctional materials, designed to improve the overall system performance, are typi-
cally composites of several distinct materials phases, in which each phase performs a differ-
ent function. These materials can be designed to meet specific requirementsthrough tailored
properties.The properties in a system can be integrated on several dimensional scales with
increasing inter-connectivity between phases as the scale decreases.Three different types
of materials multifunctionality can be realized [1,9] through addition, colocation and inte-
gration of the phases. The material selection process is done to satisfy the requirements of
more than one function and the best candidate of multifunctional materials for performance-
tailored structures is most likely to be realized by the integration type [9,10].
An important group of materials, often studied for integration with others to create multi-
functional materials, are stimulus responsive materials that react to a certainstimulus by
altering some of their physical properties. Among these types of materials, piezoceramics
have gained significant attention for a wide variety of applications in sensingand actuation,
due to their strong actuation power, piezo sensitivity, as well as wide dynamicfrequency [1].
However, piezoceramics also have deficiencies, such as brittleness andlack of formability.
Recently, particulate piezoelectric ceramics have been combined with inert orpiezoelectric
polymers to form flexible functional composites [11, 12]. In such composites the overall
functionalities of the material is controlled by the intrinsic properties of the constituent ce-
ramic and polymer phases, their morphology as well as the pattern of connectivity. New
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2 Chapter 1. Introduction

developments in polymer synthesis have led to a variety of advanced flexible composites
with functionalities in multiple domains of piezo- and pyroelectric in a wide temperature
range. Moreover the micro/macro architecture design and optimization, using a range of
polymer processing techniques, has resulted in enhanced performanceof the composites in
piezoelectric sensing, as well as actuation fields.
The relationship between the piezoelectric, pyroelectric and ferroelectricmaterials is schemat-
ically shown in Fig.1.1. A dielectric material is an electrical insulator that can be polarized
under an electric field. A group of dielectrics that show a change of strainor stress due to an
applied external electric field, or conversely to the change of the polarization due to a me-
chanical excitation are called piezoelectrics. Pyroelectrics are a group of piezoelectrics that
show a change of polarization due to a change in temperature. Ferroelectric materials, as
a subgroup of pyroelectrics, have both pyroelectric and piezoelectric properties. Therefore
due to the presence of multiple properties in a ferroelectric system, multiple functionalities
can be integrated by a proper design of these materials.

Figure 1.1: The relationship between the piezoelectric, pyroelectric and ferroelectricmaterials.

In this chapter the phenomena of ferro-, piezo- and pyroelectricity in relation to ferroelectric
materials are briefly reviewed, in order to create a basic understanding ofthe behavior of
electroceramic-polymer composites. This is followed by a review of the designrules for
performance optimization of piezoelectric particulate composites used in this thesis, namely
topology, processing and selection of the polymer phase.

1.2 Different functionalities of ferroelectric materials

1.2.1 Ferroelectricity

In ferroelectric materials the spontaneous electric polarization can be reversed by the ap-
plication of an external electric field. These materials maintain a spontaneous electric po-
larization in the absence of an imposed applied field below a certain phase transition tem-
perature, known as the Curie temperature (Tc). Ferroelectric crystals possess regions with
uniform polarization called ferroelectric domains. Within a domain, all the electric dipoles
are aligned in the same direction. There may be many domains in a crystal separated by
interfaces called domain walls. The multiple ferroelectric domains of a single crystal can
be combined to a unified domain by application of an appropriate electric field. Avery
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strong field can lead to the reversal of the polarization in the domain, known as domain
switching [13,14]. The polarization reversal can be observed by measuring the ferroelectric
hysteresis as shown in Fig.1.2. In ferroelectric materials a polarization (P) versus electric
field (E) hysteresis loop exists, as shown in Fig.1.2, that is characterized by quantities such
as the saturation polarization (PS), remnant polarization (PR) and coercive field (EC). The
hexagons with gray and white regions schematically represent repartition of two polariza-
tion states in the material (e.g. in grains of a ceramic) at different fields.

Figure 1.2: Ferroelectric (P-E) hysteresis loop measured on a (111)-oriented sol-gel PZT film [13].

1.2.2 Pyroelectricity

Pyroelectricity is the generation of an electrical charge due to a change in temperature [15].
The total pyroelectric coefficient, measured at constant stress, is the sum of primary pyro-
electric coefficient and secondary pyroelectric effect due to piezoelectric contribution from
thermal expansion. The primary pyroelectric constant of a material,pprimary, is defined as
temperature dependence of the spontaneous polarization when the materialis able to ex-
pand freely. A secondary contribution,psecondary, can occur if the material is constrained,
resulting in a piezoelectric contribution [15]. Both effects are illustrated in Fig.1.3, in
which pyroelectricity is visualized as one side of a triangle. Each corner represents energy
states in the crystal: mechanical, electrical, and thermal energy.D, σ andS stand for elec-
trical displacement, entropy and strain respectively. A small change in oneof the variables
produces a corresponding change in the other [16].
The primary pyroelectric effect, pprimary, is defined as the gradient of the polarization-
temperature curve at a particular temperature:

pprimary =
∆P
∆T

(1.1)

whereP andT denote polarization and temperature respectively. For a small∆T and at a
temperature sufficiently below the Curie temperature, it can be regarded as a constant for a
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Figure 1.3: Primary and secondary pyroelectric contributions [15].

given material and temperature. Although the pyroelectric coefficient is a vector, since the
measuring electrodes are generally placed along a principal crystallographic direction, the
coefficient is often regarded as a scalar. Thepprimary is normally negative, since the sponta-
neous polarization of a pyroelectric decreases upon heating towards theCurie temperature,
and it is dominant for ferroelectric materials. For ease of calculations the absolute value of
pprimary is presented throughout the thesis.
For a piezoelectric material under constant stress, a temperature changeleads to a dimension
change due to thermal expansion. This phenomenon results in an additionalpiezoelectri-
cally induced charge. This coupled effect of thermal deformation and piezoelectricity is
expressed by the secondary pyroelectric effect,psecondary, and is defined as:

psecondary=

(

δD
δe

)

E,T

(

δe
δT

)

E,σ
=

(

δD
δσ

)

E,T

(

δσ

δe

)

E,T

(

δe
δT

)

E,σ
= dcα (1.2)

wheree, c, andα are the strain, elastic stiffness and thermal expansion coefficient of the
material respectively [17,18].
Pyroelectric materials develop an electric current upon experiencing a temperature change
as shown in Fig.1.4. A change in temperature of the sample leads to a change in the net
dipole moment and spontaneous polarization, which results in a change in the quantity of
surface charges. The free charges flow to compensate for the change, which leads to the
pyroelectric current flow,ip, in the circuit defined as [15,19,20]:

ip = AP
dT
dt

(1.3)

whereA is the electroded area of the pyroelectric material,p is the component of the py-
roelectric coefficient normal to the electrodes, anddT/dt is the rate of temperature change
with time. This equation holds, provided that measurements are carried out under constant
stress and electric field, so as to avoid piezoelectric, ferroelastic and ferroelectric contribu-
tions.
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(a) An electroded pyroelectric material at constant tem-
perature.

(b) Current flow upon an increase in temperature.

Figure 1.4: Development of pyroelectric current [15].

Pyroelectric materials have been used in wide range of applications such asinfrared detec-
tors, thermal imaging, radiometers and pollution monitoring [21]. To select a material for
each application, several figures of merit (FOM) have been defined, that can be calculated
from the thermal, electrical and optical properties of the materials. The most frequently
used FOM is:

F =
p
ǫr

(1.4)

whereεr andp are the dielectric constant and pyroelectric coefficient of the material mea-
sured at constant stress at the operating temperature of the device.

1.2.3 Piezoelectricity

The piezoelectric effect is related either to the change of strain or stress due to an applied
external electric field, or conversely to the change of the polarization dueto a mechanical
excitation [22]. The piezoelectric properties of ferroelectric materials can be described by
the linear matrix equations:

(

x
D

)

=

(

SE dt

d ǫeǫ
X

) (

X
E

)

(1.5)

The stressX and the electric fieldE are the independent variables, while the strainx and
electric displacementD are the dependent variables;s, ǫ, andd are the elastic compliance,
the dielectric and the piezoelectric constant respectively, while the superscripts of these
variables denote the physical quantities held constant during determination.All variables
are tensors and that the suffix t denotes a transposed tensor.
The piezoelectric constants are third rank tensors as they couple a second tensor to an ex-
ternal electric field vectorEk or dielectric displacement vectorDk. Due to the symmetry
of the mechanical tensor variables (Xi j = X ji ) the strain tensor can be compacted into a
first rank tensor. Therefore that the piezoelectric constants are converted into second rank
tensors with the first index denoting the direction of the applied field specifiedfrom 1 to 3,
while the second index denotes the strain direction, denoted 1 to 6. For instance, Eq.1.5can
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then be rewritten in a complete form for ferroelectric ceramics with a perovskite structure
of symmetry poled in the thickness or third dimension as:
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(1.6)

Thus in perovskite ferroelectric ceramics there are five independent elastic compliances,
two dielectric permittivities and three piezoelectric constants. The key parameters such
as piezoelectric charge coefficients,di j , the piezoelectric voltage coefficients,gi j , and the
energy efficiency,Qi j , can be obtained using:

di j =
ei j

Ci j
(1.7)

gi j =
di j

ǫi j
(1.8)

Qi j = di j .gi j (1.9)

whereCi j andei j are the elastic moduli (for a constant electric field), and piezoelectric stress
moduli (for a constant strain or constant electric field).

1.3 Piezoelectric electroceramic-polymer composites

Ferroelectric materials generally belong to one of two families: The first classconsists of
ferroelectric ceramics which offer high electromechanical coupling (kp = 0.5− 0.8), a wide
range of permittivities (ǫ = 100−3000), low dielectric and mechanical losses as well as high
thermal stability [23,24]. However, these materials are brittle and difficult to shape, and they
posses a large acoustic impedance resulting in a more difficult acoustic match to soft media
such as tissues and water. Moreover, despite their relatively high charge constants (d33) that
are beneficial for actuation, their high capacitance reduces the voltage sensitivity (g33) quite
drastically (see Eq.1.8) [23,25].
The second group consists of ferroelectric polymers which have a low acoustic impedance
as well as low permittivity, which can be advantageous in certain situations, such as in pyro-
electric detectors [26,27]. They are rather flexible and ductile and can be manufactured with
various processing techniques. The ferroelectric polymers show a low electromechanical
coupling factor (kt = 0.2−0.3) and low thermal stability and quality factors (Qm = 10−20)
which make them useful for underwater operation or for broad-band applications [25,28].
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Piezoelectric polymers exhibit a low permittivity and a high piezoelectric sensitivity (g33),
which can be interesting in applications such as touch and impact sensing [25,27].
Potentially, attractive combinations of mechanical, thermal, dielectric, acoustic and elec-
troactive properties and an adequate processability can be achieved byembedding ferro-
electric ceramic particles within a polymer matrix, in which the ferroelectric activityis
provided by the ceramic phase, and the flexibility is provided by the polymer phase. Such
composites can overcome the limitations of both ceramics and polymers, and provide new
avenues to sensing applications.

1.3.1 Effect of topology on electroactive properties of electroceramic-polymer
composites

In the multiphase composites, the pattern of connectivity of the two phases plays a crucial
role, as far as overall physical and electromechanical properties areconcerned. Connectivity
describes the interspatial relationships in a multiphase material. According to Newnham, in
a two-phase system, a set of universal terminological conventions (Fig.1.5) can be used to
show different patterns of self-connections of the constituent phases [29].

Figure 1.5: Illustration of the terminological conventions of diphasic composite-particulate connectivity
(Adapted from Newnham et al. [29])

The connectivity pattern can be expressed with two digits, denoting the connectivity of the
filler and that of the matrix respectively. The random particle distribution, or 0-3 composites
with unconnected equiaxed particles in a fully self-connected matrix, and a fibrous distri-
bution, or 1-3 composites with continuous ceramic fibers fully aligned in one dimension,
represent the lower and upper bounds as far as the final properties of the composites are
concerned. An intermediate state between the 0-3 (particulate) and 1-3 (fibrous) state can
be obtained by applying an dielectrophoresis (DEP) treatment on a semi-dilutesolution of
particles in a viscous matrix (such as the most polymer systems prior to curing) [30–32].
As a result of the local electromechanical field the particles reorient and reposition them-
selves in thread-like structures. Under ideal processing conditions, long and well separated
particulate threads form, which can span the full electrode to electrode spacing, closely
approaching the topology of perfect 1-3 composites. For a given particulate concentra-
tion, the alignment of the particles in the thread-like structure leads to a marked increase in
piezoelectric properties while the high mechanical flexibility due to the polymer matrix is
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maintained [31,33–35]. Various properties of ideal 0-3 (series) and 1-3 (parallel) compos-
ites as a function of the volume fraction of the filler are shown in Fig.1.6. The polymer
matrix (epoxy) and piezo ceramic (lead titanate) are chosen arbitrarily. Theproperties are
simulated according to the mixed connectivity model (MCM) presented in Chapter 2.
As shown in Fig.1.6, composites with 0-3 connectivity only show attractive piezoelectric
properties at very high ceramic volume fractions [36]. One major reason can be attributed
to inefficient poling state of the ceramic particles at low volume fractions [37]. Due to the
lower resistivity and permittivity of the ceramic phase, the electric flux concentrates more
effectively on the polymer phase and does not affect the ceramic particles efficiently. At
high ceramic contents the thickness of the polymer layer separating the ceramicparticles
becomes smaller. Such a lower polymer layer thickness facilitates the poling of the com-
posite, as a smaller fraction of the applied external electric field is imposed on the polymer
matrix rather than on the poling of the ceramic particles.
On the other hand, the 1-3 connectivity composites show in general a higher performance
in terms of electroactive properties, albeit at a higher manufacturing cost.The approach of
combining an electroceramic powder with a polymer matrix, which has been usedthrough-
out this work, is widely considered to be an attractive option, since it allows mass production
of cost effective piezoelectric and pyroelectric materials that could in a reliable way impart
special properties to various structures by a coating process.

1.3.2 Effect of intrinsic properties of the polymer matrix on electroactive
properties of electroceramic-polymer composites

Electrical conductivity

Particulate 0-3 composites are interesting candidates for demanding long termapplications
due to their ease of fabrication, tunable electroactive properties, high mechanical stability,
ability to cover large area, versatile product size range and low manufacturing cost [38–40].
Moreover, they can be flexible, if properly selected polymer matrix material isused and the
ceramic volume fraction is kept low. However, below the percolation threshold, there is no
continuous path of connected particles from one electrode to another. Insuch cases, the
poling efficiency as well as the electroactive properties depend even more strongly on the
electrical conductivity of the polymer matrix [41–43].
Recent investigations have shown that the electrical conductivity of the constituents has
a significant effect on dielectric, piezoelectric and pyroelectric properties of the particulate
composites [44–48]. It has been reported that enhanced electrical conductivity of the matrix
shortens the build-up time of the electric field acting on the ceramic particles, thusleading
to higher poling efficiency in those composites. Moreover, the piezoelectric and pyroelec-
tric properties of the composites also improve significantly [42, 49]. One way to improve
the electrical conductivity of the composites is to introduce a small volume fraction of a
conductive third phase [50–52]. Sakamoto et al. reported that an addition of carbon black
in lead zirconate titanate-polyurethane (PZT-PU) 0-3 composite results in efficient poling
at relatively low electric field and in a short time frame as well as superior pyroelectric and
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Figure 1.6: Electrocactive and mechanical properties of 0-3 and 1-3 composites.Values of volume fraction,
0 and 1, indicate arbitrarily selected properties of polymer matrix (epoxy)and piezo ceramic (lead titanate)
respectively.
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piezoelectric coefficients [46]. The same group has reported that PZT-polyvinylidene fluo-
ride (PZT-PVDF) 0-3 composites containing polyaniline, either as a seperate phase or as a
coating of ceramic particle, also show superior properties in all respects incomparison to
the other composites [44,45,47]. Ploss et al. have also observed a significant improvement
in pyroelectric properties of PZT-PU composites by using a matrix doped with lithium per-
chlorate (LiClO4) [53,54]. The mechanism of ionic conduction in doped polymer-ceramic
composites is demonstrated by Furukawa et al. [55, 56]. The improvement of the pyro-
electric coefficient from 6µC.m−2.◦C−1 to 50µC.m−2.◦C−1 after doping has been reported.
These results have stimulated the application of other polymeric materials with higher con-
ductivity to further enhance the pyroelectricity. Chau et al. [48] reported on the application
of polyethylene oxide (PEO), a well known polymer electrolyte used for lithium battery,
in pyroelectric composites. In PZT-PEO composites the pyroelectric and piezoelectric co-
efficients of the samples were greatly enhanced, when compared with other PZT-polymer
composites with negligible conductivity.

Dielectric permittivity

The piezoelectric voltage sensitivity,g33 (Eq. 1.8), as well as pyroelectric FOM (Eq.1.4)
are directly proportional to the piezoelectric charge constant and pyroelectric coefficient,
respectively, and inversely dependent on the permittivity of the material. Our earlier re-
search has shown that optimization of the electrical as well as mechanical properties of the
polymer matrix plays an important role in controlling the piezoelectric charge andoutput
voltage of the diphase composites, as presented in the Appendix [57]. The sensitivities can
be further optimized by adding a gaseous phase to the polymer matrix to form ofa porous
medium.
Porous polymers, foamed to various low densities, find use in a wide range of applications
that require properties such as weight-reduction, insulation, buoyancy, energy dissipation,
mass transport as well as convenience and comfort [58]. More recent advances include
polymeric foam scaffolds for tissue engineering [59], shape memory polymer foams for
biomedical and aerospace applications [60–63], membranes for gas separation or filtration
[64,65], polymeric electrolytes in lithium-ion batteries [66,67] and hydrogen storage [68,
69]. Investigation of ultra low permittivity dielectrics for the next generations ofmicrochips
in the field of electronic materials has encouraged development of porous polymer structures
which show a clear relation between decreasing permittivity and increasing porosity [58,70,
71]. A significant reduction in the permittivity of the piezo composites results in enhanced
piezoelectric and pyroelectric performance of the composite sensors.

High performance properties

The interest for high temperature piezoelectric sensor materials for application in automo-
tive, aerospace and energy has been growing significantly [72]. In automotive electronics,
the current operating environments reach temperatures of 150◦C, and temperatures as high
as 500◦C are expected for the near future. The aerospace industry has eventougher high
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temperature requirements, when sensors often need to be placed close to the engine for ad-
equate sensitivity to monitor the engine health. Therefore, piezoelectric materials that can
function at high temperatures without failure are desired for structural health monitoring or
nondestructive evaluation of the next generation turbines. Another major motivation for the
development of high temperature electronic materials can be attributed to the exploration of
new sources for energy production, such as nuclear and wind poweras well as geothermal
energy. Wind and geothermal energy capacities are growing as the leading forms of renew-
able energy worldwide. Wind and steam turbines will benefit from the development of high
temperature sensors for structure health monitoring, ensuring enhancedlifetime and relia-
bility, less maintenance and downtime, thus reducing the overall cost of renewable energy
sources [73,74].
The operating temperature range of a piezoceramic-polymer transducersis limited by the
sensing capability of the piezoceramic at elevated temperatures, increasedconductivity and
mechanical attenuation, variation of the piezoelectric properties with temperature, and most
importantly the glass transition temperature of the polymer matrix. HighTc piezo-ceramics
can be embedded in high temperature polymers to overcome this problem. High perfor-
mance amorphous polyimides are interesting candidates for the applications mentioned
above [75–80]. To achieve an adequate combination of mechanical, thermal and electroac-
tive properties ferroelectric ceramic particles are embedded within properly modified poly-
mers of this family.

1.4 Scope of the thesis

This thesis presents several new composite materials and relates the effect of topology, pro-
cessing and intrinsic properties of the constituent materials to piezo-, pyro-, and ferroelectric
properties of the di-phase and tri-phase composites.
Chapter 2 describes the materials development and characterization of 0-3, as well dielec-
trophoretically structured quasi 1-3 composites based on lead titanate (PT)in an epoxy
matrix. These composites consist of isolated equiaxed granulate particles in an inert, elec-
trically insulating polymer presenting two distinct configurations of (0-3) or randomly dis-
tributed and (1-3) or chain-like structure. These systems can be regarded as the reference
system for the systems investigated in the subsequent chapters. Two parameters, the inter-
particle distance and the percentage of 1-3 connectivity, are used to evaluate the degree of
structuring. Piezoelectric and pyroelectric sensitivities of the composites are investigated as
a function of these parameters.
Chapter 3 deals with the computational modeling of structure formation during dielec-
trophoresis. A novel multiphysics finite element model is presented for semi-qualitative
simulation of the structure formation in a medium of dielectric particles suspendedin a
liquid between parallel plate electrodes. The performance of the model is illustrated in a
number of fundamental cases. The influence of parameters such as size, aspect ratio and
heterogeneity of the particles is studied for the purpose of obtaining insightinto the ideal
conditions required to obtain a specific structure.
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Chapter 4 describes the ferroelectric characteristics of PZT-epoxy particulate composites.
The properties of dielectrophoretically structured PZT-polymer particulatecomposites are
studied at high electric fields and compared to those of 0-3 composites. Polarization and
strain response of PZT-polymer particulate composites, both 0-3 and quasi 1-3 types, are
investigated. The properties of the composites are evaluated, and compared with those of
the bulk ceramic. An analytical model is developed to describe the electromechanical strain
of composites with a chain-like arrangement of the ceramic particles.
In chapter 5 the integration of process steps in the production of quasi 1-3 composites via
DEP is described. A simultaneous combination of dielectrophoresis and polingis applied at
room temperature, while the polymer is in the liquid state, followed by subsequent curing.
This new processing route is applied in an uncured thermoset system, while the polymer
matrix still possesses a relatively high electrical conductivity. Composites withdifferent
degrees of alignment are produced by altering the magnitude of the applied electric field.
The effect of processing route on the degree of structuring as well as poling efficiency and
the functional properties of the composites is investigated.
In chapter 6 electrically conductive PT-polyethylene oxide (PEO) composites are presented.
PT particles are dispersed in PEO polymer at varying volume fractions, andcomposite films
are cast. The dielectric, piezoelectric and pyroelectric properties are determined. From
these data the piezoelectric voltage coefficients, as well as pyroelctric figures of merit of the
composite films are calculated. The obtained values are compared with that of PT-epoxy
composites in order to determine the effect of electrical conductivity of the polymer ma-
trix on the poling efficiency and the final properties. A novel method is applied to test
the pyroelectric properties of these materials at low frequency. The signal analysis proce-
dure mathematically mimics the ideal lock-in character via a unique combination of Fast
Fourier Transform (FFT) with Heaviside threshold to filter residual noise. The phase differ-
ence between the peaks of the temperature and current waves is calculated using a folded
correlation.
Chapter 7 describes the development of tri-phase PZT-porous polyurethane composites. The
main goal is to reduce the dielectric constant of the polymer matrix, and improve flexibility
and conformability of traditional diphase flexible piezo-composites consistingof ceramic
particles in a dense polymeric matrix. This is achieved by adding a third (gaseous) phase
to the system. The presence of the gaseous component in the polymer matrix lowers its
dielectric constant and increases its piezoelectric voltage constant.
In Chapter 8 high temperature PT-polyetherimide (PEI) composites, as promising candi-
dates for high temperature piezoelectric sensing applications, are presented. Lead titanate
(PT) ceramic particulates are incorporated into a polyetherimide (PEI) polymer matrix at
two specific volume fractions. A conventional dielectrophoretic structuring, as described in
Chapter 2, is used to induce chain-like particle configuration, followed by curing the matrix
to form free standing films. Subsequently poling is performed under high voltages and at
temperatures above the glass transition temperature of the partially imidized matrix.Free
standing composites are subsequently imidized to form fully imidized films. The piezoelec-
tric and pyroelectric properties of the films are tested at elevated temperatures.
Finally, the main findings of this work are compiled in the summary.
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In the Appendix, the Virtual Particle Mori Tanaka (VPMT) method, a model for the ef-
fect of topological imperfections on the electromechanical properties of structured partic-
ulate composites is presented. This novel method is developed, based on theMori-Tanaka
method with Eshelby tensors for piezoelectric composite materials, to predict theeffective
electro-elastic propertiesd33 andg33 of structured granular piezoelectric composites. The
method achieves an improved accuracy by means of a single parameter related to the spa-
tial distribution of imperfectly aligned rod-like PZT particles and is found to have excellent
prediction capabilities. Extending the approach, several newly defined functions are pre-
sented to capture the drop in the piezoelectric composite’s electro-elastic properties as a
function of topological imperfections. These imperfections are related to longitudinal and
lateral inter-particle spacings and the topology of the chain-like structuresthemselves. The
functions are evaluated in detail and show physically consistent behavior.
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Chapter 2
Structure and properties of particulate
PT-epoxy composites∗

2.1 Introduction

Among various kinds of commercially available ferroelectric materials for sensing appli-
cations, lead titanate (PT) is generally regarded as a good pyroelectric material because of
a large spontaneous polarization, a small relative dielectric constant, and alarge pyroelec-
tric coefficient [81, 82]. As far as functional PT-polymer composites are concerned, the
overall piezoelectric voltage coefficient and pyroelectric responsivity can be optimized by
combining the high electroactivity of the ceramic phase and the low dielectric constant of
the polymer. The pattern of connectivity of the two phases plays a crucial role in the overall
physical and electromechanical properties are concerned. Structuring the ceramic particles
in PZT-polymer composites, by means of dielectrophoresis (DEP), has been shown to im-
prove the piezoelectric properties of these materials over those of randomcomposites, by
forming chains of aligned and closely connected particles, when the matrix polymer is still
in its low viscosity state [30,31,33]. The enhanced electromechanical properties of quasi
1-3 composites can be explained by the higher degree of parallel connectivity in these sys-
tems compared to 0-3 composites. In the current work, Bowen’s model [33] and the mixed
connectivity model (MCM) [83] are used to assign structuring parameters to the composites
based on which the piezoelectric and pyroelectric properties of the composites are evalu-
ated.

∗This work has been published as: Khanbareh, H. , van der Zwaag andS., Groen, W. A., Effect of dielec-
trophoretic structuring on piezoelectric and pyroelectric properties of lead titanate-epoxy composites, Journal
of Smart Materials and Structures, 23 105030, 2014.
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2.2 Experimental procedure

2.2.1 Composite manufacturing

Lead titanate (PT) powder was calcined at 800◦C for 2 h to create a single phase PbTiO3.
The agglomerated powder was then dry-milled, using 5-mm zirconium balls for2 h in a
single G90 jar mill. The particle size distribution of milled powder in an aqueous solu-
tion with 10% isopropyl alcohol, measured by a Beckman Coulter LS230 laserdiffraction
analyzer was found to bed(10) = 2.4 µm, d(50) = 4.5 µm, andd(90) = 8.1 µm. The
powder was stored in a drying oven at 120◦C for 24 h prior to the experiment to avoid
moisture adsorption. A two component epoxy system (Epotek 302-3M, Epoxy (diglycidyl
ether of bisphenol-A (DGEBA) resin and poly(oxypropyl)-diamine (POPD) multifunctional
aliphatic amine curing agent, as shown in Fig.2.1, was used.

(a) DGEBA.

(b) POPD.

Figure 2.1: Chemical structure of the epoxy components.

The glass transition temperature (Tg) of the epoxy was determined by differential scanning
calorimetry (DSC) using a Perkin-Elmer Sapphire DSC. Samples were heatedat a rate of
20 ◦C/min under a nitrogen atmosphere. For the epoxy cured at 50◦C for 3 h followed by
a post-curing step at 100◦C for 1 h aTg of 60 ◦C was measured. At room temperature,
the epoxy is viscous (at 800-1600 cPs) and has a low dielectric constant(at 1 kHz) of
approximately 4.6, which makes it an interesting option for dielectrophoresis (DEP) as also
reported earlier [30]. To fabricate the composites, the ceramic content was calculated using
following equation:

Mc = Mp

(

ρc

ρp

) (

φc

1− φc

)

(2.1)

whereM is the mass,ρ is the density, andφ is the volume fraction. The subscriptc andp
denote the ceramic and polymer properties, respectively. The PT particleswere dispersed
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in the resin component of the epoxy and mixed at a speed of 1000 RPM for 15 min using
a planetary mixer (SpeedMixer DAC 150.1 FVZ, Hauschild). Subsequently,the hardener
was added and the composite resin was again mixed at 1500 RPM for 3 min. Finally the
uncured ceramic-polymer mixture was degassed and poured into a mold consisting of a 1
mm thick Teflon sheet with 15 mm diameter circular cut-outs. The sheet was thenplaced
between two layers of 50µm thick Aluminum foil serving as the temporary electrodes for
the application of the electric field for DEP as shown in Fig.2.2.

Figure 2.2: Schematic drawing of the mold used for dielectrophoresis processing ofcomposites.

The whole set-up was placed between two bolted steel plates with additional Teflon spac-
ers separating the electrodes from the steel plates to apply pressure andproduce flat sam-
ples. Structuring of the particles in the as-yet uncured composite was realized by a dielec-
trophoresis process, in which an electric field of 2 kV/mm and a frequency of 1200 Hz was
applied to the composite medium of particles dispersed in the uncured epoxy resin. The
electric field was applied using a function generator (Agilent, 33210A) coupled to a high
voltage amplifier (Radiant Technologies Inc., T6000HVA-2) at room temperature (RT) for
1 h (i.e. well into the curing stage) followed by 5 h heating at 50◦C to obtain a fully cured
matrix. The peak to peak output voltage of the high voltage amplifier, the phaseangle and
the leakage current were verified with an oscilloscope (Agilent, DSO-x 2004A).
The randomly dispersed samples were obtained in a similar manner only without applying
an electric field and by oven curing at 50◦C for 5 h. The completely cured disk-shaped
samples of 15 mm diameter and 1 mm thickness were polished to remove the top epoxy
layer and post cured at 100◦C for 1 h to remove moisture. Finally, gold electrodes of 9.2
mm diameter and 50 nm thickness were deposited on both sides of the composite samples
by sputtering (Balzers Union, SCD 040) and poled at 9 kV/mm at 80◦C in a water-cooled
Julabo, SE Class III, 12876 oil bath for a 1 h. The samples were then cooled to room
temperature in the presence of the poling field. In order to remove the injectedcharges
during the polarization and the trapped charges due to impurities, the samples were stored
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at 100◦C for 24 h with their electrodes short circuited prior to the measurements.

Measurement procedure

The dielectric constants of the composites were determined using the parallel plate capaci-
tor method with an Agilent 4263B LCR meter (Japan) at 1 V and 1 kHz. The piezoelectric
coefficients,d33, were determined using a Berlincourt type M3001d33 meter, KCF tech-
nologies (State College, PA). The pyroelectric characterization was performed based on the
change in total charge at the electrodes due to a change in sample temperature using the
direct method [84]. The sample was placed in an Agilent 16339A component test fixture
with its electrodes connected to the measurement device as shown in Fig.2.3, and heated
uniformly using an integrated programmable heater. The heating cycle was from 25◦C to
70 ◦C. The maximum temperature is lower than the poling temperature of the composites.
The heating rate was controlled by a PID controller and kept constant at 1◦C/min during
the measurement.

Heater

Thermometer

PID Driver

Electrometer

Sample

Labview

Shielding box

Figure 2.3: Schematic diagram of the set-up for the direct pyroelectric current measurement.

The depolarization current, flowing between the two contacts of the sample, was monitored
with an Agilent 4339B high resistance meter as shown in Fig.2.3. The temperature was
monitored with a K-type thermocouple and stored in a computer. Calibration of thesetup
was undertaken using a single crystal LiTaO3 prior to measurements. The heating cycle
normally started from room temperature. The pyroelectric coefficient was calculated using
Eq. 1.3. The constant heating rate,dT/dt, was chosen as 1◦C/min over the whole tem-
perature range. The measurement ofIp gives a direct plot ofp(T) over the range of the
temperature. Electrical conductivity measurements were carried out by means of a broad-
band spectrometer (Novocontrol) at 1 kHz, using an Agilent E4991A impedance analyzer.
The microstructures of the samples were observed using a field emission-scanning electron
microscope (FE-SEM) (JEOL, JSM-7500F), operated in backscattered electron mode. Sam-
ples sectioned parallel to the particle chains were embedded in a room temperature curing
epoxy and polished with 1µm diamond paste.
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2.3 Results

2.3.1 Microstructure of composites

The effect of DEP structuring on the SEM microstructures of the composite samples is
shown in Fig. 2.4. A clear difference can be observed between random and structured
samples in particular for 10-20 % PT composites. It can be seen that duringdielectrophore-
sis, ceramic particles construct chain like structures along the electric field direction. The
degree of alignment, which affects the final dielectric and electroactive properties of the
composites, depends on the force acting on the particles as a consequence of imposed elec-
tric field. This driving force behind the attraction between particles is a function of the
amplitude and frequency of the electric field, the dielectric properties of bothmatrix and
ceramic particles as well as the size of the particles [30, 85]. Although the gravitational
forces also affect the motion of particles in the fluid matrix, they are not taken into account
since no sedimentation was observed in the microstructures.

2.3.2 Dielectric properties

The measured dielectric constant values are presented in Fig.2.5 for PT volume fractions
from 10% to 50%. The analytical model used to explain the piezoelectric properties of
the random or 0-3 composites is the model proposed by Yamada et al. [36]. In this model
the composite is assumed as a uniform distribution of ellipsoidal particles in an isotropic
polymer matrix. The dielectric constant of the composite in the poling direction is given by:

ǫrandom= ǫm

(

1+
nφ(ǫc − ǫm)

nǫm+ (ǫc − ǫm)(1− φ)

)

(2.2)

whereǫ is the dielectric constant, andφ is the volume fraction of the ceramic phase. The
subscriptc, m, andrandomrefer to the ceramic, polymer matrix and 0-3 composite proper-
ties, respectively andn is the inverse of the depolarization factor for an ellipsoidal particle
in the direction of applied electric field. The good agreement between the measured and
theoretical values indicates a 0-3 connectivity pattern. In the current work n was obtained
as a fitting parameters by the least square method in such a way to minimize the difference
between the experimental data and the model predictions. The best fit of theexperimental
data to model predictions was obtained forn = 4.48.
Dielectric properties of the structured composites are fitted to Bowen’s model[33] as shown
in Fig. 2.5. According to this model, the composite is considered as a collection of particles
aligned as chain-like structures along a specific direction separated by polymer gaps. The
equation for the permittivity for such a composite is as follows:

ǫstructured= φc

(

Rǫcǫm
ǫc + Rǫm

)

+ (1− φc)ǫm (2.3)

whereǫstrcuturedis the dielectric constant of dielectrophoretically structured 1-3 composites,
andR is the ratio of average particle size to the effective interparticle distance, which in-
fluences the fraction of the applied electric field acting on the ceramic particles. The input



20 Chapter 2. Structure and properties of particulate PT-epoxy composites

Figure 2.4: SEM microstructures of random and structured PT-epoxy composites with different PT volume
fractions.

parameters for both random and structured composite modeling are listed in Table 2.1. It
is assumed that the piezoelectric properties of the particles are equal to the bulk ceramic
values, as particle properties could not be measured directly. The value of R obtained for
the best fit of the experimental data to Bowen’s model was 11.2.

Material ǫ at 1 kHz d33 (pC/N) d31 (pC/N) Y (GPa) s11 (T Pa−1) s12 (T Pa−1) s33 (T Pa−1) α (10−6K−1)

PT 200 [81] 50 [81] -4.2 [81] 126.7 [18] 7.35 1.5 1.5 3.57 [18]
Epoxy 4.6 0 0 1.7 [11] 128 [86] 256 [86] 256 [86] 56

Table 2.1: Properties of ceramic inclusions and polymer matrix.

The electrical conductivity of random and structured composites are shown in Fig. 2.6 for
different PT volume fractions at two different temperatures which is in agreement with the
dielectric results presented previously (Fig.2.5). Conductivity enhancement is observed at
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Figure 2.5: Measured dielectric constant values for structured and random composites with their associated
models.

higher temperatures and higher ceramic volume fractions.

Figure 2.6: Electrical conductivity (at 1 kHz) versus ceramic volume fraction of PT-epoxy composites. Lines
are added to guide the eye.

2.3.3 Piezoelectric and pyroelectric properties

The influence of DEP structuring on piezoelectric charge constant,d33, of the composites
is shown in Fig.2.7 where the experimentally observedd33 values of both structured and
random composites are compared with their associated models. The experimental data for
random composites are fitted to Yamada’s model [36] as described below. The piezoelectric
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charge constant,d33, of the composite in the poling direction is given by:

d33random=
φαnǫrandomd33c

nǫrandom+ ǫc − ǫrandom
(2.4)

whereα is the poling ratio of the ceramic particles. The other parameters were introduced
earlier with equation2.2. The best fit of the experimental data to the model predictions
was obtained whenα = 1. To describe the piezoelectric charge constant in structured
composites, the analytical model proposed by Van den Ende et al. [31] is applied. This
model is an extension of Bowen’s model [33], in which thed33 of composites are obtained
by modeling the particle-matrix sequences in the chains as two capacitors in series in the
electrical domain, and two springs in series in the mechanical domain. The equation ford33

of 1-3 composite is given by:

d33structured=
(1+ R)2ǫmφcd33cYc

ǫc + Rǫm[(1 + Rφc)Yc + (1− φc)RYm]
(2.5)

whereYm andYc are elastic moduli of the polymer matrix and that of the ceramic in the
direction of chains respectively, whileR is the ratio of average particle size to the effective
interparticle distance in the direction of electric field. As shown in Fig.2.7, the values for
both 0-3 and 1-3 composites match reasonably well to the models. The best fitof the model
to the experimental data was obtained for anR of 11.7 which is in a good agreement with
the value ofRobtained for the dielectric constant data.

Figure 2.7: d33 values for structured and random composites with their associated modelpredictions.

The pyroelectric coefficient, p, is obtained from the reversible pyroelectric current after
three runs of the thermally stimulated discharge current measurement, using equation Eq.
1.3, for random and structured composites, for PT volume fractions from 10% to 50%. A
small change in the intensity of the discharge current was observed during the first and
second runs due to the space charges. The third heating cycle shows noreduction in the
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current, thus a reversible pyroelectric current was established. The effect of structuring on
pyroelectric coefficient of PT-epoxy composites at 25◦C for various PT content is shown
in Fig. 2.8. The pyroelectric coefficient increases as the PT content in the composites
increases, and there is a mild improvement due to structuring.

Figure 2.8: Pyroelectric behavior of PT-epoxy composites.

In order to verify the validity of the results, comparisons with existing models were carried
out. The model proposed by Wong and Shin [42] can be used to determine the pyroelectric
properties of the random composites. This model considers the composite asa system con-
sisting of spherical ceramic particles, uniformly dispersed in a continuous medium in which
the electrical conductivities affect the internal fields in the 0-3 composites and thus accu-
mulation of charge at the ceramic-polymer interfaces occurs. Fig.2.8shows the predictions
of the model compared with the experimental results for random PT-epoxy composites for
σm = 10−15 S/cm andσc = 10−13 S/cm at 25◦C indicating a good agreement. With increas-
ing the volume fraction of the pyroelectric constituents, the overall pyroelectric coefficient
of the composite increases as well. This model only applies to random composites and does
not take the effect of phase connectivity into account.
The pyroelectric figure of merit (FOM), calculated by dividing the pyroelectric coefficient
of the composite by its dielectric permittivity (see Eq.1.4) is shown in Fig. 2.9, for PT
volume fractions from 10% to 50%. The pyroelectric FOM increases as the PT content
composites increases, and an improvement is observed due to structuring.
Fig. 2.10shows the typical behavior of pyroelectric coefficient as a function of temperature
for PT-epoxy composites. The 30%-PT-epoxy composite shows a considerable increase in
the value ofp(T) above 60◦C. This transition temperature agrees well with the measured
glass transition temperature of the polymer matrix cured using the above mentioned scheme.
The increase may be due to the fact that at temperatures above theTg of the polymer there
is an increase of the free volume contributing to a high current [87]. Similar behavior has
been observed in PZT-PU [46,87], PTCa-PEKK [88,89] and PZT-PVDF composites [90].



24 Chapter 2. Structure and properties of particulate PT-epoxy composites

Figure 2.9: Pyroelectric FOM of random and structured PT-epoxy composites as a function of PT content.
Lines are added to guide the eye.

In order to verify the effect of glass-rubber transition on the pyroelectric current, a poled
30% PT-epoxy composite was post-cured at 150◦C for 1 h, and theTg and the reversible
pyroelectric current were subsequently measured. Interestingly, the new transition point
in the pyroelectric coefficient-temperature curve corresponds well with the increased glass
transition temperature of 80◦C.

Figure 2.10: Temperature dependance of the pyroelectric coefficient for random and structured 30%-PT-epoxy
composites.

The pyroelectric coefficient of random and structured composites, as a function of PT vol-
ume content, at two different temperatures of 25◦C and 70◦C, is shown in Fig2.11. Signif-
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icant improvement in pyroelectric coefficient is observed, at 70◦C, especially for high PT
volume fractions.

Figure 2.11: Temperature dependent pyroelectric behavior of PT-epoxy composites. Lines are added to guide
the eye.

2.4 Discussion

The higherǫ, d33 andp values obtained for the dielectrophoretically structured composites,
compared to random composites, show that aligning the ceramic particles enhances the di-
electric, piezoelectric, and pyroelectric properties for every volume fraction of PT. In earlier
work it was shown that the degree of increase depends on amplitude and frequency of the
applied field and on the viscosity of the polymer matrix. No dielectrophoretic alignment of
piezoelectric ceramic particles below 1 kHz was observed in epoxy systems at low ceramic
content [30,91]. In this work, the frequency level was adjusted to obtain the highest phase
angle of Lissajous plots for each volume fraction in early stages of curing [91]. Although
conditions are adequate for alignment, the phase angle never reaches 90◦, so losses are still
present. However, the dielectrophoretic force in this system is enough to induce alignment
in the 0-3 systems up to 50 % volume fraction PT as shown in Fig.2.5 to Fig. 2.12, which
was also reported by Van den Ende [92]. During the dielectrophoresis process, PT particles
are redistributed to form chains in the electric field direction, hence resultingin anisotropic
dielectric properties. Since the effective volume fraction of the ceramic phase is higher
parallel to the direction of applied electric field, the properties are also enhanced in that
direction.
The shape parameter,n, obtained from the best fit of Yamada’s model to the dielectric con-
stant experimental data gives a reasonably good correlation tod33. However, in general
this model gives the best prediction ofd33 for high ceramic volume fractions [36]. One
reason for this deviation could be the difference in the poling ratio depending on the ce-
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ramic volume fraction, since the effective electric field sensed by the particles is weaker in
the low volume fraction composites. The effect of dielectrophoretic ordering on the piezo-
electric charge constant as shown in Fig.2.7 is found to be most pronounced at lower PT
volume fractions. According to the Van den Ende model (Eq.2.5), from 0 to 10% ce-
ramic volume fraction a rapid increase ind33 is expected, which is in agreement with the
theory for anisotropic piezoelectric particles spanning the length of the composites in a 1-3
manner [93]. However, the slope of the change observed experimentally is lower thanthe
theoretical predicted value, showing that at 10% the composite still has a significant 0-3
character. At 50% ceramic content an enhancement of 25% ind33 is observed, which in-
dicates that although the particles are more likely to be constrained in their movement at
high ceramic volume fraction, the application of an electric field induces a higher degree
of parallel connectivity. The increase in 1-3 connectivity due to a coalescence of ceramic
grains in the thickness direction results in an increase in quasi-continuous ceramic paths
between the electrodes [94].
The piezoelectric voltage coefficient,g33, calculated by dividing thed33 of the composites
by their relative permittivity are plotted as a function of the PT volume fraction in Fig. 2.12.
The maximum value obtained for the random composites is 48 mV.m/N at a PT volume
fraction of 50%, while for the structured composite, a value of 85.6 mV.m/N is obtained at
a PT volume fraction of 20%. Compared to pure PT withg33 of 33 mV.m/N, both random
and structured composites show superior voltage sensitivity.

Figure 2.12: g33 values for structured and random composites.

For the structured composites, thed33 increment is higher than that of dielectric constant
especially at lower volume fractions. Therefore, the voltage coefficient of these composites
exhibits a maximum at low volume fraction of PT. The position of the peak depends on the
stiffness ratio of the piezoelectric phase over the polymer matrix [31,95]. At higher volume
fractions than 20%, the derivative ofd33 decreases rapidly to zero while the derivative ofǫ
is constant, so theg33 values of structured composites drop rapidly.
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The superior electroactive properties of quasi 1-3 composites, compared to 0-3 composites,
can be related to the effect of ceramic particle structuring. Bowen’s model introduces the in-
terparticle distance as the structuring parameter. Fitting the model to the experimental data
for ǫ andd33 resulted in closeR values of 11.2 and 11.7 respectively. The interparticle dis-
tances calculated from theRvalue obtained from the dielectric constant data are plotted for
different PT volume fractions in Fig.2.13, for both random and structured composites. The
obtained interparticle distances decrease with increasing PT volume fraction. A significant
difference between interparticle distances for random and structured samples is observed at
low ceramic volume fractions.

Figure 2.13: Estimated values of average interparticle distance obtained from Bowen’smodel (Eq.2.3).

The effect of ceramic interparticle distance on piezoelectric and pyroelectric properties of
random as well as structured composites is shown in Fig.2.14. Data points with the same
volume fraction are connected by lines. The slope of the constant volume fraction line
shows the sensitivity of the functional property to the DEP structuring. Thechange in
interparticle distance with DEP is higher for low ceramic volume fractions. Comparing the
effect of DEP structuring ond33 and p reveals that at high ceramic volume fractions the
piezoelectric charge constant is more sensitive to the change in interparticledistance than
the pyroelectric coefficient.
The mixed connectivity model is used as the second tool to estimate the 1-3 connectivity
as a structuring parameter in order to understand the effect of dielectrophoretic alignment
of particles on the electroactive properties of the composites [83]. This model considers
that both parallel and series connectivity exist in the composite, giving a tri-phasic system.
In this model the properties depend on the parametersn andm, which are related to the
connectivity of the composite (Fig.2.15). The ceramic is represented as a cube of dimen-
sionsm where a fraction of it,n, connects both electrodes in the form of a parallelepiped.
Thus the composite is considered as having mixed connectivity of 0-3 and 1-3. The ceramic
volume fractions are given in Table2.2.
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(a) Piezoelectric charge constant. (b) Pyroelectric coefficient.

Figure 2.14: Functional properties of PT-epoxy composites as a function of interparticle distance calculated
from Bowen’s model (Eq.2.3). Constant volume fraction lines are also shown.

Figure 2.15: Mixed connectivity cube [83].

Volume fractions Ceramic Matrix Series

Series m 1-m
Parallel (mn)2 1−m2 m2(1− n2)
Total m3 + n2m2(1−m)

Table 2.2: Volume fractions of the phases used in the mixed connectivity model [12].

The expression for thed33 given by this model is:
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Auxillary defenitions:
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wheresi j anddi j are the elastic compliance and the piezoelectric coefficient respectively.
The subscriptsi and j refer to the direction of the response and applied stimulus, respec-
tively. The superscriptsc andm and the subscriptsserandpar denote ceramic and matrix
constituents, and series and parallel phases respectively. Using this model the composite
properties can be represented as contour plots as a function of the connectivity parameters
n andm [83]. The contour charts, using the mixed connectivity cube model, for dielectric
constant,g33, pyroelectric coefficient, and pyroelectric FOM for PT-epoxy composites can
be found in Figs.2.16to 2.19. The constant volume fraction curves, from 0.1 to 0.9, have
also been included in the form of dashed lines. The permittivity charts reflects similar be-
havior as the raw materials from which the composites are made from. The pyroelectric
coefficient charts show a large region in then−mplane with a small pyroelectric coefficient
at low ceramic volume fractions. The pyroelectric FOM charts are obtained by taking the
ratio of p/ǫ. The pyroelectric FOM does not exceed that of the ceramic. However, this
is not the case forg33, which is calculated by dividing thed33 of the composites by their
permittivity. The highestg33 can be observed for low ceramic volume fractions, at highn
values.
Fig. 2.20shows a contour chart ofd33 for random and structured PT-epoxy composites, ob-
tained using the mixed connectivity model. Each experimental data point is located in the
intersection of the known value of volume fraction of the composite and the corresponding
value of thed33. Then andm values are found by the least square method in such a way
to minimize the difference between the experimental data and the model predictions. The
values ofn andm increase for both random and structured composites with increasing ce-
ramic volume fraction. The percentage of 1-3 connectivity, calculated as the the volume

fraction of the ceramic phase in parallel connectivity ((nm)2

m3+n2m2 ), is shown as a function of
the ceramic volume fraction in Fig.2.21.
The 1-3 connectivity character of the composites depends both on the ceramic loading frac-
tion and the DEP structuring. At each constant volume fraction, the structured composite
has a higher degree of 1-3 connectivity compared to the random composite. Higher effi-
ciency of dielectrophoresis is observed at lower ceramic content. However, the maximum
percentage of 1-3 connectivity in the ceramic phase for the structured composites hardly
exceeds 9% even at high PT volume fractions, which can be due to very lowparticle size to
sample thickness ratio [12]. As also reported by Pardo et al., for mixed connectivity PZT-
epoxy systems, a higher grain size to sample thickness ratio is beneficial forthe piezoelectric
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Figure 2.16: ǫ contour chart for the PT-epoxy composites using the MCM. Dashed linesshow the constant
volume fraction curves, from 0.1 to 0.9.

Figure 2.17: g33 contour chart for the PT-epoxy composites using the MCM. Dashed linesshow the constant
volume fraction curves, from 0.1 to 0.9.

properties and poling efficiency [96] regardless of the volume fraction of the ceramic. Com-
paring Fig.2.20with the contour plot of permittivity, one can observe that then values for
d33 are slightly lower than those of permittivity chart. So, there is a tendency for permittiv-
ity to show higher 1-3 connectivity character compared tod33, which was also reported by
Dias [83]. Plots of the averaged33 andp value at each volume fraction versus the percent-
age of 1-3 connectivity are shown in Fig.2.22, for random and structured composites. The
constant volume fraction lines slope shows the sensitivity of the properties tothe percent-
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Figure 2.18: p contour chart for the PT-epoxy composites using the MCM. Dashed linesshow the constant
volume fraction curves, from 0.1 to 0.9.

Figure 2.19: PyroelectricFOM contour chart for the PT-epoxy composites using the MCM. Dashed linesshow
the constant volume fraction curves, from 0.1 to 0.9.

age of 1-3 connectivity. Higher sensitivity of the functional properties toDEP structuring
is observed at higher ceramic content, although the absolute DEP induced 1-3 connectivity
is larger at lower volume fractions. These results agree well with the effect of interparti-
cle distance calculated from the piezo- and pyroelectric properties of the composites using
Bowen’s model.

The maximum observed value of pyroelectric coefficient at room temperature is lower
than that reported for other 0-3 composite systems, for instance PTCa-PEEK [94], PTCa-
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Figure 2.20: d33 contour chart for the PT-epoxy composites using the MCM. Dashed linesshow the constant
volume fraction curves, from 0.1 to 0.9.

Figure 2.21: Estimated percentage of 1-3 connectivity obtained from the MCM.

PVDF [97] and PTCa-PEKK [98]. Part of this difference is likely to be due to the relatively
thick samples (1 mm) employed, for which it is difficult to ensure that the whole sample
changes temperature at the same rate [99]. It has been found that for PTCa-PVDF com-
posites a reduction in thickness from 100µm down to 50µm improves significantly the
pyroelectric performance [12]. Moreover, it has been reported by Dias et. al. [12] that
for a composite system of ceramic of low resistivity embedded in high resistivitypolymer
matrix, the pyroelectric coefficient measured by the direct method could be substantially
lower than that obtained using the dynamic method. The authors argument is that the py-
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(a) Piezoelectric charge constant. (b) Pyroelectric coefficient.

Figure 2.22: Functional properties of PT-epoxy composites as a function of degreeof structuring calculated
from the MCM. Constant volume fraction lines are also included.

roelectric charge, generated when heating the sample, discharges through the resistance of
ceramic phase, due to very low electrical conductivity of the matrix, and therefore not con-
tribute to the measured pyroelectric current. This phenomenon can be prevented in dynamic
testing at higher frequencies compared to the electrical time constant,RC, of the ceramic.
Nevertheless the direct method to measure the pyroelectric coefficient of the PT-epoxy com-
posites is used in this chapter, which provides us with a good indication of pyroelectricity
between samples of similar compositions. Another possible reason for the relatively low
value of pyroelectric coefficient could be associated with the dielectric mismatch between
the two constituent phases, leading to a poor poling of the ceramic phases in the composites.
However, alignment of filler particles into a chain like structure forms a semi-continuous
path of high susceptibility phase and enhances filler particle polarization, compared to a
0-3 composite. As demonstrated in Fig2.11, with increasing temperature from 25◦C to
70 ◦C, a significant improvement in pyroelectric coefficient of both random and structured
composites is observed, especially at high PT volume fractions. The observed behavior is
associated with the change in electrical conductivity of the polymer matrix at higher temper-
atures. Fig.2.6shows conductivity enhancement with increasing temperature and ceramic
content, which results in more efficient poling at higher temperatures and higher ceramic
content, especially in presence of particle chains. Moreover, the problem of discharging the
generated pyroelectric charge due to high resistivity of the matrix at room temperature can
be circumvented at 70◦C, which enhances the performance of the composites.

2.5 Conclusions

This chapter shows that a significant improvement in dielectric, piezoelectricand pyro-
electric properties of 0-3 composites can be achieved by dielectrophoreticalignment of the
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ferroelectric ceramic particles inside a polymer matrix. The degree of structuring, as well
as the electrical properties of the constituents, are the most important parameters control-
ling the overall properties of the composites. Two structuring parameters, the interparticle
distance and the percentage of 1-3 connectivity, are derived from Bowen’s model and the
mixed connectivity model. The degree of structuring calculated according to both models
correlate well with the increase in piezoelectric and pyroelectric sensitivitiesof the com-
posites.



Chapter 3
Computational modeling of structure
formation during dielectrophoresis in
piezoparticle-polymer systems∗

3.1 Introduction

Piezoelectric ceramics are widely used in sensing, actuation and energy harvesting applica-
tions due to their high permittivity, thermal stability, and electromechanical coupling. How-
ever, these materials suffer from inherent brittleness, and lack of formability, which limits
their use for applications in which mechanical flexibility is required. Ductile andflexible
piezoelectric polymers, which have a modest sensitivity and a low thermal stability, are
found in less demanding applications. By embedding piezoelectric ceramics in apolymer
matrix one can combine the superior piezoelectric and mechanical properties, allowing for
high piezoelectric coupling characteristics with increased flexibility and toughness. In such
multiphase composites, the volume fraction of the phases, their morphology, thepattern of
connectivity as well as the dielectric and electrical properties of the two phases control the
overall physical and electromechanical properties [30,31,100]. As discussed in Chapter 2,
an intermediate state between the 0-3 (particulate) and 1-3 (fibrous) state can be obtained
by dielectrophoresis (DEP) treatment on a semi-dilute solution of particles in a viscous ma-
trix (such as the most polymer systems prior to curing) [30–32]. Under ideal processing
conditions, long and well separated particulate threads form which span the entire electrode
to electrode spacing, approaching the topology of perfect 1-3 composites. For a given par-
ticulate concentration, the alignment of the particles in the thread-like structureleads to a
marked increase in piezoelectric properties while the high mechanical flexibilitydue to the
polymer matrix is maintained [31,33–35].

∗This work has been published as: Gutiérrez, M.A., Khanbareh, H., van der Zwaag, S., Computational
modelling of structure formation during dielectrophoresis in particulate composites, Computational Materials
Science, Vol. 112, Part A, 1 pp. 139146, 2016.

35
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The quality of particle alignment in the thread-like structure is the key parameterin control-
ling the overall properties of the composites [35,101–103]. Enhancing the alignment qual-
ity, by means of decreasing the inter-particle distance, has been shown to significantly im-
prove the dielectric, piezoelectric and pyroelectric properties of particulate composites [32].
The effect of processing parameters on thread formation has been experimentallydemon-
strated for high aspect ratio particles in a thermoset matrix [11]. The orientation angle of
the particles in the DEP composites has been shown to be dependent on the applied electric
field, time, and aspect ratio of the particles. To date, all research into DEP structuring of
piezoceramic particulate-polymer composites has been of an experimental nature. Further-
more, the quality of the structure formation has only been determined after consolidation
of the polymer matrix, and additional processing. It is the aim of the presentchapter to
present a 2D computational model for the structuring of particulate composites when the
matrix is still in its fluid state. The performance of the model is illustrated for a number of
fundamental cases. The influence of parameters such as size, aspectratio and heterogeneity
of the particles on the thread or chain formation is analyzed. The quality of thechain-like
structure created is investigated through a chain perfection degree, which is defined using
a set of geometric parameters, that correlates to the overall performance of piezoelectric
composites.

3.2 Dielectrophoresis modelling

3.2.1 Background

The dielectrophoretic force is defined as the action experienced by a polarized particle im-
mersed in an electric fieldE. In the ideal case that the particle can be modeled by means of
an infinitesimal dipole momentp, it will experience a force:

F = p · ∇E (3.1)

and a torque:

M = p× E (3.2)

In addition to the infinitesimal dipole idealization, these equations are based on the assump-
tion that the electric field itself is not influenced by the dipole [104,105].
For the case of structure formation during dielectrophoresis, however,none of the above
assumptions hold. Particles need to be viewed as finite domains with an own polarization
P, that will contribute to the electric fieldE in the surrounding medium. This contribution
will also induce a force on neighboring particles. This situation can be treated analytically
by means of higher-order multipoles [85, 104, 106, 107]. Alternatively, and especially for
the purpose of simulation of structure formation with several particles involved in which
emphasis is given to the qualitative behavior of the system rather than to the accuracy of the
results, numerical methods such as finite elements provide a meaningful alternative.
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The current study is limited to a two-dimensional rectangular domain, which canbe viewed
as an idealization of a thin three-dimensional quadrangular domainΩl filled with a viscous
liquid of a dielectric permittivityεl and viscosityη, which is confined between two plates
separated by a distanced, and containing a single layer of particles{Ωp

i }
n
i=1 with dielectric

permittivity εp and mass densityγ restricted to move on the mid-plane. The particles have
thicknessl. This renders a computationally treatable model of an experimental setup [31]
used to observe structure forming in dielectrophoretic manufacturing of piezoelectric poly-
mers. A schematic representation of the geometry of this model is given in Fig.s3.1and3.2.

Figure 3.1: Schematic representation of the geometrical model.

Figure 3.2: Cross section of the geometrical model along line AA′ of Fig. 3.1.

3.2.2 Mechanical modeling

In the context of the simplification introduced in Section3.2.1, the particlesΩp
i can be

modeled as linear elastic solids in plane-stress conditions. The motion of each individual
particle is obtained by solving Cauchy equation:

∇ · T + b = γü in Ωp
i ; (3.3)

Tn= t on∂Ωp
i , (3.4)

whereT is the stress tensor,b is the body force density,γ is the mass density,u is the
displacement field,t is the boundary traction andn is the outward normal vector at the
boundary∂Ωp

i . For a proper description of the particle motion, geometrical non-linearity is
considered.
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The body forceb consists of a dielectrophoretic contributionbd and an equivalent viscous
drag termbv, while the boundary tractiont is of a purely dielectrophoretic nature. These
forces will be characterized in Sections3.2.3and3.2.4.

3.2.3 Dielectrophoretic force

The Laplace equation
∇2V = 0 (3.5)

is solved for the potentialV in
⋃n

i=1Ω
p
i ∪ Ω

l with adequate boundary conditions to obtain
the electric fieldE and the polarization fieldP as derived quantities. This polarization is
associated to the bound volume and surface charge densities in the particlesaccording to
the expressions:

ρ = −∇ · P in Ωp
i (3.6)

σ = P · n on∂Ωp
i (3.7)

From these charge densities, dielectrophoretic body and surface forces are computed as:

bd = ρEt = σE (3.8)

3.2.4 Viscous drag

As the particles{Ωp
i }

n
i=1 are immersed in a fluid, they will experience viscous drag upon

motion. A simplified model is adopted for this purpose. It is assumed that the fluidinteracts
with the particle along the top and bottom flat surfaces, and that the rate of shear is linear
between the particle and the upper and lower confining plates, see Fig.3.3. If a Newtonian
fluid is considered, this leads to a distributed shearing force on the surface amounting to

τ = η
v

(d − l)/2
(3.9)

This shearing force is reworked into an equivalent body force as

bv =
2τ
l

(3.10)

where the factor two is introduced to account for the contribution of both sides.

3.2.5 Algorithmic aspects

The model, described in Section3.2, can be viewed as a coupled transient mechanical-
electrostatic system. The model was simulated efficiently in the multiphysics finite element
package COMSOL, making use of the electromagnetism and the solid mechanicsmodules.
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Figure 3.3: Schematic representation of the assumed velocity field for computation of the viscous drag force.

A single finite element domain is generated for the domain
⋃n

i=1Ω
p
i ∪ Ω

l respecting the
internal boundaries between particles and fluid. The electrostatic problemstated in Sec-
tion 3.2.3is solved in the entire domain to obtain the dielectrophoretic forces (A.8). These
are used as body force and boundary traction in the mechanical problem3.2.2. However,
the latter is solved only for the particles{Ωp

i }
n
i=1, that are regarded as unconstrained entities,

in order to obtain the displacement and velocity field at each time step. After updating the
position of all particles, the mesh in the liquid domainΩl is adapted. For this purpose, a
moving mesh technique is adopted in combination with automatic remeshing [108].

During structure formation the particles will eventually collide and get attached. This is
modeled by means of contact constraints to prevent domain overlapping. A difficulty arises
here, because the software requires that pairs of boundaries needing a contact constraint
be specified beforehand. However these pairs cannot be objectivelypredicted. Preliminary
runs of each case were carried out in order to identify the positions alongthe particulate
boundaries coming in contact during structuring [109].

3.3 Simulations

In this section a number of fundamental cases are investigated to show the performance of
the model. To gain insight into the ideal conditions required to obtain the desiredstruc-
ture, the influence of parameters such as size, aspect ratio and particle size distribution is
particularly studied.

3.3.1 Performance parameters

The quality of the structure evolution is studied by means of a set of objectivegeometric
parameters describing a structure as shown schematically in Fig.3.4. These parameters also
relate to the resulting performance of the piezoelectric composite.
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Figure 3.4: Schematic structure of particle system.

Average orientation

One of the objective parameters commonly used to describe orientational order of an en-
semble of elongated particles is the order parameter,P̄2,

P̄2 =
3
2

cos2 β −
1
2
, (3.11)

whereβ is the angle between the dominating dimension of the particle and the electric
field [110]. ParameterP̄2 ranges between zero for a random microstructure and one for a
fully aligned situation. The geometrical parameter is calculated using the image process-
ing toolbox of MATLAB. A sequence of plots of the particle positions and orientations at
various stages of the structuring process are obtained. To calculate theP̄2 parameter, skele-
tonization is performed, which is a specialized use of erosion operation. A skeleton is a
central line resulting from morphological thinning that successively erodes pixels from the
boundary until no more thinning is possible, at which point the remaining approximates the
skeleton. Finally the angle between every two vertically adjacent skeletons within a chain,
the angle between the dominating dimension of the particle as well as the electric field and
the P̄2 parameter are calculated.

Average distance

Another indicator of the performance of a piezoelectric composite is the distanced between
closest particles within a formed chain. In an optimal situation, all elongated particles have
formed chains with no gaps in between, leading tod = 0. It is not feasible to give a
formal, objective definition of this parameter, as it depends on the actual resulting structure.
Therefore, the involved pairs of particles for whichd is computed need to be identified first.
These are obviously the same for which contact constraints have been defined during the
simulation, as described in Section3.2.5. The inter-particle distance is calculated via the
Euclidean distance transform of the binary image. For each pixel in the binary image, the



3.3. Simulations 41

distance transform assigns a number that is the distance between that pixeland the nearest
nonzero pixel of binary image. As a result, a grayscale image is produced, in which every
pixel within a feature is assigned a value that is its straight line distance from the nearest
background pixel. This is analogous to a dilation of the particles with constantspeed until
the growing border meets the border of the neighbouring particles. Subsequently, on each
merging point between every two particles two distance values are identified with respect to
both particles within a chain. The sum of these two values is the final inter-particle distance.

Chain perfection degree

The quality of the dielectrophoretically formed chains is estimated using a newly defined
chain perfection degree, which topologically compares the microstructure toan ideal struc-
ture, composed of perfect chains spanning from one electrode to the other. In order to
quantify the perfection degree of a chain, one should be able to detect thechain in the first
place. Using the image processing toolbox, the snapshots are transformedto binary images,
followed by calculation of the sum of pixels in every column. Finally the sum value is
plotted versus the column position. Peaks in the resulting spectrum correspond to the chain
position. The intercolumnar distance between the peaks shows the lateral distance between
the formed chains. Results of the chain identification process are presented for two example
of nine identical particles system (section3.3.4), as well as several particles of different size
(section3.3.4). Once the chains are identified, the chain perfection degree can be calculated.
The total chain perfection degree (PDc) is composed of a global perfection degree (PDg) as
well as a local perfection degree (PDl).

PDc = PDg × PDl

PDc =

(

P2c ×
L − d
Lic

)

×

(

P̄2 × (1−
∑

d
a

)

)

(3.12)

whereP2c is the order parameter of the chain,L is the actual chain length,Lic is the ideal
chain length,d is the inter-particle distance and̄P2 is the the average order parameter of
individual particles within a chain.

3.3.2 Single particle orientation

Polarized particles, submitted to an electric field, experience a torque as expressed by equa-
tion (3.2) for an infinitesimal dipole idealization. The orientation behavior is studied fora
range of particles with different aspect ratios, by evaluating the evolution of theP̄2 parame-
ter in time, starting from the initial configuration at 45◦ with respect to the imposed electric
field direction. The results are shown in Fig.3.5. It is observed that the aspect ratio has
little influence on the alignment behavior.
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Figure 3.5: Evolution of P̄2 parameter for different aspect ratios: (1) Aspect ratio 2; (2) Aspect ratio 5; (3)
Aspect ratio 8.

3.3.3 Two particle interaction

In contrast with Section3.3.2, where the rotation induced by the imposed electric field is
illustrated, the particle interaction resulting from the local variation of the electric field is
shown here. Two situations are considered, each having two particles but at different initial
positions.

First, two particles with an aspect ratio of five are symmetrically aligned with the electric
field at a mutual distance equal to the particle length. Upon polarization, theseparticles will
repel each other in horizontal direction. The evolution of the system is shown in Fig. 3.6.
This simulation demonstrates that the centosymmetrically aligned particles barely interact
with each other once they are separated by a finite distance.

The same simulation is carried out for the same particles, but now placed initially inan off-
centered position. Upon application of the electric field, the particles will not only feel the
imposed homogenous field, but also the local field induced around each particle. As a result,
two particles first rotate towards each other, but away from the equilibriumorientation angle.
Consequently, the rotation is accompanied by a lateral and axial displacement that reduces
the inter-particle distance (Fig.3.6, t = 0.5 s). Both motions lead to the formation of
connected chains at an off-axis angle with respect to the imposed field (Fig.3.6, t = 1 s).
To minimize the total energy of the system the chain rotates to align with the field (Fig.
3.6, t = 1.5 s). The simulations show that particle rotation precedes the lateral or axial
displacement of the particles in accordance to experimental observations [31,38]. It follows
that the chain formation does not only depend on filler and matrix properties,and applied
electric field, but also on the initial configuration of particles with respect to each other.
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t = 0 s t = 0.5 s

t = 1 s t = 1.5 s

Figure 3.6: Positional evolution for two centro-symmetrically aligned particles. Empty and filled ellipsoids
show the initial and actual positions respectively.

t = 0.2 s t = 0.4 s

t = 0.5 s t = 0.6 s

Figure 3.7: Positional evolution for two parallel particles positioned off-center. Empty and filled ellipsoids
show the initial and actual positions respectively.

3.3.4 Multi-particle interaction

The structure evolution and chain formation is now analyzed for a number ofcases involving
more than two particles. The purpose is to predict which conditions can lead tooptimal
structures.

Nine identical particles system

The evolution of nine particles with an aspect ratio of three is evaluated usingthe inter-
particle distanced and orientation parameter̄P2. In the initial configuration, the particles
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are placed on an 3×3 regular array. After the electric field is applied between the electrodes,
two phases are clearly observed in the structure evolution. Once all particles have aligned to
the imposed field (att = 0.1 s), they start interacting until two chains of three particles and
one chain of two particles have formed. This is illustrated in Fig.3.8. In order to evaluate
the chain quality, the chain identification process, as described in section3.3.1, is applied
on the four configurations shown in Fig.3.8, and the resulting spectra are shown in Fig.3.9.
This figure shows the sum of the pixel values in every column plotted versusthe column
position. Each peak corresponds to a chain of particles and the intercolumnar distance
between the peaks show the lateral distance between the formed chains. The time scale of
the alignment phase is comparable with that of a single particle (see Section3.3.2) and yet
smaller than that for the chain formation phase as observed from theP̄2 evolution shown
in Fig. 3.10. This observation corresponds well with the experimental results of the time
dependent evolution of average orientation angle and average chain length as reported by
Van den Ende et al. [38]. It should be noted that thēP2 value does not increase continuously
once the particles have made the initial alignment. There is a minor fluctuation in theP̄2

value as the particles experience minor temporary displacements in place.

t = 0 s t = 0.1 s

t = 0.4 s t = 0.7 s

Figure 3.8: Evolution for nine identical particles initially placed on a square lattice. Empty and filled ellipsoids
show the initial and actual positions respectively.

The inter-particle distance evolution is shown in Fig.3.11. This suggests, that for the pur-
pose of simulation of chain formation, it is sufficient to consider all particles to be aligned
at the initial configuration. It has been shown that the final inter-particle distance tends to
approach zero, the particles tend to be well connected within a chain. This agrees with the
experimental observations of our earlier work, showing that regardless of the filler volume
content, the inter-particle distance remains very small in dielectrophoretiaclly structured
composites [32]. The overall chain perfection degree as described in section3.3.1is calcu-
lated and plotted for four different time frames as shown in Fig.3.12. Chains are labeled
from left to right. A group of vertically oriented particles is considered a chain only if the
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t = 0 s t = 0.1 s
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t = 0.4 s t = 0.7 s
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Figure 3.9: Chain identification process on the nine identical particles system.
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Figure 3.10: Evolution of theP̄2 parameter for nine identical particle system.

PDc has a positive value. Therefore evolution of chain 1, and chain 3 duringthe dielec-
trophoresis process improves theirPDc from a negative value to 0.6 in 0.7 seconds. In other
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words after 0.7 seconds the chain perfection degree of both chains approaches 60%of that
of the ideal chain. In contrast to chain 1 and chain 3, chain 2 initially starts to form a chain,
but the large inter-particle distance eventually results in a negativePDc and ultimately to
the dissolution of this particular chain.
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Figure 3.11: Evolution of the average inter-particle distance for nine identical particle system.
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Figure 3.12: Evolution of the chain perfection degree (PDc) parameter for nine identical particle system.

System containing particles of different aspect ratio

Subsequently, we study the case where one particle of an aspect ratio offive is combined
with three particles with aspect ratio of 2.5, in order to study how heterogeneity can influ-
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ence structure formation. As large particles create a more intense electric field it is expected
that these act as a guide to determine the position of small particles. In this particular case,
the three parallel particles are predicted to repel each other in the same fashion as the two
parallel particles in Fig.3.13. However, upon polarization the larger particle creates a more
intense local field that ultimately leads to chain formation, as shown in Fig.3.13. This
shows that particle size is a key parameter in chain evolution process. Larger particles act
as a guide for smaller particles, consequently dictating the kinetics and the final degree of
orientation.

t = 0.05 s t = 0.15 s

t = 0.35 s t = 0.5 s

Figure 3.13: Structure evolution for the case of particles of different aspect ratio. Empty and filled ellipsoids
show the initial and actual positions respectively.

System containing several particles of different size

A system combining several arbitrarily distributed big and small particles randomly dis-
tributed in space as shown in Fig.3.14is studied. It is observed, that after the electric field
is applied, the small particles tend to fill in the gaps between big particles to form achain.
The output of the chain identification process is illustrated in Fig.3.15. It can be seen that
aroundt = 0.1 s four chains are identified. The total chain perfection degrees (PDc) for
t = 0.1 s andt = 0.125 s are calculated and plotted versus time as illustrated in Fig.3.16.
Chains are labeled from 1 to 4, from left to right respectively. Att = 0.125 s, chain 2 and
chain 3 show perfection degrees of 0.7 and 0.5 respectively. For times shorter thant = 0.1
s individual chains can not be properly identified as shown in Fig.3.15, and consequently,
the the chain perfection degree can not be calculated.
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t = 0.035 s t = 0.07 s

t = 0.1 s t = 0.125 s

Figure 3.14: Structure evolution for the case of several particles of different size. Empty and filled ellipsoids
show the initial and actual positions respectively.
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t = 0.1 s t = 0.125 s
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Figure 3.15: Output of the chain identification process for the case of several particles of different size.



3.4. Conclusions 49

0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time [sec]

P
D
c

 

 

Chain 1

Chain 2

Chain 3

Chain 4

Figure 3.16: Evolution of the chain perfection degree (PDc) parameter for a system of several particles of
different size initially positioned randomly.

3.4 Conclusions

A numerical model is proposed to simulate the particle alignment and structure formation
in a viscous matrix during dielectrophoresis for semi-dilute systems. The performance of
the model is demonstrated in different systems. The general behavior after application of
an electric field is summarized in two steps. First, reorientation of particles with respect to
the imposed electric field occurs. Subsequently the orientation leads to threadformation in
dilute systems. The model gives a quantitative handle on analyzing submodelperformance
in experimental systems.
The effect of particle aspect ratio has been shown to be of little importance on the alignment
behavior of a single particle system. The initial configuration of a particle pairhas been
observed to be a key parameter in controlling the particle interaction. Repulsion is observed
when a pair of particles are symmetrically aligned with the electric field, resulting inbare
interaction after separation by a finite distance. However, chain formation isrealized if the
neighboring particles are initially located at off center positions. The effect of particle size
and size distribution is investigated in a multi-particle system. Particle size distributionis
found to be a key parameter in chain formation. Larger particles act as a guide for smaller
particles, consequently dictating the kinetics and the final degree of orientation.
The quality of the structure evolution is investigated using a set of geometric parameters,
which are estimated using image processing techniques. A new procedure toquantify the
degree of chain formation and its quality is proposed and its value is demonstrated for the
cases studied.
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Chapter 4
Ferroelectric characteristics of
particulate PZT-epoxy composites

4.1 Introduction

Electroactive polymers showing significant deformation under electrical stimulation have
attracted a lot of attention for new types of actuator materials due to their flexibility, low
weight, high ductility and adequate strength, as well as ability to be molded into complex
3D configurations. However, they require very high electric fields (such as 200 MV/m)
in order to present large strains [111–113]. Ceramic actuators, on the other hand, require
lower electric fields, but they lack the flexibility and ductility of the polymers and normally
require laborious high temperature processing [23].
The total strain, produced by a piezoelectric material under an electric field, consists of a
strain due to piezoelectric effect and a strain due to electrostriction. Electrostriction refers
to the strain induced by an applied electric field in all dielectrics, regardless of the symme-
try. The effect, which is negligibly small in most materials, can be improved by increasing
the dielectric constant of the material, so that the same electric field can induce higher
polarization, and thus higher electrostrictive strain. One method to enhancethe dielectric
constant is by electron irradiation, as reported for P(VDF-TrFE) copolymers [114, 115].
Alternatively, the polymer material can be mixed with a filler of higher dielectric constant
such as ceramics in the form of a composite structure to achieve a higher overall dielectric
constant [116]. Therefore one might be interested in embedding high volume fractions of
ceramic filler in a polymer in order to improve the permittivity. Unfortunately this would
result in a higher stiffness which leads to lower actuation strains. An alternative solution is
to optimize the connectivity pattern, the interspatial relationships between the constituent
phases, in order to utilize a low volume fraction of the ceramic filler more efficiently. Struc-
turing the ferroelectric ceramic particles in a polymer matrix by means of dielectrophoresis
(DEP) has been shown to improve the piezoelectric properties (d33) of these materials over
those of random composites by forming columns of aligned particles in a form of quasi 1-3

51
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composite [30,31,33,117]. With the aim of designing new actuator materials with tunable
electromechanical properties, which require a relatively low electric field and offer mechan-
ical flexibility and ease of processing, the current chapter presents theevaluation of the
actuation strain of PZT-epoxy composites. The effect of DEP structuring on the observed
strain, as well as ferroelectric polarization behavior, as a function of theapplied electric
field is presented. Improved polarization, thus electrostrictive strain, as well as enhanced
electromechanical properties, thus piezo-strain of the composite materials, results in more
than doubling the overall strain compared to 0-3 composites. The enhancedactuation strain
of quasi 1-3 composites is explained by a higher degree of parallel connectivity in these
systems than in the unstrutured 0-3 composites [32].

4.2 Theory

The total strain (Stotal) produced by a piezoelectric material under an electric field can
be expressed as the sum of piezo strain (Spiezoelectric) and strain due to electrostriction
(Selectrostriction):

Stotal = Spiezoelectric+ Selectrostriction= d · E + Q · D2 (4.1)

whered is the piezoelectric charge coefficient,E is the applied electric field,D is the electric
displacement, andQ is the polarization-related-electrostriction coefficient of the material. In
this approach, the Maxwell strain, due to the electrostatic Coulomb attractive force between
opposite charged faces of the dielectric material, is neglected as it is much smallerthan the
other two components. For linear dielectrics, the following equation for the electrostriction
applies:

Selectrostriction= Q · ǫ0
2 · (ǫr − 1)2 · E2 (4.2)

which relates the electrostriction strain (Selectrostriction) in the thickness direction of the film
to the vacuum permittivity,ǫ0 , the relative permittivity,ǫr , and the applied electric field,
E [118]. Therefore, equation4.1can be rewritten as:

Stotal = d · E + M · E2 (4.3)

whereM is the electric field-related electrostriction coefficient of the material. For a fixed
electric field, increasing the piezoelectric charge constant, or electrostriction coefficient will
result in higher actuation strains.
The high field polarization,P, and strain,S, properties of structured composites are analyt-
ically derived, based on the model for the permittivity presented by Bowen for a composite
consisting of an inert, non-piezo active polymer filled non-randomly by piezo active gran-
ular ceramic material [33]. In dielectrophoretically structured composites, closely packed
particles within the chains experience more interaction in the direction of alignment than



4.2. Theory 53

homogeneously distributed particles in 0-3 composites. In this model, the composite ma-
terial consists of two main phases, the non-piezoelectric polymer matrix, and the particle
chain, connected in parallel in the electrical and mechanical domains. The particle chain
itself includes particles and polymer in a serial connection. Particle size to interparticle dis-
tance ratio, being the dominant microstructural parameter, is given byR. The local electric
field in the direction of the field in ceramic and polymer phases is given by:

Ep

Eapplied
=
ǫc · (1+ R)
ǫc + R · ǫp

(4.4)

Ec

Eapplied
=
ǫp · (1+ R)

ǫc + R · ǫp
(4.5)

where subscriptsc andp represent ceramic and polymer, respectively. For a linear dielectric
material, the induced polarizationPi , is the product of the dielectric constant and electric
field. For ferroelectric materials, the spontaneous polarization,Ps, needs to be added. For
1-3 composites, each constituent material contributes to the total polarization inan amount
proportional to their dielectric constants, and their volume fractions. To calculate the po-
larization,P, and strain,S, of structured composites the effective properties of the particle
chains are calculated, and substituted for the properties of the active piezoelectric phase of
fibrous 1-3 composites, as computed by Nelson [119]. The dielectric constant of a perfect
1-3 composite is given by:

ǫcomp= ǫc · φc + ǫp · φp −
(d33c − d33p)2 · s33comp· φc · φp

ǫ0 · s33c · s33p
(4.6)

s33comp=
s33c · s33p

s33p · φc + s33c · φp
(4.7)

whereǫ is the dielectric constant,ǫ0 is the vacuum permittivity,s33 is the compliance,φc is
the volume fraction of the ceramic andφp is the volume fraction of the polymer phase.
The effective compliance of a particle chain in the mechanical domain is calculated as:

s33e f f =
s33p + R · s33c

1+ R
(4.8)

The effectived33 of the chain is:

d33e f f =
(1+ R) · ǫp
ǫc + R · ǫp

· d33c (4.9)

The effectiveǫ of the chain is:

ǫe f f =
ǫp · (1+ R)

ǫc + R · ǫp
· ǫc (4.10)
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Substituting Eq.4.8, Eq. 4.9 and Eq.4.10for s33c, d33c andǫc in Eq. 4.6, and multiply-
ing both sides of this equation byEapp and substituting Eq.4.4 and Eq. 4.5 the induced
polarization of the structured composite is found to be:

PDEP(Eapp) = Pc(Ec) · φc +
ǫc + R · ǫp
ǫc · (1+ R)

· Pp(Ep) −
(
ǫp·(1+R)
ǫc+R·ǫp

· d33c)
2 · φc · φp

ǫ0 · (φc · s33p + φp ·
s33p+R·s33c

1+R )
· Eapp

(4.11)
The total strain, as shown earlier (Eq.4.1), is a sum of piezoelectric and electrostrictive
strains. The piezoelectric strain in a perfect 1-3 composite is derived by multiplying the
analytical expression ford33 of the composite by the electric field, as shown by Nelson
[119].

d33comp= d33c ·
φc · s33p

φc · s33p + φp · s33c
(4.12)

Multiplying the above analytical expression ford33 by the applied electric field,Eapp, and
substituting the Eq.4.5, as well as the effective properties of the particle chain, Eq.4.9and
Eq. 4.8, for d33c ands33c, the out-of-plane piezoelectric strain of a structured composite is
given by:

Spiezoelectric(Eapp) = Sc(Ec) ·
φc · s33p

φc · s33p + φp · (
s33p+R·s33c

1+R )
(4.13)

Taking the polymer phase as being electrostrictive only, the total strain of theDEP compos-
ite, including electrostriction and piezoelectric strains according to Eq.4.3becomes:

Stotal = Sc(Ec) ·
φc · s33p

φc · s33p + φp · s33c ·
s33p+R·s33c

1+R

+ φp · Mp · Ep
2 + φc · Me f f · Ec

2 (4.14)

whereMp andMe f f are electric field related electrostrictive coefficients of the polymer and
particle chain, respectively.

Mp = Qp · ǫ0
2 · (ǫp − 1)2 (4.15)

Me f f = Qc · ǫ0
2 · (ǫe f f − 1)2 = Qc · ǫ0

2.(
ǫp · ǫc · (1+ R)

ǫc + R · ǫp
− 1)2 (4.16)
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4.3 Experimental procedure

4.3.1 Composite manufacturing

Lead zirconate titanate ceramic powder (PZT5A4), a Niobium doped PZT powder with a
Zr/Ti molar ratio of 52/48, was received from Morgan Electroceramics UK. The ceramic
powder was calcined at 1150◦C for 1 h according to the optimized scheme reported by
Van den Ende [11]. The agglomerated powder was then dry-milled, using 5-mm zirconium
balls for 2 h in a single G90 jar mill. The particle size distribution of the milled powder in
an aqueous solution with 10% isopropyl alcohol, measured by a Beckman Coulter LS230
laser diffraction analyzer, was found to bed(50) = 2.5 µm. The powder was stored in
a drying oven at 120◦C for 24 h prior to the experiment, to avoid moisture adsorption.
A two component epoxy system (Epotek 302-3M, Epoxy (diglycidyl etherof bisphenol-
A (DGEBA) resin and poly(oxypropyl)-diamine (POPD) multifunctional aliphatic amine
curing agent, was used.
The PZT particles were dispersed in the resin component of the epoxy to thespecific vol-
ume fractions of 10%, 20% ,30%, 40% and 50% and mixed at a speed of 1000RPM for
15 min, using a planetary mixer (SpeedMixer DAC 150.1 FVZ, Hauschild). Subsequently,
the hardener was added, and the composite resin was again mixed at 1500 RPM for 3 min.
Finally, the uncured ceramic-polymer mixture was degassed and poured intoa mold con-
sisting of a 1 mm thick Teflon sheet with circular 15 mm diameter cut-outs. 0-3 composites
were cured at room temperature. To produce structured composites, theslurry was placed
between two layers of 50µm thick Aluminium foil serving as the temporary electrodes
for the application of the electric field for DEP, as shown in Chapter 2. Dielectrophoresis
process was performed using an electric field of 2 kV/mm and frequency of 2 kHz during
curing of the composite at room temperature for 3 h.

4.3.2 Measurement procedure

The dielectric constants of the composites were determined using the parallel plate capaci-
tor method with an Agilent 4263B LCR meter (Japan) at 1 V and 1 kHz. The piezoelectric
coefficient, d33, measurements were performed with a high precision PM300 Piezometer
(Piezosystems) at 110 Hz and under a static and dynamic force of 10 N and0.25 N, respec-
tively. At least five samples for each composite system were tested. Ferroelectric polar-
ization measurements were performed using a Radiant technologies Precision Multiferroic
Test System at 1 Hz and under a double bipolar triangular pulse, with a peak from 0 to 18
kV/mm, as shown in Fig.4.1.
Out-of-plane displacement measurements were performed using a photonicsensor, MTI-
2100, with a 2032X high resolution module in combination with the Precision Multiferroic
Test System, as shown in Fig.4.1. The sensor utilizes adjacent pairs of light-transmitting
and light-receiving fibers. It operates by measuring the interaction between the field of
illumination of the transmitting, or source fibers, and the field of view of the receiving, or
detector fibers. As the surface of the sample moves away from the sensortip, the signal



56 Chapter 4. Ferroelectric characteristics of particulate PZT-epoxy composites

Figure 4.1: Ferroelectric polarization and strain test set-up. The test jig is shown in higher magnification.

decreases, and as the surface moves closer to the sensor tip, the signalincreases. The probe
is used in the high-resolution mode with a sensitivity of 0.000019µm/mV. The out-of-plane
strain,S33, was measured at 1 Hz under double bipolar alternating electric field,E, using:

S33 =
∆t
t

(4.17)

wheret is the thickness of the sample under test, and∆t is the change in thickness.

4.4 Results and Discussion

The typical electric displacement and strain behavior of PZT5A4 ceramic at1 kHz is pre-
sented in Fig.4.2. A maximum polarization of 42µC.m−2, a remanent polarization of 38
µC.m−2, and a coercive field of 1.3 kV/mm is observed.

(a) Displacement loop. (b) Strain loop

Figure 4.2: Ferroelectric hysteresis loops of PZT5A4 ceramic tested at 1 kHz.
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The effect of dielectrophoretic structuring on the ferroelectric displacement andstrain of
the PZT-epoxy composites, for different PZT volume content, is shown in Fig.4.3and Fig.
4.4, respectively.

(a) 20% PZT-epoxy (b) 30% PZT-epoxy

(c) 40% PZT-epoxy (d) 50% PZT-epoxy

Figure 4.3: Effect of dielectrophoresis structuring on electrical displacement of of PZT-epoxy composites.R
andS stand for random and structured composites.

With increasing the filler volume content the remanent polarization of the composite in-
creases, while the coercive field remains constant at 9 kV/mm, which is approximately
seven times higher than the coercive field of the bulk PZT5A4 ceramic. At allvolume
fractions, the dielectrophoretically structured composites exhibit higher polarizations than
their non-structured counterparts. A maximum remanent polarization of 1.8µC.m−2 is ob-
served for the structured composite of 50% PZT-epoxy. Increasing theapplied electric field
above 18 kV/mm resulted in an electrical break-down of the samples. In addition to the
displacement-electric field (D-E) loop, polarization switching leads to strain-electric field
hysteresis. The bipolar strain hysteresis loops plotted as a function of applied electric field,
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(a) 20% PZT-epoxy (b) 30% PZT-epoxy

(c) 40% PZT-epoxy (d) 50% PZT-epoxy

Figure 4.4: Effect of dielectrophoresis structuring on electromechanical strain of PZT-epoxy composites.R
andS stand for random and structured composites.

so-called butterfly curves, are presented in Fig.4.4. The shape of the strain response is sim-
ilar to that of the bulk PZT5A4 ceramic [23]. As the electric field is applied, the converse
piezoelectric effect results in strain. As the field increases, the strain is no longer linear with
the field, as domains start switching. Switching is observed at a field of 9 kV/mm for ran-
dom and structured composites, in agreement with the coercive field, as determined from
the D-E loops. The maximum strain of 0.006 % is substantially lower than that of thebulk
material (see Fig.4.2).
The maximum observed strain at 18 kV/mm is extracted from Fig.4.4, and presented as a
function of ceramic volume fraction for random and structured composites inFig. 4.5. A
clear difference can be observed between random and structured samples. Random com-
posites show no or very little strain at low PZT volume content below 30%. The effect
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of structuring on the strain is already significant from 10% PZT-epoxy composite, and in-
creases continuously up to 50% PZT. The predictions of the model presented earlier are also
shown in Fig.4.5. The input materials properties for modeling are listed in Table4.1. The
best fit of the model to the experimental data was obtained forR = 20 for structured and
R = 2 for random composites respectively, which shows much lower interparticle distance
for the structured composites with the same particle size. Such a strong reduction in par-
ticle distance along the chains formed in the quasi 1-3 composites has been confirmed by
SEM [31].

Figure 4.5: Maximum observed strain at theEapplied of 18 kV/mm as a function of PZT content.

Material ǫ at 1 kHz d33 (pC/N) P (µC/cm2) Y (GPa) s33 (TPa)−1 s11 (TPa)−1 Q (m4/C2)

PZT 1700 [81] 440 [81] 50 92 [18] 18.8 [120] 16 [120] 0.018 [121]
Epoxy 4.6 0 0 1.7 [11] 128 [86] 128 [86] 1

Table 4.1: Properties of ceramic inclusions and polymer matrix.

In order to understand the effect of dielectrophoretic alignment of particles on the electrome-
chanical strain of the composites, the mixed connectivity model [83] is used to estimate the
amount of 1-3 connectivity in these composites. This model considers that both parallel
and serial connectivity can exist in a granular composite, giving a tri-phasic system. The
detailed calculation procedure to extract the degree of 1-3 connectivity,the percentage of
particles in direct contact along a chain spanning the thickness of the samplein the direction
of the applied field, is explained in Chapter 2. The calculated percentage of1-3 connectivity
is shown as a function of ceramic volume fraction in Fig.4.6.
A maximum of 4.6 % of parallel connectivity has been calculated for the structured com-
posite of 50 vol% PZT. The maximum electromechanical strain of PZT-epoxy composites,
with varying PZT content of 10%-50%, is plotted as a function of the degreeof 1-3 con-
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Figure 4.6: Degree of 1-3 connectivity as a function of PZT content.

Figure 4.7: Maximum electromechanical strain of PZT-epoxy composites at theEapplied of 18 kV/mm as a
function of degree of 1-3 connectivity.

nectivity in Fig. 4.7. Regardless of the volume fraction of the ceramic phase, increasing
the parallel connectivity improves the maximum observed strain in structured composites,
compared to the random composites.

TheRvalues obtained, based on fitting the model developed in this work to the experimen-
tal data, are of the order of 20 and 2 for the structured and random composites respectively,
which is another indication of the higher connectivity in the direction of the chains. Pre-
dictions of the normalized strain as a function ofR for different PZT volume fractions in
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Figure 4.8: Predictions of the proposed model (Eq.4.14) for the total strain of the composites normalized
to the strain of bulk ceramic, as a function ofR at theEapplied of 18 kV/mm, shown for different PZT volume
fractions in PZT-epoxy composites.

PZT-epoxy composites is shown in Fig.4.8. The strain values are normalized to the strain
value for the bulk PZT5A4 ceramics under the applied electric field conditions. The figure
shows a very clear increase in achievable strain forR values between 1 and 20. The rate
of increase in maximum strain is highest at high loading fractions. This is in qualitative
agreement with the dependance ofg33, the piezoelectric charge coefficient, of quasi 1-3
composites on volume fraction and degree of orientation, which reaches a maximum effi-
ciency at a volume fraction of 10-20%, forRvalues between 10 and 20 [32]. Increasing the
Rvalue from 2 to 20 results in an improvement factor of 2-3 in the normalized strain values,
which is in a good agreement with the experimental data in Fig.4.5.

4.5 Conclusions

DEP structured PZT-polymer particulate composites, having superior low field piezoelec-
tric constants compared to 0-3 granular particle composites, are studied at high electric
fields. The ferroelectric polarization and strain loops are obtained at PZTvolume fractions
10%-50%. The high electric field strain of the PZT-polymer composites is related to both
the piezoelectric and electrostrictive properties of the constituent phases. The effect of in-
terparticle distance on the final polarization and strain properties is modeled.The model
predictions correlate well with experimental strain values for 0-3 and quasi 1-3 particulate
composites. Increasing the amount of parallel connectivity leads to largerstrains.
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Chapter 5
In-situ structuring and poling of
PZT-epoxy composites∗

5.1 Introduction

As stated and demonstrated in the previous chapters, the key parameters controlling the ef-
fective properties of the structured composites are the quality of particle alignment, as well
as the poling efficiency. Improving the filler orientation while keeping the filler volume
fraction low leads to a high electrocactive sensitivity, while maintaining the flexibility lev-
els of the composites [31,33–35]. Enhancing the alignment quality, by means of decreasing
the interparticle distance has been shown to significantly improve the dielectric,piezoelec-
tric and pyroelectric properties of particulate composites [11,32]. In conventional biphase
ferroelectric ceramic-polymer composites, the polymer phase normally has a lower permit-
tivity and a lower electrical conductivity compared to the ceramic particles. Thus, a high
AC field at elevated temperatures for an extended period of time is required for efficient pol-
ing [122,123]. Hence, the poling process, as well as the resulting effective properties of the
composites, remain a challenge in the production of such composites. Recentinvestigations
have shown that the electrical conductivity of the constituents has a significant effect on the
dielectric, piezoelectric and pyroelectric properties of the granular composites [100]. It has
been reported that an enhanced electrical conductivity of the matrix shortens the build-up
time of the electric field acting on the ceramic particles. Therefore, for an electrically con-
ductive matrix efficient poling of the composites is possible even at room temperature, with
short poling times and relatively low electric fields. The electrical conductivity of thermoset
polymer matrices as well as their permittivity decrease upon curing. Thus, combining the
DEP structurization, using an AC electric field, and DC poling conditions, whilethe ma-
trix is in the liquid state can improve the poling efficiency of composites. Moreover, the

∗This work has been submitted as: Khanbareh, H., van der Zwaag, S.,Groen, W. A., In-situ poling and
structurization of particulate piezoelectric composites, (under review, Journal of Intelligent Material Systems
and Structures, 2016)
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new proposed technique leads to cost effective single-step manufacturing of composite sen-
sors. In the present work, the in-situ dielectrophoretic structuring and poling process of
lead zirconate titanate-epoxy composites, upon application of AC and DC electric fields is
investigated. The effect of processing parameters on the structuring configuration, as well
as final properties of the composites, are demonstrated.

5.2 Experimental procedure

5.2.1 Composite manufacturing

Lead zirconate titanate ceramic powder (PZT5A4), a Niobium doped PZT powder with a
Zr/Ti molar ratio of 52/48, was received from Morgan Electroceramics UK. The ceramic
powder was calcined at 1150◦C for 1 h according to the optimized scheme reported by
Van den Ende [11]. The agglomerated powder was then dry-milled using 5-mm zirconium
balls for 2 h, using a single G90 jar mill. The particle size distribution of milled pow-
der in an aqueous solution with 10% isopropyl alcohol, measured by a Beckman Coulter
LS230 laser diffraction analyzer, was found to bed(10) = 1.2 µm, d(50) = 2 µm, and
d(90) = 8.5 µm. The powder was stored in a drying oven at 120◦C for 24 h prior to the
experiment, to avoid moisture adsorption. A two component epoxy system (Epotek 302-
3M, Epoxy (diglycidyl ether of bisphenol-A (DGEBA) resin and poly(oxypropyl)-diamine
(POPD) multifunctional aliphatic amine curing agent, was used. Both components were
degassed separately in a vacuum oven at RT for 3 h prior to the experiment to avoid air
void formation. The PZT particles were dispersed in the polymer resin to the specific vol-
ume fractions of 10%,20%,30%,40% and 50%. Subsequently, the slurry was degassed
for 5 min, then mixed with the hardener, and degassed for another 5 min. Theslurry was
then molded. The details of the mold layup are presented in [32]. Three sets of samples
under specific combinations of AC and DC bias were prepared, as indicated in Table5.1.
The electric field was applied using a function generator (Agilent, 33210A), coupled to a
high voltage amplifier (Radiant Technologies Inc., T6000HVA-2). The optimum frequency
level was obtained for the highest phase angle of Lissajous plots for each volume fraction
in early stages of the cure. Each set was exposed to the specific electric field for 3 h, then
cured over-night at room temperature in the presence of the electric field. The samples were
stored at 100◦C for 24 h, with their electrodes short circuited prior to the measurements, in
order to remove the injected charges during the polarization and the trappedcharges due to
impurities.

Set EAC(kV/mm) fAC(kHz) EDC(kV/mm)

Set 1 1 2 2
Set 2 0.1 2 2
Set 3 0 0 2

Table 5.1: Different combinations of AC and DC electric fields used for manufacturing of the composites. The
AC field magnitudes apply to the peak values.
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The first two sets result in quasi 1-3 composites with different degree of structuring, while
Set 3 yields a 0-3 composite poled while curing. The properties of the obtained composites
are compared with those of the reference samples, reported by Van den Ende et al. [31].
The reference composites were processed at a fixed applied field ofEAC = 1 kV/mm and
f = 4 kHz, poled at 10 kV/mm at 100◦C in a silicone oil bath for a duration of 30 min.
The microstructures of the samples were observed, using a field emission-scanning electron
microscope (FE-SEM) (JEOL, JSM-7500F), operated in backscattered electron mode. Sam-
ples sectioned parallel to the formed particle chains were embedded in a roomtemperature
curing epoxy, and polished with 1µm diamond paste.

5.2.2 Measurement procedure

The dielectric constants of the composites were determined using the parallel plate capacitor
method with an Agilent 4263B LCR meter (Japan) at 1 V and 1 kHz. The curingstudy of the
epoxy polymer as a function of temperature was performed using a broadband spectrometer
(Novocontrol), in conjunction with a Cryostat high temperature sample cell, aswell as an
Agilent E4991A impedance analyzer at 1 V and 1 kHz. The piezoelectric coefficient,d33,
measurements were performed with a high precision PM300 Piezometer, Piezosystems, at
110 Hz and a static and dynamic force of 10 N and 0.25 N respectively.

5.3 Results and discussion

5.3.1 Microstructure of composites

Fig. 5.1shows Scanning Electron Microscope (SEM) images of 20% PZT-epoxy compos-
ites prepared by means of conventional method and in-situ structuring and poling as defined
in Table5.1.
The average particle size, based on SEM microstructures matches well with the result of par-
ticle size analysis. Chain-like structures along the direction of the electric fieldare formed
during dielectrophoresis. In the random composites, the PZT particles arehomogeneously
distributed in the epoxy matrix (Fig.5.1c for set 3, and5.1d for a reference random post-
curing-poled sample). For the conditions of set 1 (a strong AC field), the microstructure
(Fig. 5.1a) shows a well developed fibrillar structure, which resembles the structure of
a reference quasi 1-3 sample produced by successive DEP and poling process steps (Fig.
5.1d). Application of a lower AC field strength (set 2, Fig.5.1b) leads to well oriented par-
ticles, but a less well developed fibrillar structure, with wider particle free regions separating
the particle chains. This difference is in excellent qualitative accordance with the results of
the computational DEP model (Chapter 3) which show that formation of orientational order
precedes the thread formation (Fig.3.8and Fig.3.14).
The average orientation of the individual chains can be quantified via theP̄2 average orien-
tation factor as shown in3.11[110]. P̄2 ranges between 0 for a random microstructure and
1 for a fully aligned situation. ThēP2 parameter calculated for set 1, set 2 and the reference
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Figure 5.1: SEM micrographs of 20% PZT-epoxy composites prepared using conventional and in-situ tech-
niques. refr and refs stand for reference random and referencestructured samples.

structured composites are 0.99, 0.91, and 0.94 respectively. TheP̄2 for set 3 and the refer-
ence random composite are 0. A slightly higher degree of orientation is observed for set 1,
compared to set 2, as a result of larger driving force acting on the particles, in response to a
larger imposed electric field [85].

5.3.2 Functional properties

The dielectric properties of the composites are shown in Fig.5.2 for PZT volume fractions
ranging from 0% to 50%. The models proposed by Yamada [36] (Eq. 2.2) and Bowen
[33] (Eq. 2.3) are used to describe the dielectric properties of the random and structured
composites, respectively .
The input parameters, for both random and structured composite modeling, are listed in
Table5.2. It is assumed, that the piezoelectric properties of the particles are equalto the
bulk ceramic values, as the particle properties could not be measured directly.

Materials ǫ at 1 kHz d33 (pC/N) Y (GPa)

PZT5A4 1850 [120] 460 [120] 70
Epoxy Epotek 4.6 0 1.7 [31]

Table 5.2: Properties of ceramic and polymer phases at 25◦C.
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The best fit of the experimental data to Yamada’s model, for both the reference random
composite and the in-situ poled random composite, was obtained forn = 4.4, which is an
indication of particles having an aspect ratio of 1.3, which is close to an equiaxed shape.
The best fit of the experimental data to Bowens’s model for the structuredcomposites of
set 1, set 2, and the reference structured sample, was obtained forR values of 11, 9 and 13,
respectively.
The piezoelectric charge coefficients,d33, of the composites, are shown in Fig.5.3where the
experimentally observedd33 values of both structured and random composites are plotted
in combination with the predictions of the models proposed by Yamada (Eq.2.4) and Van
den Ende (Eq.2.5).

Figure 5.2: The dielectric constant data for PZT-epoxy composites with their associated models.

The best fit of the experimentald33 data to Yamada’s model was obtained forα = 0.85 and
1 for the reference random composite and the in-situ poled random composite, respectively.
This is a clear indication of higher poling efficiency for the in-situ poled composites than
for conventionally poled samples, in which the matrix was fully cross-linked.
The electrical conductivity (σ) and permittivity (ǫ) of a fully cured epoxy polymer is com-
pared to that of an uncured epoxy in Table5.3. The conductivity of the uncured epoxy
measured at 20◦C is more than an order of magnitude higher than that of the cured epoxy
tested at 100◦C, which is the poling temperature in the conventional method [31]. Higher
permittivity of the uncured state also results in an enhanced poling efficiency in the uncured
matrix. This shows that poling the particulate composites at room temperature is possible
at much lower electric fields, when the polymer matrix is still in the liquid state, and hasa
relatively high permittivity and electrical conductivity.
The best fit of the experimental data to Bowens’s model for the structuredcomposites of
set 1, set 2, and the reference structured sample, was obtained forR values of 16, 8, and
12 respectively. The interparticle distances calculated based on the obtainedR values and



68 Chapter 5. In-situ structuring and poling of PZT-epoxy composites

Figure 5.3: Thed33 data for PZT-epoxy composites with their associated models.

Polymer TestT (◦C) σ (S/cm) ǫ

Uncured epoxy 20 1.1× 10−8 12
Cured epoxy 100 8× 10−10 10.5

Table 5.3: Comparison of dielectric and electrical properties of cured and uncured epoxy polymer at 1 kHz.

the measured average particle size are 0.12µm, 0.25µm, and 0.16µm for set 1, set 2,
and the reference structured sample respectively. A higher degree ofperfection during
dielectrophoresis is realized for the chains formed in in-situ structured andpoled samples,
which can also be deduced from the SEM microstructures in Fig.5.1.
The interparticle distance is an important parameter influencing the local electric field act-
ing on the ceramic particles. The interparticle distances at the various volume fractions
and poling conditions have been estimated independently by fitting the model to theexper-
imental data. The correlation between thed33 of the random and structured composites and
their respective average interparticle distance is shown in Fig.5.4. Thed33 values increase
non-linearly with decreasing the interparticle distance.
The piezoelectric voltage coefficient, g33, calculated by dividing thed33 values by their
corresponding dielectric constant values, are plotted as a function of PZT volume fraction
in Fig. 5.5.
The maximum value obtained for the conventionally prepared random composite is 48
mV.m/N at a PZT volume fraction of 40%, while for the in-situ poled random compositea
maximum value of 58 mV.m/N is obtained, at a PZT volume fraction of 50%. All sets of
structured composites show a comparable behavior as a function of PZT content, and peak
at a volume fraction of 10% PZT. For the reference structured composite amaximumg33
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Figure 5.4: Thed33 as a function of interparticle distance for random and structured composites.

Figure 5.5: Theg33 data for PZT-epoxy composites.

value of 79 mV.m/N is obtained. The in-situ structured and poled samples of set 1 and set
2, with high and low degree of chain perfection, show maximumg33 value of 151 mV.m/N
and 69 mV.m/N at a PZT volume fraction of 10%, respectively. Superiorg33 values, ob-
tained for in-situ structured and poled samples, are attributed to a higher chain perfection
degree, and a higher poling efficiency. The reason for the deviation of the experimentally
determinedg33 values from the predictions of the model is due to a few air voids in the
sample.
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5.4 Conclusions

A significant improvement in piezoelectric properties of quasi 1-3 compositescan be achieved
by a simultaneous combination of the dielectrophoretic alignment of the ceramic particles
and the poling process while the polymer matrix is still in the liquid state, and has a rela-
tively high permittivity as well as electrical conductivity compared to a fully cured system.
The proposed method offers new avenues in low cost manufacturing of composite pressure
sensitive materials for demanding long term sensor applications.



Chapter 6
Structure and properties of
PT-polyethylene oxide composites, and
accurate determination of their
pyroelectric properties∗

6.1 Introduction

In recent years, composites based on ferroelectric ceramics and polymers have attracted
particular attention in the context of the piezoelectric and pyroelectric sensors, because their
physical properties can be optimized for different applications. Granular composites, which
consist of ferroelectric ceramic particles randomly distributed in a polymer matrix, known
as 0-3 composites, are interesting candidates for various applications, due to their ease
of fabrication, tunable electroactive properties, high mechanical stability,ability to cover a
large area, versatile product size range and low manufacturing cost [38–40]. Moreover, they
can be flexible if a properly selected polymer matrix material is used and the ceramic volume
fraction is kept low. However, below the percolation threshold, there is nocontinuous path
of connected particles from one electrode to another. In such cases, the poling efficiency as

∗This work has been published as:

1. Khanbareh, H., van der Zwaag, S., Groen, W. A., Piezoelectric and pyroelectric properties of conductive
lead titanate-polyethylene oxide composites, Journal of Smart Materials and Structures, Vol. 24, No.
04, pp. 045020, 2015.

2. Khanbareh, H., Schelen, B., van der Zwaag, S., Groen, W. A.,A multi-mode temperature oscillation
instrument based on discrete sampled data and mathematical lock-in method to determine pyroelectric
properties of materials at low frequencies, Review of Scientific Instruments. 86, pp. 105111, 2015.
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well as the electroactive properties depend even more strongly on the electrical conductivity
of the polymer matrix [41–43].
Recent investigations have shown, that the electrical conductivity of the constituents has
a significant effect on the dielectric, piezoelectric and pyroelectric properties of the gran-
ular composites, as discussed in Chapter 1 [42, 49–54]. These results have stimulated the
research into other polymeric materials with higher conductivity, to further enhance the
pyroelectricity. Chau et al. [48] reported on the application of polyethylene oxide (PEO),
a well known polymer electrolyte used for lithium battery, in pyroelectric composites. In
PZT-PEO composites, the pyroelectric and piezoelectric coefficients of the samples were
greatly enhanced, compared to other PZT polymer composites with negligible conductivity.
In order to improve the pyroelectric sensitivity of these composites even further, it is possi-
ble to replace PZT with a ceramic of higher pyroelectric activity and lower dielectric con-
stant. Lead titanate (PT) is regarded as a good pyroelectric material among various kinds
of commercially available ferroelectric ceramics for sensing applications [81,82]. PEO is a
synthetic polymer used in its pure non-ionic state as a surfactant, as a water-soluble thermo-
plastic resin as well as an ionic conducting polymer for Li-batteries, displays, sensors, and
other electrochemical devices [124]. The interesting properties of PEO are a good structural
integrity, a low glass transition temperature, flexibility, low toxicity and biocompatibility.
Pure PEO has an electrical conductivity of 5.6× 10−9 S/cm at room temperature, which can
be improved substantially by incorporating salts into the polymer [125–127]. In the cur-
rent study, the dielectric, piezoelectric and pyroelectric properties of PT-PEO composites
are investigated, to elucidate the effect of the electrical conductivity of the matrix on the
sensitivity and poling efficiency of the PT-PEO composites.
Furthermore, in this chapter, a novel method is proposed to determine the pyroelectric prop-
erties of materials at low frequency, ranging 0.001-0.250 Hz. The pyroelectric coefficient
can be defined based on the generated pyroelectric current, as a result of a temperature
change in a pyroelectric material. There are four main approaches in the literature for mea-
suring the pyroelectric constant of a material.

1. The charge integration method, also known as the static method, is based onthe in-
tegration of charge which develops on the crystal faces as the temperature increases.
This method is restricted to ferroelectrics, and results are affected by ohmic con-
ductivity and trapped charges in the bulk material and at the sample-contactinter-
face [128,129].

2. The radiant heating or pulse method, also known as the dynamic method [130], in
which the sample is continuously heated by modulated light. Assuming that all ra-
diation is absorbed and converted to thermal energy, the spontaneous polarization of
the sample changes and a pyroelectric current is measured [16,81,130]. This method
is less sensitive to the effect of trapped charges. A disadvantage is the uncertainty in
the amount of energy actually absorbed which can lead to large errors.

3. The direct temperature ramp method, in which the poled sample is uniformly heated
at a constant rate. The most important disadvantage of this simple method is that
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thermally activated charges, induced during the poling process, are measured as an
indistinguishable part of the pyroelectric current [131].

4. The continuous temperature oscillation method which is specially designed for sep-
arating the pyroelectric current from the non-pyroelectric current, and is a modified
version of the direct temperature ramp method [131–134].

Since the continuous temperature oscillation method is the basis of the device presented in
this chapter, it is elaborated in more detail below. This method is based on the difference
in the thermal relaxation time of pyroelectric current and that of the thermally stimulated
current. In fact, the pyroelectric current is directly proportional to the derivative of the
temperature with respect to time, while the non-pyroelectric current is either constant or
proportional to the temperature. When the sample is heated with a small sinusoidal tem-
perature wave, an AC current is produced by the sample. The amplitude and phase of the
current define the ratio of pyroelectric and non-pyroelectric currents. The AC component,
which is in phase with the temperature wave, is the non-pyroelectric current.However, if
the AC component precedes the temperature wave by 90◦, the origin is a pyroelectric cur-
rent [131,132,134]. The amplitudes of the non-pyroelectric current,In, pyroelectric current,
Ip, and the phase angle are given by:

Iac = Ipeaksin(ωt + θ) (6.1)

Ipeak= (In
2 + Ip

2)1/2 (6.2)

In = RT (6.3)

Ip = pATω (6.4)

θ = tan−1
(

Ip

In

)

= tan−1
( pAω

R

)

(6.5)

whereR is a temperature coefficient of the non-pyroelectric current,A is the electroded area
of the pyroelectric material,p is the component of the pyroelectric coefficient normal to the
electrodes,ω is the angular frequency of the sinusoidal temperature component, andT is
its amplitude. This equation holds, provided that the measurements are carriedout under
constant mechanical stress and electric field, so as to avoid piezoelectric,ferroelastic and
ferroelectric contributions [15,20]. The frequencies involved in this technique typically vary
in the range of 0.2-0.02 Hz [129]. However, some applications for pyroelectric materials,
in both sensing and energy harvesting domains, may exist that require the characteristics of
the materials over larger bandwidths, especially at lower frequencies. For instance, human
motion detectors are sensors for slow thermal processes such as motion ofthe human body,
whose frequency spectrum is located in the region of the infra-low frequencies of order of
0.1 to 1 Hz [135]. In this chapter, the experimental set-up of a simplified version of the
temperature modulation method is presented. Detailed analysis of the test unit, sensitivity,
accuracy as well as noise is discussed. The method is validated using LiTaO3 single crys-
tals and used to characterize the pyroelectric properties of PT-PEO composites. The signal
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analysis procedure mathematically mimics the ideal lock-in character, via a unique combi-
nation of Fast Fourier Transform (FFT) with Heaviside threshold, to filterresidual noise.
The phase difference between the peaks of the temperature and current waves is calculated
using a folded correlation [32].

6.2 Experimental procedure

6.2.1 Composite manufacturing

Lead titanate (PT) powder was calcined at 800◦C for 2 h to develop single phase PbTiO3.
The agglomerated powder was then dry-milled using 5-mm zirconium balls for 2h in a
single G90 jar mill. The particle size distribution of milled powder in an aqueous solu-
tion with 10% isopropyl alcohol, measured by a Beckman Coulter LS230 laserdiffraction
analyzer, was found to bed(10) = 2.4 µm, d(50) = 4.5 µm, andd(90) = 8.1 µm. The
powder was stored in a drying oven at 120◦C for 24 h prior to the experiment, to avoid
moisture adsorption. Commercial PEO powder with a molecular weight of 6× 105 g/mole
(Sigma Aldrich), with a chemical structure as shown in Fig.6.1, was used as the polymer
matrix. A standard solution cast technique was used to prepare composite films. The PEO
and PT powders were mixed to the specific volume fractions of 0%,10%,20% and 30%,
respectively. The mixed powder was then dissolved in de-ionized water, stirred for 30 min
at 70◦C until the dissolution is complete, followed by stirring at room temperature for 20
min. The resulting viscous liquids were degassed and cast on the glass substrates for the
preparation of the thin films. Subsequently, the samples were dried in an ovenat 50◦C for
12 h. The final thickness of the dried samples varied between 280 and 300µm. Finally,
gold electrodes of 9.2 mm diameter and 50 nm thickness were deposited on bothsides of
the composite samples by sputtering (Balzers Union, SCD 040). The samples were poled
at room temperature in a water-cooled Julabo, SE Class III, 12876 oil bath. The effects of
electric field and poling time were studied via poling at different electric fields of 1, 5, 10
and 15 kV/mm for times ranging between 1 to 120 min. The samples were then stored at
50 ◦C for 24 h, with their electrodes short circuited prior to the measurements, in order to
remove the injected charges during the polarization and the thermally stimulated discharge
current, caused by polarization of the polymer matrix. .

Figure 6.1: Chemical structure of PEO.
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6.2.2 Measurement procedure

Dielectric, and piezoelectric measurements

The dielectric constant of the composites were determined using a broadband spectrome-
ter (Novocontrol), in conjunction with a Cryostat high temperature sample cell,using an
Agilent E4991A impedance analyzer at 1 V and 1 kHz. The piezoelectric coefficient,d33,
measurements were performed with a high precision PM300 Piezometer (Piezosystems) at
110 Hz under static and dynamic forces of 10 N and 0.25 N, respectively.At least five
samples of each composite were tested.

6.3 Novel device for pyroelectric measurements

6.3.1 Basic concept

A schematic diagram of the test set-up, and the realized device, are shownin Fig. 6.2 and
Fig. 6.3, respectively. The measurement equipment consists of an Aluminum Faraday cage,
equipped with a heat sink on top of which the test cell is located. A MCPE1-07106NC-S
Peltier cooler receives sinusoidal signals from a power supply, and generates the tempera-
ture modulation. To ensure uniform temperature, a 1 mm thick Copper plate is mounted on
top of the Peltier cooler. A thin layer of thermal conductive paste is used on the interface
between the Peltier and the Copper plate, to ensure proper thermal conductivity. The pyro-
electric sample is placed on the Copper plate, and probed with a gold plated pin electrode.
The temperature sensor, a MCP9701A SOT23 thermistor device with a fast response time
of under 0.6 second from Microchip, is mounted very close to the sample. The temperature
control unit is based on the ATMEGAE5 Xplained development board fromAtmel. The 12
bit Xmegas on board ADC is used with 128 times oversampling, to create a signalof 16 bit
capable of running at an effective sample rate up to 1 kHz. Using this mode of the ADC,
together with an accurate 2.5 V (LM4040 device) reference voltage results in an overall
resolution of 67.3µV/bit. The combination with the MCP9701 sensor device, which has a
sensitivity of 19.5 mV/K makes it possible to control the temperature with a precision of
3.913 mK. The software is programmed to ensure that this precision is alwaysmaintained,
resulting in the smallest digital temperature disturbance possible. The 1K temperature sine
amplitude is generated in 256 steps of 3.913 mK. The sine period is discretized with 1606
(2π · 1K/3.913mK) time steps, independent of the frequency range of 1 mHz to 250 mHz.
A temperature set point generator is realized, that always uses the smallest temperature step
possible. The same method is used to generate temperature ramping. The sine frequency or
temperature ramping rate is controlled with the frequency of the steps. The parameters for
the temperature profiles can be set by USB as communication port.

6.3.2 Temperature controller and noise analysis

A timer controlled routine, running at 500 Hz, starts the ADC temperature measurement.
Once the ADC flag is set to ready, the update process of the PID controllerwith the gen-
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Figure 6.2: Schematic diagram of the set-up for the direct pyroelectric current measurement.

erated temperature profile as input starts. The 500 Hz frequency is half the maximum rate
of the ADC, and is considered to be high enough for the sampling rate of the temperature
control loop to cope with the thermal time constant of the Peltier element. The sign of the
output of the PID controller is checked, to operate the polarity switch for thePeltier ele-
ment. This polarity switch is constructed by 4 Avagos, optically controlled, SSRswitches
in between the power supply output and the Peltier element. The modulus of the PID result
is converted with the internal 12 bit DAC to a voltage that drives the Delta ES150-10 power
supply as a power amplifier for proportional control of the Peltier current. This combination
is able to provide the Peltier element with 40W of bipolar power at a 500 Hz samplerate.
The PID controller, used with 500 Hz sampling rate, allows for a high closed loop band-
width. The bandwidth can be controlled with the PID parameters, so as to to reduce closed
loop temperature noise. Noise in the temperature signal translates to currentnoise from the
sample. For frequency and phase measurements, this noise is easily eliminatedby the Fast
Fourier transformation (FFT) convolution (shown in the data processing section). For direct
measurement of the temperature ramping current, this could result in a too low overall sig-
nal to noise ratio figures at low ramping rate. Therefore, a different set of PID parameters
for sine modulation and temperature ramping is preferred. The temperature signal to noise
ratio at the lowest possible amplitude of 1 K, with a frequency of 1 mHz sine modulation is
30 dB or 0.03 K RMS as measured in the temperature data sampled with 2 Hz. Due toalias-
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Figure 6.3: Newly developed set-up for pyroelectric current measurements. Figure on the right shows a sample
being tested.

ing, the spectral noise is slightly folded around the bandwidth (1 Hz) of Peltier controller.
The pyroelectric current signal to noise ratio (SNR) is much lower due to its principledT/dt
character which gives a 6dB rise per octave of the noise with frequency.
The absolute current accuracy, as specified for the Keithley electrometer in the current range
is 0.2%. This accuracy affects the accuracy of pyroelectric current, but does not have an
effect on the phase accuracy. The character of the noise on both temperature and current
is mainly correlated due to the common source. The SNR on the current, being mainly a
transformation of the noise on temperature, is barely depending on the current amplitude.
Basically, the cross correlation convolution method in the frequency domain multiplies the
temperature-frequency spectrum and the current-frequency spectrum element by element,
resulting in a product of both individual SNRs. The SNR of the result is atleast equal to the
individual sum of both SNRs in dB. In fact, it will be higher, because uncorrelated noise in
the individual spectra is greatly reduced. For the current, the signal to noise ratio evaluates
to 3dB at the lowest frequency of 1 mHz. The applied correlation makes useof all recorded
samples and is, therefore, improving the overall SNR with the square root out of the total
number of samples per each fully logged modulation cycle at 1 mHz. By logging more than
one full modulation cycle the overall SNR can be further improved.

Temperature and current sampling

The temperature controller determines the overall sampling rate if used in auto transmit tem-
perature mode, via the USB port. Although the controller is capable of 500 measurements
per second, the Keithley electrometer can only perform 2 measurements persecond when
using the standard RS232 bus as in the current study. Therefore, all measurements were per-
formed using this sample rate, allowing frequency measurements up to half of the Shannon
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frequency or 1 Hz. The temperature controller is used with the temperature measurement in
average mode set to 250 for a 500 Hz effective sampling rate. Settings and file I/O is done by
LabVIEW software running on a PC or Laptop. This software allows to control the settings
of the temperature unit, and has a graphical viewer for the output data, such as temperature
and current and user controlled logging. Once the Keithley Electrometer receives data from
the temperature controller a new measurement is triggered. This pair of correlated data,
both temperature and current are stored into a data file. Logging is done bystarting the in-
strument and acquiring at least 1 complete period of the modulation frequencydata. In case
of ramping, the logging is started just before the ramp and stopped after reaching the final
temperature. At 1 mHz with 2 Hz sampling, this results in a measurement of approximately
20 min with 2000 data points. For higher modulation frequencies, the measurement time is
proportionally shorter.

Data processing

The goal is to measure the phase difference between the pyroelectric current and the mod-
ulated temperature, as well as the pyroelectric current amplitude. The collected raw data
is used in the signal processing phase. This allows to process the data fornew findings in
multiple perspectives. Currently, the raw data are imported in the commercial tool Mathcad,
but it can be imported in any other mathematical program as well. The measuredtempera-
ture and current are read as a vectored data set. From the acquired data, the number of full
modulation cycles is extracted, to avoid errors due to incomplete cycles. This could other-
wise results in foreign frequencies of phase-like modulation in the frequency domain. Since
both sampling rate and modulation frequencies are synchronized and known, full measure-
ment cycles can be isolated exactly. The time related signals of temperature andcurrent
are transformed to the frequency domain by using a Fast Fourier transformation (FFT). By
applying the complex conjugate on the current signal and performing a convolution within
the frequency domain, the correlation between the signals is calculated. TheDC component
is removed from the result, as it adds to the real component of the correlation. The phase
between both signals is calculated by the arc tangents of the DC free results.
The procedure described above results in a signal to noise ratio of 30 dBon the temperature
measurement and only 3 dB on the current measurement. The extracting method is accurate
to within a phase error of less than 0.25◦ at the low frequency of 1 mHz, which improves
with increasing the frequency. This method clearly eliminates the need for costly lock-in
amplifiers for this application.

Phase correction for systematic errors

To calculate the actual phase angle between the pyroelectric current andthe temperature
signals, the FFT driven phase is corrected for heat transfer and instrument delays.
The phase delay due to the heat transfer is firstly discussed. The overall control loop is
shown in Fig.6.4.
The feedback element of the Peltier surface temperature is the MCP9701, with a thermal
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Figure 6.4: Simplified temperature control loop.

time constant of only 0.6s. On top of the Peltier, a thin (1 mm) Copper plate is used tocreate
a uniform temperature signal, as well as a smooth surface, to mount the sampleon. Copper,
with low thermal resistance and relative low thermal capacity is suited to act as an additional
noise filter for the temperature. This Copper filter is kept outside the electrical PID loop as
it would otherwise give rise to instability, and thereby canceling its positive noise filtering
effects. The loop-gain is sufficiently high (see diagram6.4) to reduce the Laplacian overall
transfer function to:

Htrans f er=
s · τplate+ 1

s · τsensor+ 1
(6.6)

s= 2πi f (6.7)

The heat transfer function,Htrans f er, is calculated based on the thermal time constant of the
temperature sensor,τsensor, and that of the Copper plateτplate. The thermal time constant
of the plate is determined by comparing the recorded temperature signal, measured by the
thermistor in the unit and the temperature of the plate monitored using a IR camera (as
shown in Fig.6.3) at different test frequencies. The final heat transfer phase delay,φheat, is
then calculated as:

φheat= arctan

(

Im(Htrans f er)

Re(Htrans f er)

)

(6.8)
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WhereRe(Htrans f er) and Im(Htrans f er) are the real and imaginary components of the heat
transfer function.
Finally, a small compensation is added for the overall instrument delay. Sincethe overall
sampling rate is kept constant at 2 Hz, the averaging of temperature inside the control unit,
as well as the fixed sample delay of the Keithley electrometer adds a small compensation
for this quantity. The instrument delay,φinst, consists of two components, delay of the
electrometer and delay of the temperature control unit as follows:

φm = tm2π f (6.9)

φt = tt2π f (6.10)

φinst = φm− φt (6.11)

whereφm andφt are the phase angles, corresponding to the sampling delays of the elec-
trometer and temperature control unit.tm andtt are the sampling times of the electrometer
and temperature control unit,f is the frequency of the thermal sine wave, respectively.
In order to determine the actual phase angle between the temperature and thecurrent signals,
the sum of the instrumental and heat transfer phase corrections,φcorrection, is added to the
calculated phase shift, based on the Fourier transformation.

φcorrection= φinst + φheat (6.12)

Measurements and validation

The device and the data processing protocol were validated using LiTaO3 single crystals,
whose properties are well documented, and have low sample to sample variations. Fully
poled commercial LiTaO3 wafers of 5 mm by 5 mm by 0.2 mm were obtained from In-
fratec, Germany. The measured absolute values of pyroelectric properties as a function of
frequency from 1 mHz to 250 mHz at 25◦C are listed in Table6.1, and compared to the
reported values from literature, obtained by the continuous temperature oscillation method.

Frequency (mHz)Phase angle (◦) Ipeak (A) pmeasured(µC.m−2.◦C−1) preported (µC.m−2.◦C−1) Ref.

1 89.5 2.75× 10−11 175.1 Not reported -
5 89 1.35× 10−10 171.8 175 [132]
10 88.7 2.68× 10−10 170.5 175 [132]
30 92 8.3× 10−10 176 Not reported -
60 91 1.65× 10−9 175.1 172.7 [136]
100 97.9 2.41× 10−9 152 175 [132]
150 99 3.90× 10−9 163.2 Not reported -
200 101 5.64× 10−9 176.3 160 [132]
250 104 7.14× 10−9 176.5 Not reported -

Table 6.1: Measured pyroelectric properties of LiTaO3 chip at 25◦C and∆T = 1 ◦C.

The phase difference between the temperature and current signals is determined, to establish
which type of current is present. When both pyroelectric and non-pyroelectric currents are
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Figure 6.5: SEM microstructure of 20%PT-PEO composite.

present, the phase angle varies. The fractions of current associatedwith pyro and nonpyro
effects are then calculated using Eq.6.5. For the calculation of the pyroelectric coefficient,
the peak current (Ipeak) is measured and the pyroelectric coefficient is calculated using Eq.
1.3.
Three samples are tested at each frequency. No dependencies of pyroelectric current to
frequency is observed, indicating a pure pyroelectric behavior for LiTaO3. The measured
phase shifts at all frequencies show values close to 90◦, indicating that the AC current has
almost no non-pyroelectric component [132]. The calculated pyroelectric coefficients in the
range of 1 to 250 mHz are in agreement with the reported values from literature (170-190
·10−10µC.m−2.◦C−1) [132,136,137]. Therefore, it can be stated the accuracy of the test unit
is high over the whole frequency range of 1 to 250 mHz.

6.4 Results and discussion

6.4.1 Microstructure of composites

Fig. 6.5 shows an SEM image of a 20% PT-PEO composite. The PT particles are homo-
geneously distributed in the PEO matrix, and do not show signs of agglomeration. The
average particle size matches very well with the result of the particle size analysis.

6.4.2 Dielectric results

The dielectric constants of the PT-PEO composites, poled at 10 kV/mm for 15 min, are
presented in Fig.6.6 for PT volume fractions from 0% to 30%. The analytical model
used to describe the dielectric properties of the 0-3 composites is the model formulated by
Yamada et al. [36], as presented in Chapter 2.
The physical parameters for the constituent phases, adopted in the theoretical calculations
are listed in Table6.2. The good agreement between the measured and theoretical values
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supports the assumed 0-3 connectivity pattern. In the current workn was obtained by the
least square fitting method. The best fit of the experimental data to model predictions for
PT-PEO composites was obtained forn = 5.

Materials ǫ at 1 kHz d33 (pC/N) d31 (pC/N) σ (S/cm) tanδ at 1 kHz

PT 200 [81] 50 [81] -4.2 [81] 10−13 0.02
PEO 8 0 0 5.6× 10−9 0.15

Table 6.2: Properties of ceramic and polymer phases at 25◦C .

Figure 6.6: Measured dielectric constant values for PT-PEO composites poled at 10kV/mm for 15 min with
the associated model.

6.4.3 Piezoelectric analysis

The model formulated by Yamada et al., as discussed in Chapter 2, is also used to analyze
the piezoelectric properties of the current granular composites, [36] as shown in Fig.6.7.
The best fit of the experimental data for PT-PEO composites, poled at 10 kV/mm for 15
min, to the model predictions was obtained assuming a poling ratio,α = 1. Clearly, the
high electrical conductivity of PEO has resulted in a high poling efficiency of the particles
embedded in the polymer matrix. Although most saturated polymers are classifiedas insu-
lators, both low and high molecular weight polyethylene oxide polymers have been reported
to have high conductivities, even when the possibility of ionic transport, resulting from the
presence of impurities, was eliminated. It has been shown by Binks et al. [138], that an
inherent ionic process is operative in PEO polymers, involving in the generation of protons
and their subsequent transport through the ethereal oxygen by localsegmental motion. For
the mechanism to operate, two requirements need to be fulfilled: the presenceof proton-
accepting atoms (in this case oxygen) in the polymer chains; and proximity to the melting
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point to ensure adequate chain-mobility [138,139].

Figure 6.7: d33 values for PT-PEO composites poled at 10 kV/mm for 15 min and fitted model prediction.

Figure 6.8: g33 values for PT-PEO composites poled at 10 kV/mm for 15 min and fitted model prediction.

The piezoelectric voltage coefficient,g33, can be calculated by dividing thed33 of the com-
posite by their respective permittivity. The variation ofg33 of the composites as a function of
PT volume fraction is presented in Fig.6.8. The maximumg33 value obtained for PT-PEO
is 44 mV.m/N at a PT volume fraction of 30%.
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6.4.4 Pyroelectric properties

The pyroelectric coefficients of PT-PEO composites, poled at 10 kV/mm for 15 min, are
presented in Fig.6.9.

Figure 6.9: Pyroelectric coefficient, p, of PT-PEO composites poled at 10 kV/mm for 15 min and the model
predictions.

These composites show superior pyroelectric sensitivity over the whole range of volume
fractions, owing to the higher conductivity of the polymer matrix. Such a result is in agree-
ment with other results reported in literature for carbon-modified PZT-PU [46], PAni coated
PZT-PVDF [45,47] and LiClO4 doped PZT-PU composites [53]. The reason for enhanced
properties is that the dielectric permittivity mismatch decreases when a conducting matrix
is used [45, 53]. Such a matrix creates an electrical flux path between the ceramic parti-
cles [45]. As a result, the local electric field acting on the ceramic particle is enhanced,
making the poling process more efficient [140]. The model proposed by Yamada (Eq.6.13)
is fitted to the experimental data by using the least square method withn andα as the fitting
parameters. Interestingly, the best fit for PT-PEO composites was obtained for n = 5 and
α = 1, which is in excellent agreement with the parameters calculated by fitting the model
to thed33 data. The calculated phase angle between temperature modulation, and the cur-
rent for all of the samples, is listed in Table6.3. The lower phase angle at lower ceramic
volume fractions is indication of a larger contribution of non-pyroelectric current in the total
thermally stimulated current signal.

p =
φαnǫcomppc

nǫcomp+ ǫc − ǫcomp
(6.13)

The pyroelectric figure of merit (FOM) can be calculated by dividing the pyroelectric co-
efficient of the composite by its dielectric permittivity (p/ǫ). As demonstrated in Fig6.10,
with increasing volume fraction of PT an improvement in pyroelectric coefficient is ob-
served. PT-PEO composites show a maximum FOM of 1.6µC.m−2.◦C−1 for 30%PT-PEO
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Material PEO10PT PEO20PT PEO30PT

Phase angle◦ 55 61 63

Table 6.3: Phase angle between temperature and current signals at 5 mHz and 25◦C.

Figure 6.10: Pyroelectric FOM of PT-PEO composites poled at 10 kV/mm for 15 min and the model predic-
tions.

composite, which is more than 10 times higher than that for the reference 30%PT-epoxy
composite. A comparison between the pyroelectric FOM of 30%PT-PEO with that of dif-
ferent classes of materials is presented in Fig.6.11. 30%PT-PEO reaching 25% of the
performance of LiTaO3 single crystals can be manufactured in large area and is flexible.

6.4.5 Poling study

The effect of poling time and temperature on the piezoelectric charge constants of thePT-
PEO composites is shown in Fig.6.12and Fig.6.13.
The electric field was kept constant at 10 kV/mm while investigating the effect of poling
time, and poling time was held constant at 15 min during the electric field magnitude study.
The graphs show, that under an electric field of 10 kV/mm, the values ofd33 significantly
increase within the first 15 min of poling, and saturate thereafter. The factthat thed33

parameter saturates within 15 min indicates that the poling is complete within a very short
time. The effects of electric field magnitude on thed33 is also presented in Fig.6.13. The
d33 values of the composites enhance with increasing the electric field up to 10 kV/mm,
and levels off afterward. This is also a clear indication of complete poling at 10 kV/mm.
During the poling process, the mobility of charges in the polymer matrix is a key parameter
in defining the final poling efficiency. The effective charge relaxation time is defined as:

τ =
3φǫm+ (1− φ)(ǫc + 2ǫm)

3φσm+ (1− φ)(σc + 2σm)
(6.14)
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Figure 6.11: Pyroelectric FOM of different classes of materials.

Figure 6.12: Variation ofd33 with poling time in the poling study of the PT-PEO composites.

whereσ is electrical conductivity, and subscriptsc andm denote ceramic and polymer ma-
trix, respectively.φ andǫ are volume fraction and dielectric permittivity of the constituents,
respectively. It has been shown, that if the poling time is substantially longerthan the charge
relaxation time, the ceramic phase will be fully polarized [41,42]. The effect of permittivity
and electrical conductivity of the matrix on the relaxation time is shown in Fig.6.14.

As the permittivity of PT is much higher than that of the polymer matrix,τ, is mainly gov-
erned by the electrical conductivity of the matrix. The higher conductivity of the polymer
matrix in ferroelectric composites shortens the time required for the electric fieldacting on
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Figure 6.13: Variation ofd33 with the electric field in the poling study of the PT-PEO composites.

Figure 6.14: Variation of charge relaxation time withσm andǫm for 30% PT-PEO.

the ceramic inclusion to reach saturation, thereby making the poling of the ceramic phase
more efficient [49, 122]. Whenσp is increased from 10−15 S/cm of epoxy to 5.6 × 10−9

S/cm of PEO the charge relaxation time decreases to less than a second, resulting in a faster
poling process. Moreover, as stated by several researchers, the increase of the electrical
conductivity and dielectric permittivity of the polymer matrix in the composite can enhance
its piezo- and pyroelectric activities, due to an increase in the local electric field, sensed
by the ceramic particles [42,45,140]. When the DC poling voltage is applied for a period
longer than the relaxation time, the voltage applied on the particles depends on the electrical
conductivity ratio of polymer with respect to ceramic phase, as shown in Fig6.15[50,122].
The effective electric field on the ceramic particles in a polymer matrix can be calculated



88 Chapter 6. Structure and properties of PT-polyethylene oxide composites

using:

Ee f f ective=
3σmEapplied

(1− φ)σc + (2+ φ)σm
(6.15)

whereEapplied is the applied poling electric field, andEe f f ectiveis the electric field experi-
enced by the ceramic phase. The effective electric field on PT particles in a PEO matrix is
more than 20 times higher than the field experienced by the particles in an epoxymatrix,
with electrical conductivity of 10−15 S/cm. Therefore, PT-PEO composites can be efficiently
poled at lower electric fields and within a shorter time and under lower temperatures than
similar composites with a non-conductive polymer matrix.

Figure 6.15: Variation of effective electric field withσm.

6.5 Conclusions

The accurate determination of the pyroelectric coefficient of materials by applying a simple
digital signal processing method on the discrete sampled data obtained in temperature oscil-
lation technique has been presented. Using the proposed approach, theFFT analysis can be
performed to combine residual noise filtration and phase shift analysis between temperature
modulation and current. The phase shift is accurately corrected, basedon the instrument and
heat transfer delays of the test unit. The method has been proven to be suitable for testing
pyroelectric materials in the ultra low frequency spectrum of 1 to 250 mHz, without using
costly lock-in amplifiers. Moreover, the importance of electrical conductivity of the poly-
mer matrix, and its effect on dielectric, piezoelectric and pyroelectric properties of granular
ferroelectric composites, has been demonstrated. PT-PEO composites were fabricated and
their properties were evaluated and compared with the predictions of the analytical models.
Substantial improvement in the pyroelectric activity resulting from the high electrical con-
ductivity of PEO is observed for composites of 10%, 20% and 30% PT-PEO, compared to
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composites with a matrix of lower electrical conductivity. 30%PT-PEO compositeshows a
pyroelectric figure of merit of 1.6µC.m−2.◦C−1, which is comparable to that of monolithic
PT ceramics. Efficient poling of the composites is possible at room temperature, with short
poling times and under relatively low electric fields.
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Chapter 7
Enhancing the sensitivity of
PZT-polyurethane composites by
reducing the
dielectric permittivity of the matrix

7.1 Introduction

Several types of polymeric materials can be foamed to low densities for applications that
require properties such as weight-reduction, insulation, buoyancy, energy dissipation, mass
transport as well as convenience and comfort [58]. More recent advances include polymeric
foam scaffolds for tissue engineering [59], shape memory polymer foams for biomedical
and aerospace applications [60–63], membranes for gas separation or filtration [64, 65],
polymeric electrolytes in lithium-ion batteries [66,67] and hydrogen storage [68,69].

Recent developments in the field of electronics have encouraged fabrication of ultra low
permittivity dielectrics for the next generations of microchips. They requireinterlayer of di-
electrics with dielectric constants below 2.2. Therefore, a new concept has been developed,
based on porous structures, achieved mainly by thermal decomposition of ablock copoly-
mer composed of a thermally stable block and a thermally unstable one [70]. These porous
materials show a clear relation between decreasing permittivity and increasingporosity.
The macroscopic behavior of such polymer foams is determined by a combination of the
intrinsic constitutive behavior of the polymeric material, and the microstructure.There are
numerous models in literature that relate material properties of the polymer foamto the
intrinsic properties of the constituent phases. A simple simulation based on the mixed con-
nectivity model, as presented in Chapter 2, in a serial and a parallel arrangement, can be
used to estimate the dielectric properties of the polymer foam. A two-phase dielectric mate-
rial, consisting of spherical gaseous inclusions in a polymer matrix, is assumed. In the serial

91
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mode (0-3), the porosities are homogeneously distributed in the polymer matrix.In the par-
allel mode (1-3), the microstructure can be considered as the columns of porosity, elongated
in the thickness direction. With increasing the gaseous content, the dielectric constant of
the polymer foam decreases linearly. However, in a system of homogeneously distributed
air inclusions in the polymer matrix, the dielectric constant of the polymer foam decreases
exponentially with increasing gaseous content [58, 71]. Therefore, a polymer foam con-
sisting of randomly distributed closed cells, has an effectively reduced dielectric constant
compared to the bulk polymer.
As far as piezoelectric properties of the ceramic-polymer composite sensors are concerned,
optimization of the dielectric properties of the polymer matrix plays an important rolein
controlling the output voltage of the di-phase composites [57]. The piezoelectric voltage
coefficient,g33, is calculated by dividing thed33 of the composites by their relative permit-
tivity. Therefore, the piezoelectric performance of the di-phase systemscan be enhanced
by adding a gaseous phase to the polymer matrix, in form of a homogeneouslydistributed
porosity (0-3 connectivity) to decrease the dielectric constant, whiled33 is kept unchanged.
Since DEP alignment of piezo particles improves the piezoelectric charge constant of the
composites, while foaming significantly decreases the permittivity of the composites, a
combination of both will result in enhanced elecetromechanical behavior. The behavior
of a tri-phase piezoelectric composite materials is controlled by geometrical, topological,
elastic, dielectric, and piezoelectric parameters. In this chapter, the influence of topological
parameters on the properties of the polyurethane (PU) foam is mapped in detail. Tri-phase
composites of PZT-porous PU are manufactured and their functional properties are investi-
gated.

7.2 Experimental procedure

7.2.1 Composite manufacturing

Lead zirconate titanate ceramic powder (PZT5A4), provided by Morgan Electro Ceramics,
was calcined at 1150◦C 1 h in a closed zirconia crucible according to the optimized scheme
reported by Van den Ende [11]. After calcination, the powder was dry ball milled for 2 h in
a Gladstone-Engineering G90 jar mill. Subsequently, the particles were sieved for 20 min,
using a Haver & Boecker EML Digital Plus test sieve shaker with stacked sieves with mesh
sizes of 125µm and 63µm. The powder was dried for at least 2 h to prevent agglomerations
due to moisture, as well as chemical interaction between the polymer and moisturefrom the
particles. The particle size distribution of milled powder in an aqueous solution with 10%
isopropyl alcohol, measured by a Beckman Coulter LS230 laser diffraction analyzer, was
found to bed(10)= 0.8 µm, d(50)= 1.8 µm, andd(90)= 6 µm.
A two component urethane rubber, Smooth-on-Econ 80 Polyurethane, isused to serve as
the polymer phase in the composites studied in this chapter. This polymer is composed of
di-isocyanate (component A) resin and polyol (component B) was used(see Fig.7.1). Gas
formation is observed upon addition of water to the uncured polymer, due to achemical
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reaction between the di-isocyanates component and water, which leads to the formation of
poly(urea-urethane), and the release of CO2 (Fig. 7.2).

Figure 7.1: Chemical reaction of di-isocyanates with polyols.

Figure 7.2: Chemical reaction of di-isocyanates with water and the release of CO2.

To study the effect of demineralised water (D-water) on gas formation in PU, component A
was magnetically stirred at 600 RPM for 6-7 min at room temperature. In the meantime,
component B and a varying amount of D-water , from 0 to 0.5%, was mixed using a Speed-
mixer DAC 150.1 FVZ at 3500 RPM for 5 min. Subsequently, component A, B and D-water
were magnetically stirred at 600 RPM, until viscosity increased enough to stop the magnet
from rotating (see Fig.7.3). A tape-cast-film was made on an Aluminum substrate, using
a doctor blade that was set at 1 mm. The amount of D-water that was added to10 mL PU
is in theµL range. Influences from moisture in the air can thus be significant, which iswhy
the samples were covered and if possible produced on the same day. The microstructures of
the samples are discussed later in Fig.7.5.

Figure 7.3: PU foam production route. SM stands for speed mixed and MS stands formagnetically stirred.

Thermogravimetric Analysis (TGA) of the polymer is performed using Perkin Elmer Pyris
Diamond at 20◦C/min under a nitrogen atmosphere. The results show that, at 200◦C, less
than 2wt% loss is registered. Subsequently, Differential Scanning Calorimetry (DSC) was
performed, at a heating rate of 20◦C/min under a nitrogen atmosphere, using the Perkin
Elmer Sapphire to find the glass transition temperature,Tg, of -7.6◦C. TheTg of the polymer
does not appear to be significantly affected by post curing at 100◦C.
The production route, that was used for the production of the D-water range of 0 to 0.5%,
as explained before (see Fig.7.3), was also used for the production of the first batch of
random (0-3) tri-phase composites. However, for the 20 vol% PZT, the initial viscosity of
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the system due to the presence of the PZT was too high to allow for magnetic stirring. The
production route was adapted accordingly, and is shown in Fig.7.4.

Figure 7.4: PZT-porous PU composite production route.

In the new production route, the magnetic stirring step is eliminated. Foams were able to
form nonetheless. To check the necessity of the magnetic stirring in the D-water sample
production, a PU cast was made where PU component A, component B andthe D-water
were mixed all at once for 60 seconds at 3500 RPM. The result was a cast with large (>1
mm) through-thickness voids and some smaller voids of approximately 100µm, distributed
throughout the cast. This rules out self-nucleation as a possible reasonfor the foaming of
non-mechanically stirred PZT-PU foam samples, and proves that micro-voids are essential
in order to obtain a desirable foam micro-structure. It also proves, that PZT particles are
able to function as void nucleation sites, thereby replacing the functionality ofmicro-voids
which are introduced by magnetic stirring.
To prepare the composites, the PZT particles were dispersed in the mixture ofpolymer resin
and demineralized-water (D-water) to the specific volume fractions of 0%, 20%, 30% and
40% and mixed at 3500 RPM for 1 min. 0-3 samples were produced by castingthe slurry
on an Aluminum substrate using a doctor blade at the thickness of 1 mm. The surface of the
film was exposed to air. Quasi 1-3 samples were produced in a closed mold format using
a Teflon mold of 1 mm thick. The details of the mold layout are presented in Chapter 2.
For random and structured samples, the optimum volume fraction of D-water,resulting in
maximum reduction of dielectric constant of the polymer matrix is found to be 0.4 vol%
and 0.2 vol%, respectively. This optimization will be discussed in detail in the following
section. The closed mold used in preparation of DEP structured samples restricts the water
evaporation from the mixture, therefore, a lower water content of 0.2 vol%results in similar
gas content of 60 vol% similarly as in random composites prepared by casting. The dielec-
trophoretic structuring is performed on uncured composites by applying anelectric field of
3 kV/mm at 3 kHz for 1.5 h, using a function generator (Agilent, 33210A) coupled to a
high voltage amplifier (Radiant Technologies Inc., T6000HVA-2), until thepolymer matrix
is fully cured. After curing, flexible films of 1 mm thickness were obtained. The samples
were then poled for 2 h, using a Heinzinger 30000-5 30kV DC amplifier, a Haake N3 digital
circulating hot oil bath filled with silicone oil and a custom made sample holder at 100 ◦C,
5 kV/mm.

7.2.2 Measurement procedure

Circular discs of 16 mm were produced, and electrodes were made by sputtering of Gold for
20 min on both sides using a Quorum Q300T D sputter coater. Subsequently, all samples
were punched using a 16 mm punch, thereby removing the material at the edges to prevent
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leakage current. The dielectric constant of the composites was determined using an Agilent
4263B & 16034E - Inductance Capacitance Resistance Meter (LCR) by the parallel plate
capacitor method at 1 V and 1 kHz. Thed33 of the poled samples were determined using the
Piezotest PiezoMeter System PM300 - Berlincourtd33 meter, under a 10 N static force and
a 0.25 N dynamic force at a frequency of 110 Hz. At least three samples of each composite
were tested. For microstructural analysis, the samples were sectioned using scissors along
the thickness, and the cross sections were observed using a field emission-scanning electron
microscope (FE-SEM) (JEOL, JSM-7500F).

7.3 Results and discussion

7.3.1 Microstructure analysis

Microstructures of porous PU-polymer

The effect of D-water content, ranging from 0 to 0.5%, on the microstructures of PU, pre-
pared by the process shown in Fig.7.3, is investigated. The microstructures are shown in
Fig. 7.5. The increase of the gaseous volume fraction and sample thickness with increasing
water content is clearly visible.

Figure 7.5: SEM microstructures of neat PU samples containing different volume fractions of D-water, ranging
from 0.0% to 0.5% prepared by the route shown in Fig.7.3. MS stands for magnetically stirred.

The SEM images are processed using the Image Processing Toolbox of MATLAB, in order
to quantify the gaseous volume fraction, pore size and morphology. The images are bina-
rized, and the area fraction of the gaseous phase, as an indication of thevolume fraction of
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this phase, is subsequently calculated. An example is provided in Fig.7.6, where a 0.4%
D-water sample is processed.

Figure 7.6: Example of image processing of a microstructure of PU Foam with 0.4% D-water analyzed to
calculate gas volume fraction.

The results of image processing are used to plot the variation of gas content present in
the PU polymer, as a function of volume fraction of D-water in the polymer as shown in
Fig. 7.7. A linear correlation is observed between the gas content and the corresponding
water content. Increasing the D-water content results in increasing the gas production in the
polymer, which is entrapped in a form of a mostly closed cell structure.

Figure 7.7: Variation of air content present in neat PU, prepared by the route shown in Fig. 7.3, as a function
of D-water content.

The pore size distribution, quantified in the form of a maximum, minimum and average pore
diameter, is shown in Fig.7.8. The diameter is an equivalent circular diameter, calculated by
conversion of the pore area to the diameter of a circular pore. The minimum diameter does
not show significant changes with increasing the water content. However, the average and
maximum diameters increase with rising the D-water content. The 0.5% D-water sample
shows the highest average diameter of 260µm.
The volume fraction of the open cells, observed on the porous-PU microstructures, is calcu-
lated using the area fraction of the open cells with respect to the total area ofthe cells. The
results at different D-water contents are shown in Fig.7.9. Increasing the water content,
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Figure 7.8: Variation of pore size present in neat PU, prepared by the route shownin Fig. 7.3, as a function of
D-water content.

thus increasing the gas volume fraction, leads to cell walls merging that resultsin a higher
content of open cells.

Figure 7.9: Open pore content in neat PU, prepared by the process shown in Fig.7.3, as a function of D-water
content.

The pore shape is quantified using the aspect ratio, AR, as a measure of elongation, cal-
culated by dividing the maximum to minimum calipers. AR approaches infinity for a long
object, while a more isotropic object has AR of 1. As shown in Fig.7.10, the pore AR at
different D-water content is very close to 1, which signifies that the pores resemble almost
perfect spheres.
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Figure 7.10: Average aspect ratio of pores present in neat PU, prepared by the process shown in Fig.7.3, as a
function of D-water content.

Microstructures of PZT-porous polymer composites

The microstructures of random PZT-porous PU composites, containing a range of PZT vol-
ume contents from 0 to 40%, are shown in Fig.7.11. Samples show a uniform distribution
of ceramic particles. Agglomerations are only observed at 40 vol% PZT. Pore free layers of
about 300µm and 100µm are observed adjacent to the substrate on the 10% PZT-porous
PU and 20% PZT-porous PU microstructures, respectively. The presence of this layer can
be attributed to ceramic sedimentation, as well as lower viscosity of the low PZT content
samples compared to the magnetically stirred mixtures, as shown in Fig.7.5, which is more
likely to keep the gas pores entrapped until the polymer matrix is cured. Increasing the PZT
volume fraction results in a higher content of interface porosity.
The microstructures of dielectrophoretically (DEP) structured PZT-porous PU foam com-
posites, containing a range of PZT volume content from 0 to 40%, are shown in Fig. 7.12.
The pores show a uniform distribution through the thickness, likely to be affected by the
application of the AC electric field during DEP. The chain formation is clearly visible in
the cell walls, especially at lower PZT content. The structured 40% PZT-porous PU sample
shows a very rough surface, containing a very high degree of interface porosity.
The variation of gas content, present in the random and structured PZT-porous PU compos-
ites is shown in Fig.7.13. Addition of 0.4% D-water in the random composites of 0, 10%
and 20% PZT in PU has successfully resulted in roughly 60 vol% of gas in these samples.
In structured composites of 0, 10% and 20% PZT in PU, prepared in a closed mold, addi-
tion of 0.2% D-water has resulted in almost 60 vol% of gaseous phase. The structured 30%
PZT and 40% PZT-porous PU samples show very rough cross sections with a high degree
of interface porosity which makes the microstructural analysis less accurate. It is presumed
that this is the reason for the gas volume content of these two samples, shownin Fig 7.13,
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Figure 7.11: SEM micrographs of the 0-3 tri-phase sample range prepared using 0.4 vol% D-water.

to deviate from the expected trend.

The average pore diameters, quantified for random and structured PZT-porous PU compos-
ites, are presented in Fig.7.14. The average pore size in structured composites varies from
250µm to 100µm with increasing the PZT content from 0% to 40%, respectively. Increas-
ing the PZT volume fraction results in higher viscosity of the composites, which restricts
the pore growth. The same trend is observed in random composites, containing PZT ranging
from 20% to 40%. However, the random 10% PZT-porous PU sample shows an extremely
large average pore diameter of 400µm. The reason can be attributed to the low viscosity
of this sample which accommodates the voids on the bottom of the film to merge until they
form large pores, while the smaller voids closer to the top escape the film.

The aspect ratios of the pores in the random and structured PZT-porous PU composites
are shown in Fig.7.15. The random composites of varying PZT content show consistent
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Figure 7.12: SEM micrographs of the 1-3 tri-phase DEP sample range prepared using 0.2 vol% D-water.

AR, close to 1, which indicates spherical voids as shown in Fig.7.11. However, the DEP
structured composites show elongated pores in the field direction, as presented in Fig.7.12.
A maximum AR of 1.7 is observed for the structured 30% PZT-porous PU composite.

The open pore content as a function of PZT content is shown in Fig.7.16for random and
structured composites of PZT-porous PU. Increasing the PZT volume content from 0 to 40%
results in a small increase of open pore content, in both random and structured composites.
A maximum pore volume fraction of 0.3 is observed for the 40% PZT-porous PU sample.
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Figure 7.13: Variation of gaseous volume content in PZT-porous PU random and structured composites as a
function of PZT content.

Figure 7.14: Variation of pore size in PZT-porous PU random and structured composites as a function of PZT
content.

7.3.2 Properties of composites

The effect of gaseous volume fraction on the dielectric constant (ǫ33) of the PZT-PU tri-
phase composites at 1 kHz is shown in Fig.7.17. The dielectric constant decreases no-
ticeably with increasing porosity, as the increasing amount of air ultimately leadsto a per-
mittivity of one. The presence of 56 vol% gas results in a 62% reduction in the dielectric
constant from 11.1 to 4.2.
Considering the polymer foam a di-phase composite, consisting of a gaseous phase in a
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Figure 7.15: Average aspect ratio of pores present in PZT-porous PU random and structured composites as a
function of PZT content.

Figure 7.16: Open pore content in in PZT-porous PU random and structured composites as a function of PZT
content.

polymer matrix, the properties of the foam can be simulated using Yamada’s model (Eq.
2.2). The dielectric constant of the neat PU polymer is measured to be 11.1 at 1 kHz. To fit
the experimental data to the model ann value of 3 is used, which corresponds to aspect ratios
of 1, which is an indication of spherical gas inclusions. This is in agreementwith the AR of
the porosities presented in Fig.7.10, that can also be seen from the SEM microstructures,
shown in Fig.7.5. The lower and upper bounds of the dielectric constant can be simulated
using serial and parallel arrangements, based on the mixed connectivity model [12]. In
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Figure 7.17: Variation of dielectric properties of neat PU foams at 1 kHz with the containing gas volume
fraction.

Figure 7.18: Variation of dielectric loss of neat PU foams at 1 kHz with the containing gas volume fraction.

the serial mode (0-3), the porosities are homogeneously distributed in the polymer matrix.
However, in the parallel mode (1-3), the microstructure can be considered as columns of
porosity, elongated in the thickness direction. The dielectric constant, as a function of the
gas content at low gas volume fractions, shows a good agreement to the predictions of the
serial model.

The effect of gaseous volume fraction on the dielectric loss, tanδ, of the PZT-PU tri-phase
composites at 1 kHz, is shown in Fig.7.18. tanδ is taken as measure of dielectric loss and is
knownas loss tangent. In a perfect insulator, there is no consumption of energy, and electric
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current leads the applied voltage by 90◦. However, for commercial dielectrics, this phase
angle is less than 90◦ by an angleδ, which is called dielectric loss angle. As shown in Fig.
7.18tanδ seems to slightly decrease with increasing the gaseous volume fraction which is
in agreement with the documented behavior of polymer foams [70,141].

Figure 7.19: Measured dielectric constant values at 1 kHz for structured and random composites with their
associated models. Dashed lines indicate the model predictions for PZT-porous PU composites, and the solid
lines show properties of PZT-bulk PU composites.

The dielectric properties of the tri-phase composites, containing PZT powder ranging from
0 vol% to 40 vol% in PU polymer foam matrix, are shown in Fig.7.19. The dielectric
constant of the polymer foam, used as an input for modeling the properties of the tri-phase
composites, is experimentally determined as 4.7 for a PU sample containing approximately
60 vol% of gaseous phase. The properties of the random and structured composites are
fitted to the models proposed by Yamada (Eq.2.2) and Bowen (Eq.2.3), respectively.
The best fit of the experimental data to Yamada’s model, for the random composites, was
obtained forn = 3.6, which indicates spherical particles. The best fit of the experimental
data to Bowens’s model, for the structured composites, was obtained forR values of 15.
The predictions of the associated models for di-phase composite system, consisting of PZT
particles and PU polymer, are also presented for comparison. Both random and structured
di-phase PZT-bulk PU composites show higher dielectric constant than the tri-phase foam
based composites. For the whole PZT range, the improvement in dielectric constant of
the tri-phase composites is in accordance with the change in the permittivity of thepolymer
phase upon addition of the gaseous phase. The gas volume content of random and structured
composites (Fig.7.11and Fig.7.12) are shown in Fig.7.13.
The influence of DEP structuring on piezoelectric charge constant,d33, of the tri-phase
composites is shown in Fig.7.21. The Young’s modulus of the porous-PU, as an input for
the Van den Ende model, is calculated using the mixed connectivity model, for a perfect 0-3
composite in the serial mode, as shown in Fig.7.20. The stiffness of a di-phase material in
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a serial arrangement follows a rule of mixtures:

C33 = Q1 ·C331 + Q2 ·C332 (7.1)

whereC33 is the stiffness in the thickness direction,Q is the volume content of the con-
stituent phases, and subscripts 1 and 2 denote the phases, respectively. The input stiffness
values for thed33 simulations was chosen based on the gas content of the composite. The
neat PU has a modulus of 4.6 MPa, which decreases significantly with increasing the gas
content.

Figure 7.20: Variation of stiffness of the porous PU material with the gaseous volume content.

The measuredd33 values of structured and random composites are compared with their
associated models (Eq.2.4and Eq.2.5). However, the change in the stiffness of the polymer
matrix does not seem to affect thed33 of the PZT-PU composites (see Fig.7.21), as both di-
phase and tri-phase composites show similar behaviors. The best fit of theexperimentald33

data of the random composites to Yamada’s model was obtained forn = 3.6 andα = 1. This
is a clear indication of efficient poling. The best fit of the experimental data to Bowens’s
model for the structured composites was obtained forR values of 10. The maximumd33

value of 25 pC/N is obtained for 40% PZT-PU tri-phase composite, which is twice that
of the d33 value of 40% PZT-epoxy composite [11]. Moreover, adding the gaseous phase
results in a decrease in the stiffness of the polymer matrix, which consequently leads to
higherd33 values compared to a stiffer polymer matrix [57]. A matrix stiffness assures a
minimal absorption of mechanical energy by the matrix upon loading. This results in higher
effective strains in the piezoelectric composite material.
The piezoelectric voltage coefficient,g33, calculated by dividing thed33 of the composites
by their relative permittivity, is plotted as a function of the PZT volume fraction in Fig.
7.22. The maximum value obtained for the random composites is 94 mV.m/N, at a PZT
volume fraction of 40%, while for the structured porous composite, a value of 166 mV.m/N
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Figure 7.21: d33 values for structured and random composites with their associated models. Dashed lines
indicating the predictions for PZT-porous PU composites coincide with the solid lines showing properties of
PZT-bulk PU composites.

Figure 7.22: g33 values for structured and random composites with their associated models. Dashed lines
indicate the model predictions for PZT-porous PU composites, and the solid lines show properties of PZT-bulk
PU composites.

is obtained at a PZT volume fraction of 10%. The predictions of the models for the random
and structured bulk di-phase systems are also shown. At 10 vol%, the maximum g33 of
a structured bulk di-phase composite is approximately 80 mV.m/N. Therefore, a factor of
two improvement ing33 is obtained in 10% PZT-porous PU composites by decreasing the
dielectric constant of the polymer phase when adding a gaseous content of 60 vol%. The
maximumg33 reported for structured bulk di-phase particulate composites ranges between
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70-90 mV.m/N [11,32]. Addition of the third gaseous phase significantly improves theg33

performance of the particulate composites.

7.4 Conclusions

The addition of a gaseous phase in the form of spherical well-distributed inclusions effec-
tively reduces the dielectric permittivity of PU polymer, which improves the piezoelectric
voltage coefficient of the PZT-PU-gas tri-phase composites significantly. The unique combi-
nation of dielectrophoretic structuring of PZT particles and the addition of a gaseous phase
to the polymer resin results in the best performance of the particulate compositesensors
reported in the literature so far. Theg33 values of the newly developed triphase composites
exceed those of the structured di-phase PZT-bulk PU composites (80 mV.m/N), as well as
those of the structured PZT-epoxy composites (72-78 mV.m/N) by a factor of two, and more
than five times theg33 of the bulk PZT ceramics (24-28 mV.m/N).
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Chapter 8
High temperature PT-polyetherimide
composites

8.1 Introduction

High temperature piezoelectric materials for application in automotive, aerospace and en-
ergy production have been a growing area of research [72]. In automotive electronics, re-
peated thermal cycles of up to 150◦C are currently the norm, with temperatures as high
as 500◦C being expected for the near future. In aerospace industry, structural health mon-
itoring of the engines requires sensors to be as close as possible to the engine, leading to
exposure to high temperatures. Moreover, exploration of new sourcesfor clean energy,
such as nuclear and wind power, as well as geothermal and electrical energy, has signifi-
cantly motivated the development of high temperature electronic materials. High temper-
ature sensors for structure health monitoring can ensure enhanced lifetimeand reliability,
less maintenance and downtime, and can thus reduce the overall cost of renewable energy
sources [73,74]. Piezoelectric materials can also be used for mechanical energy harvesting
converting the vibrations, present in the environment, into electrical energy. An example
of energy harvesting under extreme conditions is in oil producing wells, where the ambient
pressures may reach to 200 MPa, and the temperature reaches 200◦C. In this case local
power production is crucial, since transmitting power from the surface is complicated, due
to the difficulty of making reliable electrical connections in harsh environments [142].
The use of conventional piezocomposites in high temperature applications has been lim-
ited, due to the reduced sensing capability of the piezoceramic at elevated temperatures,
increased conductivity and mechanical attenuation, as well as variation ofthe piezoelectric
properties of the ceramic phase with temperature. Most importantly, the low glass transi-
tion temperature and high thermal expansion of the polymer matrix limit the operational
temperature range of a piezocomposites. HighTc piezo-ceramics can be embedded in high
temperature polymers to overcome this problem. In practice, the operating temperature
must be substantially below the Curie temperature of the piezoceramic phase, inorder to

109
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minimize thermal aging and property degradation.
High performance amorphous polyimides are interesting candidates for the applications
mentioned above [75,76,78–80]. Growing interest for viable, multifunctional and lightweight
materials for demanding space applications has lead into developing new series of such
polymers [75–77] with superior mechanical and chemical properties. Some of the poly-
mer systems in this family have been reported to show insignificant piezoelectricproper-
ties [75,78]. One of the most widely reported piezo polyimide polymers is a polyimide, con-
taining a single nitrile group, (b-CN)APB/ODPA. As opposed to the well-known semicrys-
talline PVDF polymer family, the high temperature performance of this polyimide allows
these films to retain 50% of the room temperature remnant polarization at temperatures up
to 150◦C [78]. However, the remnant polarization of this system is very low, 14 mC/m2,
when poled at 100 kV/mm, for 1 h aboveTg. Therefore, the piezoelectric charge coefficient
of this polyimide is much lower than that of PVDF [75,78]. Limited chain mobility in the
imidized film restricts the preferential alignment of the dipoles upon application of an elec-
tric field. To solve this problem, new polymers have been synthesized, with different types
and concentrations of the polar groups [79]. Despite the interesting research outcomes,
the polyimide systems exhibit very low piezoelectric responses that are not high enough to
attract commercial interest [75,76,79,143].
To overcome these limitations, and to achieve adequate combinations of mechanical, ther-
mal, dielectric and electroactive properties, researchers have embedded ferroelectric ce-
ramic particles within polyimide polymers. Structuring the ceramic particles into a chain
form configuration, by means of dielectrophoresis (DEP), has been shown to improve the
dielectric, piezoelectric, and pyroelectric properties of such piezoceramic-polymer compos-
ites over those of random composites [31–33]. In this work, processing of high temperature
lead titanate-polyimide composites is presented. Among various kinds of commercially
available ferroelectric ceramics for sensing applications, lead titanate (PT)is a good high
temperature piezoelectric material with a very high Curie temperature of 490◦C, exhibiting
a large spontaneous polarization and a small relative dielectric constant [23, 144]. There-
fore, it serves as a viable candidate for integration with high temperature polyimide films.
In this chapter the manufacturing procedure of PT-ODPA/ODA composites is discussed,
and the microstructures, as well as functional properties of the compositesare assessed.

8.2 Experimental procedure

8.2.1 Composite manufacturing

The polyimide studied, ODA/ODPA, was prepared using a standard 2-step synthesis method
via a polyamic-acid solution in N-Methyl-2-pyrrolidone (NMP). The scheme isshown in
Fig. 8.1. The thermal properties of the films were determined by Thermogravimetric Analy-
sis (TGA), using a Perkin Elmer Pyris Diamond, as well as Differential Scanning Calorime-
try (DSC), using a Perkin Elmer Sapphire DSC. Samples were heated at a rate of 20◦C/min
under a nitrogen atmosphere to 550◦C. Dynamic Mechanical Thermal Analysis (DMTA)
was performed in the tensile mode, at a frequency of 1 Hz and a heating rateof 2.0◦C/min,
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using films of approximate dimensions of 20× 3 × 0.005 mm.

Figure 8.1: Scheme of (b-CN)APB/ODPA polymerization.

Lead titanate (PT) powder, purchased from Sigma Aldrich, was calcined at 800 ◦C for 2
h to develop single phase PbTiO3. The agglomerated powder was then dry-milled, using
5-mm zirconium balls for 2 h in a single G90 jar mill. The particle size distribution of
milled powder in an aqueous solution with 10% isopropyl alcohol, measured bya Beckman
Coulter LS230 laser diffraction analyzer was found to bed(50) = 3 µm. The powder was
stored in a vacuum drying oven at 120◦C for 24 h prior to the experiment to avoid moisture
absorption. The dried PT powder is predispered in NMP, stirred for 1 h,and added to the
polyamic acid. The mixture was cast on an Aluminum foil using a doctor blade, with an
initial film thickness of 600µm. Structuring of the particles in the polyamicacid polymer
was realized by a dielectrophoresis process, in which an electric field of 2kV/mm and a
frequency of 2 kHz was applied to the composite medium of particles dispersed in PAA,
using a function generator (Agilent, 33210A) coupled to a high voltage amplifier (Radiant
Technologies Inc., T6000HVA-2) at room temperature (RT) for 1 h in anArgon purged
oven. Once the structuring of the particles was realized, the film was dried at 60 ◦C for
1.5 h under the same atmosphere and electric field. The randomly dispersed samples were
obtained by the process described above, only without applying an electric field by oven
curing at 60◦C for 1.5 h, using inert Argon gas as the surrounding medium. The free
standing films were then removed and cut to discs of 7 mm diameter. Au electrodes were
sputtered on the samples, and they were poled at 150◦C for 30 min with an electric field of
20 kV/mm. The poled films were then imidized in a vacuum oven at 200◦C and 300◦C,
each for 1 h. The resulting films have a fully imidized chemical structure as shown in Fig.
8.2.
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Figure 8.2: Chemical structure of fully imidized 20% PT-ODPA/ODA composite.

8.2.2 Measurement procedure

A Novocontrol Broadband Dielectric Spectroscopy (BDS) is is used in conjunction with a
Cryostat high temperature sample cell and and an Aginlent E4991A impedance analyzer at
1 V and 1 kHz to measure the dielectric properties as well as electrical conductivity of the
polymer films. The dielectric constant of the composites was determined using theparallel
plate capacitor method with an Agilent 4263B LCR meter at 1 V and 1 kHz. The piezo-
electric coefficient,d33, measurements were done with a high precision PM300 Piezometer,
Piezosystems, at 110 Hz and under a static and dynamic force of 10 N and 0.25 N, re-
spectively. Before performing thed33 measurements, the samples were grounded with their
electrodes shorted at 100◦C for 24 h to remove any remaining space charges. To test the
d33 of the composites at elevated temperatures, a modified sample holder was manufac-
tured and connected to the CF technologies PM3001d33 meter, as shown in Fig.8.3. The
sample was placed on a Copper electrode and heated uniformly using two integrated pro-
grammable heaters. The fixture was thermally insulated using Kapton foils, andthe set-up
was calibrated using reference PZT ceramics with known properties. It has to be noted that
the maximum test temperature is above the advised operating temperature of the set-up.
The pyroelectric properties were determined at 25◦C at 5 mHz, using the AC method as
described in Chapter 6.

Figure 8.3: The sample holder used in conjunction with PM3001d33 meter ford33 measurements at elevated
temperatures. Figure on the right shows a sample being tested.
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8.3 Results and discussion

8.3.1 Microstructure analysis

The effect of DEP structuring on the SEM microstructures of the 20% PT-ODPA/ODA
composite samples is shown in Fig.8.4. A clear difference can be observed between random
and structured composites. It can be seen that during dielectrophoresis, ceramic particles
form chain like structures along the electric field direction. The degree of alignment which
affects the final dielectric and electroactive properties of the composites depends on the
force acting on the particles, as a consequence of the imposed electric field.

(a) 0-3 (random) (b) Quasi 1-3 (dielectrophoretically
structured)

Figure 8.4: SEM microstructures of fully imidized 20% PT-ODPA/ODA.

8.3.2 Thermo-mechanical analysis

The TGA result of fully imidized ODPA/ODA is shown in Fig.8.5a. A 2% weight loss is
observed at 520◦C. The DMTA results, presented in Fig.8.5-b, show a storage modulus of
4.0 GPa, at room temperature for neat ODPA/ODA and ODPA/ODA with 20 vol% PT. The
Tg remains unchanged at 265◦C.

8.3.3 Dielectric, piezoelectric and pyroelectric analysis

The dielectric and resistivity of fully imidized, as well as partially imidized ODPA/ODA
are shown in the frequency range of 100 Hz to 1 MHz in Fig.8.6. The glass transition of
imidized ODPA/ODA can be observed in the real permittivity spectrum, as the temperatures
exceeds 260◦C. At temperatures belowTg the polymer shows a stable dielectric behavior.
However, the partially imidized ODPA/ODA film shows a frequency dependent dielectric
constant, and is more conductive than the fully imidized ODPA/ODA as also reported in
literature [145].
The resistivity plots show that the electrical conductivity of partially imidized ODPA/ODA
at 100◦C is more than two orders of magnitude higher than that of fully imidized ODPA/ODA
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(a) TGA spectrum of fully imidized ODPA/ODA. (b) DMTA results of ODPA/ODA and 20% PT-
ODPA/ODA.

Figure 8.5: Thermo-mechanical properties of fully imidized PT-ODPA/ODA.

(a) Real permittivity of fully imidized ODPA/ODA. (b) Real permittivity of partially imidized
ODPA/ODA.

(c) Resistivity of fully imidized ODPA/ODA. (d) Resistivity of partially imidized ODPA/ODA.

Figure 8.6: Dielectric and electrical resistivity properties of fully and partially imidized ODPA/ODA.
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at this temperature. This is in agreement with the results of Park et al., who investigated
the effect of processing parameters such as curing conditions on (b-CN)APB/ODPA sys-
tems [75]. It has been shown that the partially cured (b-CN)APB/ODPA, in other words
polyamic acid with open imide rings, exhibit a higher net dipole moment than the fully
imidized closed ring [75,76,79].
The lower resistivity of the partially imidized ODPA/ODA causes efficient poling of the
composites. During poling, the mobility of charges in the polymer matrix is a key parameter
in defining the final poling efficiency. As the permittivity of PT is much higher than that of
the polymer matrix, as shown in Chapter 6, the charge relaxation time is mainly governed by
the electrical conductivity of the matrix. The higher conductivity of the partially imidized
ODPA/ODA shortens the time required for the electric field acting on the ceramic inclusion
to reach saturation, thereby making the poling of the ceramic phase more efficient [49,122].
tanδ, as an indication of dielectric loss angle, is 0.001 and 0.02 for fully imidized and
partially imidized ODPA/ODA films at 20◦C and 1 kHz, respectively.
The effect of DEP structuring on dielectric constant of the 20% and 30% PT-ODPA/ODA
composites is shown in Fig.8.7. The experimental data for random composites are fitted to
Yamada’s model, using ann value of 5. Dielectric properties of the structured composites
are fitted to Bowen’s model [33], using anRvalue of 10.
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Figure 8.7: Dielectric constant values of structured and random 20% and 30% PT-ODPA/ODA composites
composites with their associated models.

The influence of DEP structuring on piezoelectric charge constant,d33, of the composites
is shown in Fig. 8.8, where the experimentald33 values of random and structured 20%
and 30% PT-ODPA/ODA composites are compared with the predictions of Yamada’s and
Van den Ende’s models described in chapter 2. The best fit of the experimental data to the
model predictions was obtained forn = 5, R = 10 andα = 1, which is an indication of
high poling efficiency attributed to the relatively low electrical resistivity of the partially
imidized ODPA/ODA.
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Figure 8.8: d33 values of structured and random PT-epoxy 20% and 30% PT-ODPA/ODA composites with their
associated models.

Thed33 of 20% and 30% PT-ODPA/ODA composites are tested as a function of tempera-
ture, as shown in Fig.8.9. A stable behavior is observed over the temperature range from
room temperature to 175◦C. The room temperatured33 value can be retained upon cooling
back. This stability is caused by the thermally stable dielectric and piezoelectric properties
of the highTc lead titanate [14], as well as stable dielectric properties of the ODPA/ODA in
this temperature range, as shown in Fig.8.10.
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Figure 8.9: d33 of fully imidized random and structured 20% and 30% PT-ODPA/ODA composites as a function
of temperature.

The piezoelectric voltage coefficient values,g33, at room temperature which were calculated
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Figure 8.10: Relative permittivity of fully imidized ODPA/ODA polymer as a function of temperature at dif-
ferent frequencies.

by dividing thed33 of the composites by their dielectric constant, are 48 mV.m/N and 114
mV.m/N for random and structured 20% PT-ODPA/ODA composites, respectively. The
g33 for random and structured 30% PT-ODPA/ODA composites are 45 mV.m/N and 90
mV.m/N, respectively. The room temperatureg33 values for the PT-ODPA/ODA composites
are compared to those of PT-epoxy reference composites, as presented in Chapter 2, in Fig.
8.11. The DEP structured 20% PT-ODPA/ODA composites show 30% improvement ing33

compared to the structured 20% PT-epoxy composites, which is mainly due to their lower
dielectric constant.
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Figure 8.11: Comparison of room temperatureg33 values for structured and random PT-epoxy and PT-PEI
composites with their associated models.
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Figure 8.12: g33 of fully imidized random and structured 20% and 30% PT-ODPA/ODA composites as a
function of temperature.

Theg33 of 20% and 30% PT-ODPA/ODA composites are calculated as a function of tem-
perature and are shown in Fig.8.12. Structured 20% PT-ODPA/ODA composites maintain
their highg33 values of over 100 mV.m/N over the temperature range from room tempera-
ture to 175◦C. The stableg33 behavior of all composites over the mentioned temperature
range is attributed to the thermally stable piezoelectric properties of the highTc lead ti-
tanate [14], as well as stable dielectric properties of the ODPA/ODA in this temperature
range, as shown in Fig.8.10.
The pyroelectric coefficients of the composites are calculated based on the pyroelectric cur-
rent at 5 mHz temperature oscillation at 25◦C, using the device presented in Chapter 6.
The values of pyroelectric coefficient are 0.37µC.m−2.◦C−1 and 0.62µC.m−2.◦C−1 for the
random and structured 20% PT-ODPA/ODA composites, respectively. In comparison to
20% PT-ODPA/ODA composites, 30% PT-ODPA/ODA composites show higher pyroelec-
tric coefficients of 0.55µC.m−2.◦C−1 and 0.90µC.m−2.◦C−1 for the random and structured
composites, respectively.

8.4 Conclusions

High temperature PT-ODPA/ODA composites, prepared by solution casting in the forms
of 0-3 and quasi 1-3, show thermally stable dielectric and piezoelectric properties in the
temperature range from room temperature to 175◦C. Thermally stable dielectric and piezo-
electric properties of the highTc lead titanate [14], as well as stable dielectric properties of
the fully imidized ODPA/ODA polymer matrix result in an improved temperature function-
ality of these high performance composites. Relatively high electrical conductivity as well
as permittivity of the partially imidized ODPA/ODA polymer matrix provides a high poling
efficiency. After full imidization at 300◦C the imide rings completely close, resulting in
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a thermally stable polymer with a very low dielectric loss that maintains the piezoelectric
sensitivity up to 175◦C.
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Summary

The main objective of the research described in this thesis is to explore several new piezo-
electric ceramic-polymer composite materials and relate the effect of topology, processing
and intrinsic properties of the constituent materials, mainly the polymer phase, topiezo-,
pyro-, and ferroelectric properties of the di-phase and tri-phase composites.

In Chapter 2, functional composites of lead titanate (PT) particles in an epoxy matrix, pre-
pared by dielectrophoresis, are shown to have enhanced dielectric, piezoelectric and pyro-
electric properties compared to 0-3 composites (i.e. composites consisting of granular, non-
connected particles in a continuous polymer matrix) for different ceramic volume contents
ranging from 10% to 50%. The degree of structuring, as well as the electrical properties
of the constituents, are shown to be the most important parameters controlling the over-
all properties of the composites. Two structuring parameters, the interparticle distance and
the percentage of 1-3 connectivity (i.e. a continuous one-dimensional fibrillar connectiv-
ity of the functional ceramic particles in a polymer matrix) are determined on the basis of
Bowen’s model and the mixed connectivity model, respectively. The degree of structuring,
calculated according to both models, correlates well with the increase in piezoelectric and
pyroelectric sensitivities of the composites. Higher sensitivity values of the functional prop-
erties are observed at higher ceramic volume fractions. The effect of electrical conductivity
of the matrix on the pyroelectric responsivity of the composites is demonstratedto be a key
parameter in governing the pyroelectric properties of the composites.

In Chapter 3, a novel multi-physics finite element model is proposed for qualitative simula-
tion of the structure formation during dielectrophoresis of particles suspended in a dielectric
Newtonian liquid between parallel-plate electrodes. Upon application of an electric field,
particles reorient with respect to the imposed electric field, involving fast particle rotation,
followed by slower lateral and axial displacement until a chain-like structure of connected
particles is formed. The performance of the model is illustrated for a number of idealized
starting configurations. The influence of parameters such as particle size, particle aspect
ratio and particle size distribution is studied for the purpose of obtaining insight in the ideal
conditions required to obtain a desired structure. In a system containing particles of differ-
ent sizes, the largest particles play a key role in the development of the chain structure. The
quality of the structure evolution is investigated by using a set of geometric parameters. A
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new topological parameter, the chain perfection degree, relating the microstructure to the
overall performance of the piezoelectric composite, is proposed and calculated for the vari-
ous cases considered.

In Chapter 4, the particulate composites are studied under high electric fields. Ferroelectric
polarization and strain response of 0-3 and quasi 1-3 lead zirconate titanate (PZT)-epoxy
composites are investigated. The properties of the composites are evaluatedand compared
with those of the bulk ceramic. A new analytical model is developed to describethe proper-
ties of composites with a chain-like arrangement of particles. This model, whichtakes both
piezoelectric and electrostrictive effects into account, shows a good agreement with the ex-
perimental results. The effect of interparticle distance on the final polarization and strain
properties is shown. The model predictions correlate well with experimentalstrain values
for the studied particulate composites. Increasing the amount of parallel connectivity via
higher packing of particles inside the chains leads to larger strains at a given electric field.

In Chapter 5, PT ceramic particulates are incorporated into a relatively conductive polyethy-
lene oxide (PEO) matrix to develop sensitive and simultaneously flexible composites. PT
particles are dispersed in PEO at various volume fractions, and the composite films are pre-
pared by solution casting. The dielectric and piezoelectric properties are determined using
conventional techniques. For accurate determination of the pyroelectric properties, a new
device is developed. This device requires relatively simple hardware andworks without
using costly lock-in amplifiers. This novel technique consists of applying a digital signal
processing method on the discrete sampled data, which was obtained in a temperature os-
cillation measurement. The pyroelectric coefficient is calculated from the component of the
generated current, which is 90◦ out of phase with respect to the sinusoidal temperature wave.
The novelty of the proposed approach lies in the signal analysis procedure, which imple-
ments a simple Fast Fourier Transform (FFT) that filters residual noise through convolution
and calculates the phase difference between the peaks of the temperature and current waves.
From these data the pyroelectric figures of merit of the composite films are calculated. In
order to determine the effect of electrical conductivity of the polymer matrix on the poling
efficiency and the final properties, a poling study was performed. Improvingthe electrical
conductivity of the polymer phase enhances the poling process significantly. It is found that
both the piezoelectric and the pyroelectric figures of merit increase with PT ceramic con-
centration. PT-PEO composites show superior pyroelectric sensitivity compared to other
composites with less electrically conductive polymer matrices.

In Chapter 6, composites of lead zirconate titanate particles in an epoxy matrix are pre-
pared in the form of 0-3 and quasi 1-3 with different ceramic volume contents, ranging
from 10% to 50%. Two different processing routes are tested. Firstly, a conventional di-
electrophoretic structuring is used to induce a chain like particle configuration, followed by
curing the matrix and poling at a high temperature and under a high voltage. Secondly, a
simultaneous combination of dielectrophoresis and poling is applied at room temperature
while the polymer is in the liquid state followed by subsequent curing. This new processing
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route is applied to an uncured thermoset system while the polymer matrix still possess a
relatively high electrical conductivity. Composites with different degrees of alignment are
produced by altering the magnitude of the applied alternating electric field. A significant
improvement in piezoelectric properties of quasi 1-3 composites can be achieved by a com-
bination of simultaneous dielectrophoretic alignment of the ceramic particles andpoling.
The degree of structuring as well as the functional properties of the in-situ structured and
poled composites enhance significantly compared to those of the conventionally manufac-
tured structured composites.

In Chapter 7, tri-phase PZT-porous polyurethane (PU) composites areinvestigated. The
main goal is to reduce the dielectric constant of the polymer matrix, and improve flexibility
of traditional diphase piezo-composites, consisting of ceramic particles in a dense poly-
meric matrix, by adding a third (gaseous) phase to the system. The presenceof the gaseous
component in the polymer matrix in the form of well-distributed spherical inclusions effec-
tively decreases the polymer dielectric permittivity, which increases the piezoelectric volt-
age constant of the composites significantly. The unique combination of dielectrophoretic
structuring of PZT particles and the addition of a gaseous phase to the polymer resin results
in the highest performance of the particulate composite sensors reported inthe literature
so far. Theg33 values of the newly developed triphase composites are twice that of the
structured di-phase PZT-bulk PU composites (80 mV.m/N) and more than five times theg33

value of bulk PZT ceramics (24-28 mV.m/N).

In Chapter 8, high temperature PT-polyetherimide (PEI) composites are presented as promis-
ing candidates for high temperature piezoelectric sensing applications. Hightemperature
PT-ODPA/ODA composites, prepared by solution casting, show thermally stable dielectric
and piezoelectric properties in the temperature range from room temperature to 175◦C. Di-
electrophoretic structuring is used to induce chain-like particle configuration, followed by
curing the matrix to form free standing films. Subsequently, poling is performed under high
voltages at temperatures above the glass transition temperature of the partiallyimidized
matrix. The relatively high electrical conductivity as well as permittivity of the partially
imidized ODPA/ODA polymer matrix yields a high poling efficiency. The composites are
subsequently imidized to form fully imidized films, and their piezoelectric and pyroelectric
properties are tested at elevated temperatures. Thermally stable dielectric and piezoelectric
properties of the highTc PT, as well as stable dielectric properties of the fully imidized
ODPA/ODA polymer matrix result in a high temperature functionality of these high per-
formance composites. After full imidization at 300◦C the imide rings completely close,
resulting in a thermally stable polymer with a very low dielectric loss that maintains the
piezoelectric sensitivity up to 175◦C.

In the Appendix, a model for the effect of topological imperfections on the electromechan-
ical properties of structured particulate composites is presented. A novelmethod based on
the Mori-Tanaka method with Eshelby tensors for piezoelectric composite materials is de-
veloped to predict the effective electro-elastic propertiesd33 andg33 of structured granular
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piezoelectric composites with improved accuracy, by means of a single parameter related to
the spatial distribution of imperfectly aligned rod-like PZT particles. The Virtual Particle
Mori Tanaka (VPMT) method is found to have excellent prediction capabilities. Extending
the approach, several newly defined functions are presented to capture the drop in piezo-
electric composite’s electro-elastic properties as a function of topological imperfections.
These imperfections are related to longitudinal and lateral interparticle spacings and the
topology of the chain-like structures themselves. The functions are evaluated in detail and
show physically consistent behavior.



Samenvatting

Het hoofddoel van het onderzoek als beschreven in dit proefschrift is het verkennen van
nieuwe granulair piezo-elektrische keramiek-polymeer composieten en hetrelateren van het
effect van topologie, processing en intrinsieke eigenschappen van de individuele componen-
ten, hoofdzakelijk de polymeerfase, aan piezo-, pyro-, en ferro-elektrische eigenschappen
van twee- en driefasen composieten.

In hoofdstuk 2 worden de onderzoeksresultaten van functionele composieten bestaande uit
loodtitanaatdeeltjes (PT) in een epoxy matrix gepresenteerd, die dankzij dielektroforese ver-
beterde dielektrische, piezo-elektrische en pyro-elektrische eigenschappen vekregen hebben
ten opzichte van soortgelijke 0-3 composieten (dat wil zeggen composieten bestaande uit
korrelvormige, niet-verbonden deeltjes in een continue polymeermatrix). Deze verbetering
geldt voor het bereik van 10-50 volumeprocent PT deeltjes. Er is aangetoond dat de mate
waarin de deeltjes geordend zijn (de connectiviteit) en de elektrische eigenschappen van de
individuele componenten de voornaamste factoren zijn die de eigenschappen van het com-
posiet bëınvloeden. Twee parameters die de mate van ordening kunnen beı̈nvloeden zijn
de afstand tussen de deeltjes en het percentage van 1-3 connectiviteit (dat wil zeggen con-
tinue éen-dimensionale vezelachtige connectiviteit van de functionele keramische deeltjes
in een polymeermatrix) worden respectievelijk gebruikt op basis van het Bowen model en
het mixed connectivity model. De mate van orde berekend volgens beide modellen komt
goed overeen met de toename in piezo-elektrische en pyro-elektrische gevoeligheid van de
composieten. Hogere keramische volumepercentages resulteren in beterefunctionele eigen-
schappen. Er is aangetoond dat de elektrische geleidbaarheid van de matrix de belangrijkste
factor is die de pyro-electrische eigenschappen van de composieten beı̈nvloedt.

In hoofdstuk 3 wordt een nieuw multi-physics eindige elementen model gepresenteerd
voor kwalitatieve berekening van ketenvorming tijdens dielectroforese vanpiezoelectrische
deeltjes in een vloeibare matrix tussen twee parallelle plaatelectrodes. Door het aanbrengen
van een elektrisch veld oriënteren de deeltjes zich ten opzichte van het opgelegde elektrische
veld, middels een snelle rotatie van de deeltjes gevolgd door een langzamere laterale en
axiale verplaatsing totdat een keten van aaneengesloten deeltjes is verkregen. Het voorspel-
lend vermogen van het model is toegelicht aan de hand van een aantal geı̈dealiseerde begin
configuraties. De invloed van parameters zoals deeltjesgrootte, ”aspectratio” en deeltjes-
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grootteverdeling is bestudeerd om inzicht te verkrijgen in de ideale conditiesdie vereist
zijn om de gewenste structuur te bereiken. In een systeem met deeltjes van verschillende
grootte zijn het de grote deeltjes die de ketenvorming bepalen. De kwaliteit vanstructuuron-
twikkeling is onderzocht met behulp van een set van geometrische parameters. Een nieuwe
topologische parameter, ketenperfectiegraad, die de microstructuur aande eigenschappen
van het piezo-elektrische composiet verbindt, wordt geı̈ntroduceerd en doorgerekend voor
de verschillende beginsituaties.

In hoofdstuk 4 wordt het gedrag van deeltjescomposieten onderzochtals zij blootgesteld
worden aan sterke elektrische velden. De ferro-elektrische polarisatieen rek van 0-3 en
quasi 1-3 lood-zirkonaat-titanaat (PZT)-epoxy composieten worden bestudeerd. De eigen-
schappen van de composieten worden geëvalueerd en vergeleken met die van bulk keramieken.
Een nieuw analytisch model is ontwikkeld om de eigenschappen van composieten met een
ketenachtige rangschikking van deeltjes te beschrijven. Dit model neemt zowel piezo-
elektrische als elektro-restrictieve effecten in acht en laat een goede overeenstemming met
experimentele resultaten zien. Het effect van de afstand tussen deeltjes op eindpolarisatie en
rekeigenschappen is weergegeven. De voorspellingen van het modelkomen goed overeen
met de experimentele rekken voor het bestudeerde deeltjescomposiet. Toename in de ho-
eveelheid parallelle connectiviteit als gevolg van een hogere deeltjesdichtheid in de ketens
leidt tot een grotere rek bij een gegeven elektrisch veld.

In hoofdstuk 5 worden keramische loodtitanaat (PT) deeltjes verwerkt ineen matrix van het
relatief goed (electrisch) geleidend polyethyleenoxide (PEO) om composieten te crëeren
die zowel flexibel zijn als een hoge contactgevoeligheid hebben. Hiertoe worden Pt-PEO
composieten met verschillende PT vulgraden gemaakt die via ’solution casting’ tot dunne
films uitgegoten worden. De dielektrische en piezoelektrische eigenschappen zijn in eerste
instantie bepaald met behulp van conventionele technieken. Voor een accurate meting van
de piezoelektrische eigenschappen is echter een nieuw apparaat ontwikkeld. Dit apparaat
vereist relatief simpele hardware en werkt zonder gebruik van kostbare lock-in versterkers.
Deze nieuwe techniek is gebaseerd op een numerieke analyse van periodiek gesamplede
data welke tijdens cylische temperatuursveranderingen verkregen zijn. De pyroelectrische
coëfficiënt is berekend vanuit de de stroomsterkte die 90 graden uit fase is met het opgelegde
sinusvormige temperatuurspatroon. 90 graden uit fase met betrekking totde sinusöıdale
temperatuurgolf. Tet nieuwe van de geı̈ntroduceerde aanpak is gelegen in de gebruikte pro-
cedure om het signaal te verwerken, waarbij ,na filteren van de ruis, het faseverschil tussen
de pieken voor temperatuur en stroom berekend wordt. Uit dergelijke datakunnen de de
pyroelektrische kentallen van de composietfilms bepaald worden. Een polingstudie is uit-
gevoerd om het effect van geleidbaarheid van het matrixpolymeer op poling efficiëntie en
uiteindelijke eigenschappen van het composiet te bepalen. Er is gebleken dat een verbeter-
ing van de elektrische geleidbaarheid van het polymeer leidt tot een significante verbetering
van het polingsproces. Tevens is ontdekt, dat zowel waardes van depiezoelektrische als
pyroelektrische kentallen toenemen met toenemende PT keramiek concentratie. PT-PEO
composieten vertonen superieure pyroelektrische sensitiviteit in vergelijking met andere
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composieten met een minder elektrisch geleidende matrix.

In hoofdstuk 6 worden lood zirkonaat titanaat (PZT) deeltjes in een epoxy matrix verw-
erkt in de vorm van 0-3 en quasi 1-3 composieten met verschillende volumefracties tussen
10% en 50%. Twee verschillende productieprocessen zijn getest. Allereerst een conven-
tionele manier van het aanbrengen van een ketenstruktuur middels dielektroforese gevolgd
door het laten uitharden van de matrix en poling op hoge temperaturen bij eenhoog volt-
age. In de tweede route worden dilelectroforese en poling gelijktijdig en bij kamertemper-
atuur uitgevoerd, waarna het composiet uitgehard wordt. Dit nieuwe proces is toegepast
op een niet-uitgeharde thermoharder, op het moment dat de polymeermatrix nog steeds een
redelijk hoge elektrische geleiding vertoont. Composieten met verschillende gradaties in
ketenvorming zijn geproduceerd door de grootte van het toegepaste elektrische (AC) veld te
variëren. Een significante verbetering in piezoelektrische eigenschappen van quasi 1-3 com-
posieten kan worden gerealiseerd door dielektroforese en poling gelijktijdig uit te voeren.
De mate van ketenvorming en de functionele eigenschappen van de in-situ gestructureerde
en gepoolde composieten blijken significant te verbeteren ten opzichte van gestructureerde
composieten die op een conventionele manier zijn geproduceerd. De kwalitieitsverbeter-
ing kan vooral toegeschreven worden aan verbetering van de topologische kwaliteit van de
ketens.

In hoofdstuk 7 worden drie-fase PZT-lucht-polyurethaan (PU) composieten onderzocht. Het
hoofddoel van het gebruik van een poreuze PU matrix is om de dielektrische constante en
flexibiliteit van de polymeermatrix te verbeteren ten opzichte van de traditionele twee-fase
composieten, bestaande uit keramische deeltjes in een dichte polymeermatrix. De aan-
wezigheid van deze gasvormige component in de polymeermatrix in de vorm van goed
verdeelde bolvormige poriën is een effectieve manier om de dielektrische permittiviteit te
reduceren. Dit leidt uiteindelijk tot een significante toename in de piezoelektrische voltage
constante van de composieten. De unieke combinatie van het aanbrengen van ruimtelijke
ordening van de PZT deeltjes via dielectroforese met behulp van dieletroforese vam de PZT
deeltjes en het toevoegen van de gasvormige fase aan de polymeerhars,resulteert in de
hoogst behaalde prestaties van sensoren bestaande uit deeltjescomposieten, die tot dusver
gerapporteerd is in de literatuur. Deg33 waardes van de nieuw ontwikkelde tri-fase com-
posieten zijn dubbel zo hoog als de di-fase PZT-bulk PU composieten (80 mV.m/N) en meer
dan vijf maal deg33 waardes van bulk PZT keramieken (24-28 mV.m/N).

In hoofdstuk 8 worden PT-polyetherimide (PEI) composieten gepresenteerd als veelbelovende
kandidaten voor sensortoepassingen bij hoge temperatuur. Bij PT-ODPA/ODA composieten,
geproduceerd met behulp van ’solution casting’, zijn stabiele dielektrischeen piezoelek-
trische eigenschappen waargenomen over het temperatuurbereik van kamertemperatuur tot
175 ◦C. Dielektroforese is toegepast om ketenachtige deeltjesconfiguratie te realiseren,
gevolgd door het uitharden van de matrix om vrijstaande films te laten vormen. Vervol-
gens wordt er gepoold bij hoge voltages en temperaturen boven de glasovergangstemper-
atuur van de partieel geı̈midiseerde matrix. De relatief hoge elektrische geleidbaarheid en
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permittiviteit van de partieel geı̈midiseerde ODPA/ODA polymeermatrix leidt tot een hoge
poling efficiëntie. De composieten worden daarna verhit om volledig geı̈midiseerde films te
vormen en hun piezoelektrische en pyroelektrische eigenschappen te meten bij hoge tem-
peraturen. Na volledige imidisatie bij 300◦C sluiten de imide-ringen volledig, wat resulteert
in een thermisch stabiel polymeer met zeer een zeer laag dielektrisch verlies dat piezoelec-
trische sensitiviteit behoudt tot 175◦C.

In de appendix wordt het effect van topologische imperfecties op de elektromechanische
eigenschappen van gestructureerde deeltjescomposieten beschreven. Een nieuwe meth-
ode, gebaseerd op de Mori-Tanaka methode met Eshelby tensors voor piezoelektrische
composieten, is ontwikkeld om de effectieve elektro-elastische eigenschappen,d33 en g33

van gestructureerde piezoelektrische deeltjescomposieten te kunnen voorspellen, met een
hogere precisie door middel van een enkele parameter gerelateerd aan de ruimtelijke verdel-
ing van imperfect uitgelijnde staafachtige PZT deeltjes. Er is geconstateerd dat de Vir-
tual Particle Mori Tanaka (VPMT) methode uitstekende voorspellende eigenschappen bezit.
Uitbreiding van deze aanpak, met behulp van verschillende nieuw gedefinieerde functies,
heeft aangetoond dat de afname in elektro-elastische eigenschappen van piezoelektrische
composieten als functie van topologische imperfecties succesvol vast kanworden gelegd.
Deze imperfecties zijn gerelateerd aan de longitudinale en laterale afstand tussen de deeltjes
en de topologie van de ketenachtige structuur zelf. De functies worden in detail gevalueerd
en tonen fysiek consistent gedrag.



Bibliography

[1] Ferreira, A. D. B., Nvoa, P. R., and Marques, A. T., “Multifunctional Material Sys-
tems: A State-of-the-Art Review,”Composite Structures, 2016, pp. –.

[2] Lin, Y. and Sodano, H. A., “Concept and model of a piezoelectric structural fiber for
multifunctional composites,”Composites Science and Technology, Vol. 68, No. 78,
2008, pp. 1911 – 1918.

[3] Wang, Y. and Inman, D. J., “Adaptive multifunctional composites,”Proceedings of
SPIE - The International Society for Optical Engineering, Vol. 8725, 2013.

[4] Wang, Y. and Inman, D. J., “Experimental and finite element analysis for
a multifunctional beam with frequency-dependent viscoelastic behavior,” 54th
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Con-
ference, 2013.

[5] Wang, Y. and Inman, D. J., “Experimental validation for a multifunctionalwing spar
with sensing, harvesting, and gust alleviation capabilities,”IEEE/ASME Transactions
on Mechatronics, Vol. 18, No. 4, 2013, pp. 1289–1299.

[6] Wang, Y. and Inman, D. J., “Simultaneous energy harvesting and gust alleviation for
a multifunctional composite wing spar using reduced energy control via piezoceram-
ics,” Journal of Composite Materials, Vol. 47, No. 1, 2013, pp. 125–146.

[7] Anton, S. R., Erturk, A., and Inman, D. J., “Multifunctional unmanned aerial vehicle
wing spar for low-power generation and storage,”Journal of Aircraft, Vol. 49, No. 1,
2012, pp. 292–301.

[8] Anton, S. R. and Inman, D. J., “Electromechanical modeling of a mul-
tifunctional energy harvesting wing spar,”Collection of Technical Papers -
AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials Confer-
ence, 2011.

[9] Matic, P., “Overview of Multifunctional Materials,”Proceedings of SPIE - The In-
ternational Society for Optical Engineering, Vol. 5053, 2003, pp. 61–69.

129



130 BIBLIOGRAPHY

[10] National Academy of Engineering,Frontiers of Engineering: Reports on Leading-
Edge Engineering from the 2004 NAE Symposium on Frontiers of Engineering, The
National Academies Press, 2005.

[11] van den Ende, D. A.,Structured piezoelectric composites, materials and applica-
tions, Ph.D. thesis, Faculty of Aerospace Engineering, Delft University of Technol-
ogy, The Netherlands, 2012.

[12] Dias, C.,Ferroelectric composites for pyro- and piezoelectric applications, Ph.D.
thesis, School of electronic engineering and computer systems, University of Wales,
Bangor, UK, 1994.

[13] Bertotti, G. and Mayergoyz, I.,The Science of Hysteresis, Academic press, 1st ed.,
2005.

[14] Jaffe, B., Cook Jr., W., and Jaffe, H.,Piezoelectric Ceramics, Academic Press Inc.,
London & New York, 3rd ed., 1971.

[15] Lang, S. B., “Pyroelectricity: From Ancient Curiosity to Modern Imaging Tool,”
Physics Today, Vol. 58, No. 8, 2005, pp. 31–36.

[16] Lang, S. B.,Sourcebook of Pyroelectricity, Routledge, 1974.

[17] Srinivasan, M., “Pyroelectric materials,”Bulletin of Materials Science, Vol. 6, 1984,
pp. 317–325.

[18] Chew, K.-H., Shin, F. G., Ploss, B., Chan, H. L. W., and Choy, C. L.,“Primary and
secondary pyroelectric effects of ferroelectric 0-3 composites,”Journal of Applied
Physics, Vol. 94, No. 2, 2003, pp. 1134–1145.

[19] Scott, R., “Development of MEMS based pyroelectric thermal energyharvesters,”
Vol. 8035, SPIE, 2011, p. 80350V.

[20] Whatmore, R. W. and Watton, R., “Pyroelectric Materials and Devices,” Infrared
Detectors and Emitters: Materials and Devices, Vol. 8, Springer US, 2001, pp. 99–
147.

[21] Whatmore, R. W., “Pyroelectric devices and materials,” Vol. 49, 1986, p. 1335.

[22] Holterman, J. and Groen, P.,An Introduction to Piezoelectric Materials and Applica-
tions, Stichting Applied Piezo, Apeldoorn, 1st ed., 2013.

[23] Jaffe, B., Roth, R. S., and Marzullo, S., “Piezoelectric Properties of Lead Zirconate-
Lead Titanate Solid-Solution Ceramics,”Journal of Applied Physics, Vol. 25, No. 6,
1954, pp. 809–810.

[24] Moulson, A. J. and Herbert, J.,Electroceramics: Materials, Properties, Applications,
second edition, John Wiley and Sons Inc, 2003.



BIBLIOGRAPHY 131

[25] Heywang, W., Lubitz, K., and Wersing, W., editors,Piezoelectricity Evolution and
Future of a Technology, Springer, 2008.

[26] Yamaka, E., “Pyroelectric IR sensor using vinylidene fluoride-trifluoroethylene
copolymer film,”Ferroelectrics, Vol. 57, No. 1, 1984, pp. 337–342.

[27] “A 3×1 integrated pyroelectric sensor based on VDF/TrFE copolymer,”Sensors and
Actuators A: Physical, Vol. 52, No. 13, 1996, pp. 103 – 109.

[28] Nalwa, H. S.,Ferroelectric Polymers: Chemistry: Physics, and Applications, CRC
Press, 1995.

[29] Newnham, R. E., D. S. and Cross, L., “Connectivity and piezoelectric-pyroelectric
composites,”Materials Research, Vol. 13, 1978, pp. 525–536.

[30] Wilson, S. A. and Whatmore, R. W., “Structure modification of piezoelectric ce-
ramic polymer composites through dielectrophoresis,”Journal of Physics D: Applied
Physics, Vol. 38, 2005, pp. 175–182.

[31] van den Ende, D., Bory, B., Groen, W., and van der Zwaag, S., “Improving the d33
and g33 properties of 0-3 piezoelectric composites by dielectrophoresis,” Journal of
Applied Physics, Vol. 107, No. 2, 2010.

[32] Khanbareh, H., van der Zwaag, S., and Groen, W., “Effect of dielectrophoretic struc-
turing on piezoelectric and pyroelectric properties of PT-epoxy composites,” Smart
Materials and Structures, Vol. 23, No. 10, 2014, pp. 105030.

[33] Bowen, C. P., Newnham, R. E., and Randall, C. A., “Dielectric properties of di-
electrophoretically assembled particulate-polymer composites,”Journal of Materials
Research, Vol. 13, 1998, pp. 205–210.

[34] Tang, H., Lin, Y., and Sodano, H. A., “Synthesis of High Aspect Ratio BaTiO3
Nanowires for High Energy Density Nanocomposite Capacitors,”Advanced Energy
Materials, Vol. 2, No. 451-456, 2012, pp. 451–456.

[35] Tang, H., Malakooti, M. H., and Sodano, H. A., “Relationship betweenorientation
factor of lead zirconate titanate nanowires and dielectric permittivity of nanocompos-
ites,” Applied Physics Letters, Vol. 103, No. 22, 2013, pp. 222901–222905.

[36] Yamada, T., Ueda, T., and Kitayama, T., “Piezoelectricity of a high-content lead
zirconate titanate polymer composite,”Journal of Applied Physics, Vol. 53, 1982,
pp. 4328.

[37] Lee, Y. H., Safari, A., and Newnham, R. E., “Preparation of PT powder for a flexible
0-3 piezoelectric composite,” 1986, pp. 318–322.



132 BIBLIOGRAPHY

[38] van den Ende, D. A., van de Wiel, H. J., Groen, W. A., and van der Zwaag, S.,
“Direct strain energy harvesting in automobile tires using piezoelectric PZT-polymer
composites,”Smart Materials and Structures, Vol. 21, No. 1, 2012, pp. 1–11.

[39] Li, X. and Zhang, Y., “A Constitutive Model for Piezoelectric Paint with Mixed Con-
nectivity,” Journal of Intelligent Material Systems and Structures, Vol. 21, No. 12,
2010, pp. 1213–1225.

[40] Payo, I. and Hale, J., “Sensitivity analysis of piezoelectric paint sensors made up of
PZT ceramic powder and water-based acrylic polymer ,”Sensors and Actuators A:
Physical, Vol. 168, No. 1, 2011, pp. 77 – 89.

[41] Lau, S. T., Kwok, K. W., Shin, F. G., and Kopf, S., “A poling study oflead zirconate
titanate/polyurethane 0–3 composites,”Journal of Applied Physics, Vol. 102, No. 4,
2007, pp. 044104.

[42] Wong, C. and Shin, F., “Effect of electrical conductivity on poling and the dielectric,
pyroelectric and piezoelectric properties of ferroelectric 0-3 composites,” Journal of
Materials Science, Vol. 41, 2006, pp. 229–249.

[43] Dias, C. J. and Das-Gupta, D. K., “Poling behaviour of ceramic/polymer ferroelectric
composites,”Ferroelectrics, Vol. 157, No. 1, 1994, pp. 405–410.

[44] Renxin, X., Wen, C., Jing, Z., Yueming, L., and Huajun, S., “Dielectric and piezo-
electric properties of 0-3 PZT-PVDF composite doped with polyaniline,”Journal of
Wuhan University of Technology-Mater. Sci. Ed., Vol. 21, 2006, pp. 84–87.

[45] de Campos Fuzari Jr, G., Orlandi, M. O., Longo, E., de Barros Melo, W. L., and
Sakamoto, W. K., “Effect of controlled conductivity on thermal sensing property of
0-3 pyroelectric composite,”Smart Materials and Structures, Vol. 22, No. 2, 2013,
pp. 025015.

[46] Sakamoto, W., Marin-Franch, P., and Das-Gupta, D., “Characterization and applica-
tion of PZT/PU and graphite doped PZT/PU composite,”Sensors and Actuators A:
Physical, Vol. 100, No. 23, 2002, pp. 165 – 174.

[47] Sakamoto, W. K., de Campos Fuzari Jr, G., Zaghete, M. A., and de Freitas, R. L. B.,
“Lead Titanate-Based Nanocomposite:Fabrication, Characterization and Application
and Energy Conversion Evaluation,”Ferroelectrics - Material Aspects, 2011.

[48] Chau, K. H., Wong, Y. W., and Shin, F. G., “Enhancement of piezoelectric and py-
roelectric properties of composite films using polymer electrolyte matrix,”Applied
Physics Letters, Vol. 91, No. 25, 2007, pp. 252910.

[49] Or, Y. T., Wong, C. K., Ploss, B., and Shin, F. G., “Modeling of poling, piezoelec-
tric, and pyroelectric properties of ferroelectric 0–3 composites,”Journal of Applied
Physics, Vol. 94, No. 5, 2003, pp. 3319–3325.



BIBLIOGRAPHY 133

[50] Sa-Gong, G., Safari, A., Jang, S. J., and Newnham, R. E., “Poling flexible piezoelec-
tric composites,”Ferroelectrics Letters Section, Vol. 5, No. 5, 1986, pp. 131–142.

[51] Sakamoto, W. K., Souza, E. d., and Das-Gupta, D. K., “Electroactive properties of
flexible piezoelectric composites,”Materials Research, Vol. 4, 07 2001, pp. 201 –
204.

[52] Liu, X. F., Xiong, C. X., Sun, H. J., Dong, L. J., li, R., and Liu, Y., “Piezoelectric and
dielectric properties of PZT-PVC and graphite doped with PZT-PVC composites,”
Materials Science and Engineering: B, Vol. 127, No. 2-3, 2006, pp. 261 – 266.

[53] Ploss, B. and Krause, M., “Optimized pyroelectric properties of 0-3composites of
PZT particles in polyurethane doped with lithium perchlorate.”IEEE transactions on
ultrasonics, ferroelectrics, and frequency control, Vol. 54, No. 12, 2007, pp. 2479–
81.

[54] Ploss, B. and Krause, M., “Doped Polymers as Matrix Materials for Ferroelectric
Composites,”Ferroelectrics, Vol. 358, No. 1, 2007, pp. 77–84.

[55] Tsunemi, K., Ohno, H., and Tsuchida, E., “A mechanism of ionic conduction of poly
(vinylidene fluoride)-lithium perchlorate hybrid films,”Electrochimica Acta, Vol. 28,
No. 6, 1983, pp. 833 – 837.

[56] Furukawa, T., Takahashi, Y., and Yasuda, K., “Dielectric and Conductive Spectra of
the Composite of Barium Titanate and LiClO 4 -Doped Polyethylene Oxide,”IEEE
Transactions on Dielectrics and Electrical Insulation, Vol. 11, No. 1, 2004, pp. 65–
71.

[57] Van Kempen, S.,Optimisation of Piezoelectric Composite Materials Design through
Improved Materials Selection and Property Prediction Methods, Master’s thesis, Fac-
ulty of Aerospace Engineering, Delft University of Technology, Delft,The Nether-
lands, 2012.

[58] Khemani, K. C.,Polymeric Foams, American Chemical Society, Washington, DC,
1997.

[59] Shastri, V. P., Martin, I., and Langer, R., “Macroporous polymer foams by hydrocar-
bon templating,”Proceedings of the National Academy of Sciences, Vol. 97, No. 5,
2000, pp. 1970–1975.

[60] Fabrizio, Q., Loredana, S., and Anna, S. E., “Shape memory epoxyfoams for space
applications,”Materials Letters, Vol. 69, 2012, pp. 20 – 23.

[61] Santo, L., Quadrini, F., Mascetti, G., Dolce, F., and Zolesi, V., “MissionSTS-134:
Results of Shape Memory Foam Experiment,”Acta Astronautica, Vol. 91, 2013,
pp. 333 – 340.



134 BIBLIOGRAPHY

[62] Li, G. and John, M., “A self-healing smart syntactic foam under multipleimpacts,”
Composites Science and Technology, Vol. 68, No. 1516, 2008, pp. 3337 – 3343.

[63] Song, W., Wang, L., and Wang, Z., “Synthesis and thermomechanicalresearch of
shape memory epoxy systems,”Materials Science and Engineering: A, Vol. 529,
2011, pp. 29 – 34.

[64] Yin, J. and Deng, B., “Polymer-matrix nanocomposite membranes for water treat-
ment,”Journal of Membrane Science, Vol. 479, 2015, pp. 256 – 275.

[65] Alzahrani, S. and Mohammad, A. W., “Challenges and trends in membrane tech-
nology implementation for produced water treatment: A review,”Journal of Water
Process Engineering, Vol. 4, 2014, pp. 107 – 133.

[66] Xiao, Q., Wang, X., Li, W., Li, Z., Zhang, T., and Zhang, H., “Macroporous polymer
electrolytes based on PVDF/PEO-b-PMMA block copolymer blends for recharge-
able lithium ion battery,”Journal of Membrane Science, Vol. 334, No. 12, 2009,
pp. 117 – 122.

[67] Xi, J., Qiu, X., Li, J., Tang, X., Zhu, W., and Chen, L., “PVDF-PEO blends based
microporous polymer electrolyte: Effect of PEO on pore configurations and ionic
conductivity,”Journal of Power Sources, Vol. 157, No. 1, 2006, pp. 501 – 506.

[68] Banyay, G., Shaltout, M., Tiwari, H., and Mehta, B., “Polymer and composite
foam for hydrogen storage application,”Journal of Materials Processing Technol-
ogy, Vol. 191, No. 13, 2007, pp. 102 – 105, Advances in Materials and Processing
Technologies, July 30th - August 3rd 2006, Las Vegas, Nevada.

[69] Jurczyk, M. U., Kumar, A., Srinivasan, S., and Stefanakos, E., “Polyaniline-based
nanocomposite materials for hydrogen storage,”International Journal of Hydrogen
Energy, Vol. 32, No. 8, 2007, pp. 1010 – 1015.

[70] Krause, B., Koops, G.-H., van der Vegt, N. F., Wessling, M., Wubbenhorst, M.,
and van Turnhout, J., “Ultralow-k dielectrics made by supercritical foamingof thin
polymer films,”Advanced Materials, Vol. 14, No. 15, 2002, pp. 1041–1046.

[71] Chand, N. and Sharma, J., “Influence of porosity on resistivity ofpolypropylene
foams,”Journal of Cellular Plastics, Vol. 48, No. 1, 2012, pp. 43–52.

[72] Li, L., Zhang, S., Xu, Z., Wen, F., Geng, X., Lee, H. J., and Shrout,T. R., “1?3
piezoelectric composites for high-temperature transducer applications,”Journal of
Physics D: Applied Physics, Vol. 46, No. 16, 2013, pp. 165306.

[73] Lee, J. and Choi, B., “Development of a piezoelectric energy harvesting system for
implementing wireless sensors on the tires,”Energy Conversion and Management,
Vol. 78, 2014, pp. 32–38.



BIBLIOGRAPHY 135

[74] Xue, Q., Stanton, M., and Elfbaum, G., “A high temperature and broadband immer-
sion 1-3 piezo-composite transducer for accurate inspection in harsh environments,”
Proceedings of the IEEE Ultrasonics Symposium, Vol. 2, 2003, pp. 1372–1375.

[75] Park, C., Ounaies, Z., Wise, K. E., and Harrison, J. S., “In situ poling and imidization
of amorphous piezoelectric polyimides,”Polymer, Vol. 45, No. 16, 2004, pp. 5417 –
5425.

[76] Ounaies, Z., Park, C., Harrison, J. S., Smith, J. G., and Hinkley, J., “Structure-
property study of piezoelectricity in polyimides,”Proceedings of SPIE - The Inter-
national Society for Optical Engineering, Vol. 3669, 1999, pp. 171–178.

[77] Ounaies, Z., Park, C., Harrison, J., and Lillehei, P., “Evidence of piezoelectricity in
SWNT-polyimide and SWNT-PZT-polyimide composites,”Journal of Thermoplastic
Composite Materials, Vol. 21, No. 5, 2008, pp. 393–409.

[78] Atkinson, G. M., Pearson, R. E., Ounaies, Z., Park, C., Harrison,J. S., Dogan, S.,
and Midkiff, J. A., “Novel piezoelectric polyimide MEMS,”TRANSDUCERS 2003 -
12th International Conference on Solid-State Sensors, Actuators and Microsystems,
Digest of Technical Papers, Vol. 1, 2003, pp. 782–785.

[79] Ounaies, Z., Park, C., Harrison, J. S., Smith, J. G., and Hinkley, J., “Structure-
property study of piezoelectricity in polyimides,”Proceedings of SPIE - The Inter-
national Society for Optical Engineering, Vol. 3669, 1999, pp. 171–178.

[80] Simpson, J., Ounaies, Z., and Fay, C., “Polarization and piezoelectricproperties of a
nitrile substituted polyimide,”Materials Research Society Symposium - Proceedings,
Vol. 459, 1997, pp. 59–64.

[81] Xu, Y., Ferroelectric Materials and Their Applications, North Holland, 1991.

[82] Beerman, H. P., “Investigation of pyroelectric material characteristics for improved
infrared detector performance,”Infrared Physics, Vol. 15, No. 3, 1975, pp. 225 – 231.

[83] Dias, C. and Das Gupta, D., “Inorganic ceramic polymer ferroelectric composite
electrets,”IEEE Transactions on Dielectrics and Electrical Insulation, Vol. 3, No. 5,
1996, pp. 706–734.

[84] Byer, R. and Roundy, C. B., “Pyroelectric Coefficient Direct Measurement Technique
and Application to a Nsec Response Time Detector,”Sonics and Ultrasonics, IEEE
Transactions on, Vol. 19, No. 2, 1972, pp. 333–338.

[85] Jones, T. B.,Electromechanics of Particles, Cambridge University Press, 2005.

[86] Chambion, B., Goujon, L., Badie, L., Mugnier, Y., Barthod, C., Galez,C., Wiebel,
S., and Venet, C., “Optimization of the piezoelectric response of 0-3 composites: a
modeling approach,”Smart Materials and Structures, Vol. 20, No. 11, 2011, pp. 1–8.



136 BIBLIOGRAPHY

[87] Sakamoto, W. K., Kanda, D., and Das-Gupta, D., “Dielectric and pyroelectric prop-
erties of a composite of ferroelectric ceramic and polyurethane,”Materials Research
Innovations, Vol. 5, No. 6, 2002, pp. 257–260.

[88] Marin-Franch, P., Martin, T., Tunnicliffe, D., and Das-Gupta, D., “PTCa/PEKK
piezo-composites for acoustic emission detection,”Sensors and Actuators A: Physi-
cal, Vol. 99, No. 3, 2002, pp. 236–243.

[89] Marin-Franch, P., Tunnicliffe, D., and Das-Gupta, D., “Pyroelectric properties of
the PTCa/PEKK composite transducers,”Dielectric materials, measurements and
applicationsl, conference publications, IEEE2000, No. 473, 2000, pp. 386–391.

[90] Abdullah, M. and Das-Gupta, D., “Electroactive properties of polymer-ceramic com-
posites,”Ferroelectrics, Vol. 87, 1988, pp. 213–228.

[91] Bowen, C. P., Shrout, T. R., Newnham, R. E., and Randall, C. A., “A study of the
frequency dependence of the dielectrophoretic effect in thermoset polymers,”Journal
of Materials Research, Vol. 12, 1997, pp. 2345–2356.

[92] van den Ende, D. A., Bory, B. F., Groen, W. A., and van der Zwaag, S., “Properties
of Quasi 1-3 Piezoelectric PZT-epoxy Composites Obtained by Dielectrophoresis,”
Integrated Ferroelectrics, Vol. 114, No. 1, 2010, pp. 108–118.

[93] Chan, H. L. W., Unsworth, J., and Bui, T., “Mode coupling in modified lead ti-
tanate/polymer 13 composites,”Journal of Applied Physics, Vol. 65, No. 4, 1989,
pp. 1754–1758.

[94] Dias, C., Igreja, R., Marat-Mendes, R., Inacio, P., Marat-Mendes, J., and Das-Gupta,
D., “Recent advances in ceramic-polymer composite electrets,”IEEE Transactions
on Dielectrics and Electrical Insulation, Vol. 11, No. 1, 2004, pp. 35–40.

[95] Savakus, H., Klicker, K., and Newnham, R., “PZT-epoxy piezoelectric transducers:
A simplified fabrication procedure,”Materials Research Bulletin, Vol. 16, No. 6,
1981, pp. 677–680.

[96] Pardo, L., Mendiola, J., and Alemany, C., “Theoretical treatment of ferroelectric
composites using Monte Carlo calculations,”Journal of Applied Physics, Vol. 64,
No. 10, 1988, pp. 5092–5097.

[97] Dias, C. and Das-Gupta, D., “Electroactive Polymer-Ceramic Composites,”Proceed-
ings of the 4th international conference on properties and applications of dielectric
materials, 1994, pp. 1–4.
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Appendix A

Effect of topological imperfections on the
electromechanical properties of structured
particulate composites

A.1 Introduction

Production of 1-3 composites is a complex process which often results in composites with a
significant amount of microstructural imperfections, making it hard to predict their effective
electromechanical properties using existing analytical models [11,31,146]. As the current
models do not incorporate microstructural imperfections they generally overestimate the
effective electromechanical properties. Better predictions may be obtained by using numer-
ical schemes, such as the self-consistent and generalized self-consistent schemes or finite
element modeling [146], but these are time consuming and computationally expensive due
to the large amount of iterations involved. In this chapter a novel computational method is
proposed to predict the electromechanical properties of structured piezo-polymer compos-
ite materials with improved accuracy, taking into account several (quantified) topological
imperfections in the arrangement of the piezo electric particles. The method is essentially
based on the established Mori-Tanaka model (MT) reformulated by Benveniste [147] and
adopted by Dunn and Taya [148] who expanded the Eshelby tensor to incorporate piezo-
electric behavior. The Mori-Tanaka theory considers a single inclusion inan infinite matrix
aligned in a specified direction and has been proven to be an accurate andeffective model
for the homogenization of particulate composites. For this study a numerical approximation
for the Eshelby tensor is used which has been extensively described and validated in a FEM
analysis by Andrews et al. [102].
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A.2 Theory

A.2.1 Piezoelectric constitutive equations

The constitutive equations for a linearly piezoelectric material are defined as:

σ εij ijmn mn nij nC e= − E
(A.1)

D e ki imn mn in n= +ε   E (A.2)

whereσi j , Ci jmn, ǫmn, eni j , En, Di andkin are defined as the stress, the elastic moduli (for
a constant electric field), the elastic strain, the piezoelectric stress moduli (for a constant
strain or constant electric field), the electric field, the electric displacement and the dielectric
moduli (for constant strain), respectively. The piezoelectric stress coefficient can be related
to the elastic and piezoelectric strain coefficient,dmn, using the following equation:

e C d
nij ijmn mn

=
(A.3)

In this case,eni j can be reduced toei j because of the symmetry present in the piezoelectric
material. The independent variables, the strain and the electric field, can beexpressed with
the following equations:

εmn m n n mu u= +
1

2
( )

, ,

(A.4)

En n= −φ
, (A.5)

whereui is the elastic displacement andφ is the electric potential. In the absence of body
forces elastic equilibrium applies. With free charge Gauss’ law of electrostatics is applicable
as well, which yields the following relations:

σ
ij j,

= 0
(A.6)

D
i i,

= 0
(A.7)

Equations 1-7 define the static theory of piezoelectricity. In the modeling of piezoelectric
materials it is considered more convenient to rewrite the equations such that the elastic and
electric variables are combined. This notation was proposed by Barnett and Lothe [149]
and is identical to conventional (Einstein) indicial notation with the exception that lower
case subscripts range from 1-3 and capitalized subscripts range from1-4, with repeated
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capitalized subscripts summed over 1-4. The stress and electric displacement, ΣiJ, can be
presented as:

ΣiJ
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The combination of the elastic strain and electric field,ZMn, can be expressed as:
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The electro-elastic moduli,EiJMn, can be written as:
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(A.10)

The above expressions yield the following equation that fully describes theconstitutive
equations as:

ΣiJ iJMn MnE Z= (A.11)

An essential footnote to Eq. 11 is that the entries are not conventional tensors and expression
of these equations in different coordinate systems requires separate transformation of each
individual tensor. The factors themselves are represented by the following tensors:

ΣiJ

t
D D D= [ | ]σ σ σ σ σ σ

11 22 33 23 13 12 1 2 3 (A.12)

ZMn

t = [ | ]ε ε ε γ γ γ
11 22 33 23 13 12 1 2 3

E E E (A.13)
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ijmn nij
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imn in
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κ (A.14)

whereCi jmn, eni j , andκin are the elastic stiffness matrix, the piezoelectric stress constant ma-
trix and the permittivity matrix, respectively. Fully written, the constitutive matrix equation
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is defined as:
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The full constitutive matrix is orthotropic and the contracted Voigt notation is used. In this
case the 3-axis of the particles is the principle direction of polarization. It should be noted
that for the matrix to be reduced to the form shown in Eq. 15, it is assumed thatthe piezo-
electric material is tetragonal and has symmetry 4mm, known as di-tetragonal pyramidal.
Key parameters such as the piezoelectric charge coefficients,dmn, the piezoelectric voltage
coefficients,gmn, and the energy efficiency,Qmn, can be obtained using:

d e C
mn nij ijmn

= −1

(A.16)

g
d

mn
mn

mn

=
κ (A.17)

Q d gmn mn mn= (A.18)

These parameters are also referred to as performance parameters since they can be used
to characterize a piezoelectric (composite) material and provide useful information on the
material’s capabilities. Another important parameter for piezoelectric materials isthe piezo-
electric coupling coefficient,ki j , which can be extracted from the electro-elastic matrix us-
ing:

k
d C

ij

ij jj

E

ii

T
=

ε (A.19)

A.2.2 Homogenization of 0-3 composites

To approximate the full set of electro-elastic properties of a 0-3 composite with signifi-
cant accuracy, the Mori-Tanaka method (MT) can be applied to homogenize the effective
properties. It is assumed that the particles are aligned in the poling direction and that the
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inter-particle distance is large. By itself, the MT method cannot be used for piezoelectric
composites, which was addressed by Dunn and Taya [148] who derived the following rela-
tion for the effective electro-elastic modulus,Ec, of a particulate electroactive composite.

E E c E E Ac r r r

r

N

= + −
=
∑  ( )

1 1

2 (A.20)

whereEr , cr , N andAr are the electro-elastic moduli of ther th phase, the volume fraction
of ther th phase, the total number of phases (including the matrix material) and the concen-
tration tensor for ther th phase, respectively. The first phase is the matrix phase and it is
denoted with subscript 1. Of all available methods that have relatively short computation
times, the MT method has proven to give the most accurate results [102,149–151]. The MT
method uses a concentration tensor which is represented by:

A A c I c Ar r

dil

r r

dil

r

N

= +





=

−

∑1

2

1

(A.21)

Adil
r is the dilute concentration tensor which is expressed as:

A I S E E Er

dil

r r= + − 
− −

1

1

1

1

( )
(A.22)

whereSr is the Eshelby or constraint tensor for ther th phase. The Eshelby tensor is a
function of the geometry of the ellipsoidal particle or inclusion with semi-axes a,b and c,
and the electro-elastic properties,E1, of the matrix phase.

S f E a b c
r

r r r= ( , , , )
1 (A.23)

For an ellipsoidal inclusion the following relations define three distinct particleshapes:

(A.24)

(A.25)

(A.26)

A numerical approximation of the constraint and Eshelby tensors is provided by Andrews
et al. [102].
To approximate the effective properties of composites with randomly oriented particles the
MT method can be applied in combination with the rule of mixtures. The first step is tocal-
culate the effective electro-elastic properties for composites with aligned slender cylindrical
particles, oriented in discretized Euler rotations, which replicate all possibledirections. It
should be noted that the poling axis remains in the 3-direction for all these composites. The
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previously discussed Eshelby tensor can be rotated with tensor transformation laws which
allows the generation of electro-elastic properties for composites with slender cylindrical
particles with different orientations. Because the electro-elastic Eshelby tensor is an exten-
sion of the Voigt notation and essentially not a true tensor the transformation laws cannot be
applied directly. Therefore, the transformation laws should first be applied to the separate
parts of the tensor before it is recompiled in the Voigt extension. The modeling of 0-3 com-
posites with randomly oriented particles using the rule of mixtures is elaborated inmore
detail by Andrews et al. [102].

A.2.3 Homogenization of 1-3 composites

In this section a new method is presented for the prediction of the effective properties of
structured piezoelectric composite materials, also referred to as (quasi) 1-3 composites,
with the piezoelectric charge constantd33 and the composite permittivity,κ, in particular
since they can be used to determine the piezoelectric voltage coefficient,g33, and the energy
efficiency, Q using (Eq. 16). The theory behind the model will be elucidated and an ex-
perimental validation is performed to demonstrate the models capabilities. Columnisation
of particles and its effect on the properties of the ceramic-polymer composite materials has
been described by Bowen et al. [33] and Van den Ende et al. [11,152,153] who showed that
columnisation can significantly improve the effective electro-elastic properties of PCMs in
the poling direction. They proposed models for the prediction of the compositepermittivity
and thed33, respectively. Bowen’s model for the permittivity assumes perfectly stacked par-
ticles with a discrete inter-particle spacing in the poling direction, also referred to as axial
particle misalignment. Van den Ende’s model for thed33 andg33 expands on this by addi-
tionally taking angular misalignment of the cylindrical particles into account. These models
give good preliminary prediction results for 1-3 composites with a limited amount of im-
perfections and act as the upper limit for the newly developed model in whichadditional
topological imperfections will cause a further reduction of the composite’s properties. Ben-
veniste [147] concluded that the MT method already takes particle interaction into account
up to a certain extent which implies that it can be used for homogenization of composites
where particle interaction is present even though an infinite particle spacingis assumed
initially. In the current approach the MT method with Eshelby tensors is used twice in
succession to determine the properties of composites with columnised particles by redefin-
ing a column as a single virtual particle (VP) which is in essence a composite in its own
right [152]. The particulate columns or chains have a high aspect ratio and the proposed
method originates from the fact that for these high aspect ratios the valuesof the composite
performance parameters as a function of the particle volume fraction converge towards a
common limit [102]. The contour of the limit for high aspect ratios is traversed by varying
the volume fraction of particles within the column. For construction of a VP it is assumed
that the particles in the column are close to each other within a section that can becaptured
by a rectangle and that the formed chains or columns have an aspect ratio of at least 20, but
preferably 100 and up because the numerical error is smaller for higheraspect ratios. To
have the geometry of the VP comply with the MT method requirements an ellipse is fitted
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over the rectangle which incidentally also reduces the very high particle volume fraction
within the rectangle, increasing calculation accuracy. A schematic representation of a VP is
shown in Fig.A.1.

Figure A.1: Schematic representation of the virtual particle boundary for homogenization of columnised parti-
cles.

The effective composite properties depend on several non-linear functions, which are mainly
influenced by the volume fraction and aspect ratio of the piezoceramic phase [102, 151–
155]. In order to correct for the high VP volume fraction [150,156] and incorporate colum-
nisation and imperfections through manipulation of the volume fraction of the VP the novel
Virtual Particle Mori-Tanaka (VPMT) method is proposed. The VPMT methodis a deriva-
tive of a non-dilute MT method proposed by Schjødt-Thomsen and Pyrz [156] where an
intermediate step with a comparison medium is used to account for high volume fraction de-
viations. For structured composites this comparison medium is defined as beinga two-phase
particulate piezoelectric composite with the same initial phases as the basic composite. The
volume fraction,cVP, of this composite can be adjusted to account for the high-volume
fraction error and non-linear conversion effects when using the VP with the MT method
in a similar way that Schjødt-Thomsen and Pyrz determine the non-dilute solution for the
MT method. The method employs an intermediate value for the dilute concentration tensor,
Adil

r,cm, which captures the homogenized properties of a VP.

A I S E E Er cm

dil

p m p m,
( )= + − 

− −
1

1

(A.27)

where I is the identity tensor,Sp is the Eshelby or constraint tensor for the piezoelectric
phase,Em is the electro-elastic tensor of the matrix andEp is the electro-elastic tensor of
the piezoelectric material.Adil

r,cm is used in the MT method to calculate the comparison
medium’s electro-elastic tensorEcm with cVP. In the successive step, the dilute concentra-
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tion tensor of the VP,Adil
r,VP, is calculated withEcm instead ofEm, forming:

A I S E E E
r VP

dil

VP cm p cm,
( )= + − 

− −
1

1

(A.28)

whereSVP is the constraint tensor for the virtual particle. is used with a the VP’s aspect
ratio and a corrected composite volume fraction,cVPMT, which is expressed as a function of
the piezoelectric material’s initial volume fraction in the VP,c0

VP, and its original volume
fraction,cp.

c
c

c
VPMT

p

VP

=
0

(A.29)

The volume fraction that is used in the second step of the VPMT method is largerthan
the original volume fraction because there is also matrix material included in the VP. This
method distinguishes itself from the non-dilute MT method through the change ofthe parti-
cle geometry and volume fraction by means of a VP which accounts for the chain formation.
The bounds forcVP are 0<cVP≤ m0

VP . ForcVP = c0
VP= 1 the chains in the composite are

uninterrupted and perfectly oriented and the results should coincide with theresults of the
MT method when the particle geometry is taken to be a continuous wire.

A.2.4 Experimental determination ofcVP

The value ofcVP can be determined experimentally by comparing test results of 0-3 and
1-3 composites and selecting a value forcVP that captures the differences in performance.
The accuracy of the prediction of the electro-elastic properties of the structured composite
relyies on an accurate determination of the properties of the 0-3 composite. To demonstrate
the prediction capabilities of the newly proposed method is given by fitting the MTmethod
to the experimental results of measuredd33 and permittivity of 0-3 composite samples pub-
lished [152]. Some of the material parameters that are used as input for the MT model may
have to be adjusted slightly with respect to the nominal values because the properties of the
composites’ constituents change due processing of the material. Piezoceramics in particular
experience significant changes in piezoelectric and dielectric propertieswhen ground after
sintering [157–160] which results in changes of the effective electromechanical properties of
the composite in which they are embedded, different particle-matrix interaction [161–163],
and different processing behavior [164,165]. Because the piezoceramic powder is too small
to conduct reliable property measurements and because the particle size and shape are not
uniform the material properties were altered in such a way that the MT method prediction is
accurate. Since the MT method is considered to be very reliable it is expectedthat the result
in this case is similar to the result that would have been calculated had the right material
properties been available. Fig.A.2 shows the experimentald33 andg33 results of 0-3 and
1-3 samples as a function of the volume fraction PZT granulate, as well as thefit prediction
of the MT method and the calculated prediction of the newly proposed method for several
values ofcVP.
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Figure A.2: Test results for measuredd33 andg33 for structured and random with the predicted values of the
VPMT method, indicated with a value forcVP, the MT method, structured composite test results (STR), and
random composite test results (RTR). Material parameters were basedon PZT-5A and fully cured polyurethane
resin (Crystal Clear 202). Material properties as defined in the ComSolmaterial database.

It is shown that when the MT method is applied well, the newly proposed method can yield
exceptionally well matching predictions for structured composites, here shown for cVP =

0.06. The consistency of the analysis is demonstrated by the optimal cVP fit value is the
same ford33 andg33. The fit value of cVP of 0.06 is considerably lower than the value
of cVP = 0.5, which was approximately the initial volume fraction in the VP wherec0

VP=

0.55. Clearly the actual spatial arrangement of the particles deviates significantly from an
equi-spaced perfectly aligned arrangement. The cVP as derived here can serve as a simple
yet informative figure of merit to gauge the quality of real dielectrophoretically or otherwise
structured PZT-polymer composites.

A.3 Theoretical predictions using imperfection parameters

While thecVP parameter gives an attractive single parameter to cover the effects of all topo-
logical imperfections, it is desirable to analyze the effects of specific types of imperfections
in more detail. Topological defects can be distinguished at a level of a singlestrand or chain
of quasi-aligned particles and at the level of aggregated chains . Thesewill now be analyzed
separately.

A.3.1 Single chain imperfections

The three most commonly observed imperfections in isolated particulate chains are angular
misalignment, axial misalignment and lateral misalignment. Single chain formation is most
commonly found in composites with low volume fraction of the piezoceramic phase.
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Angular misalignment

The misalignment of particles with respect to the direction of the applied electric field causes
the effective properties of the composite in the field direction to be reduced. This is due to
the fact that the particles are poled in the field direction. A misalignment of the particles
will cause the effective particle length in the poling direction to be reduced, therefore the
particle aspect ratio as experienced by the composite is smaller as well. The effects of the
average orientation angle of chains of particles and the average orientation angle of particles
within the chains have been described by Van den Ende et al., as seen in Fig. A.3 [152].

Figure A.3: Schematic of a cross section of aligned cylindrical particles including the particle dimensions, w,
AR and average orientation angle,θ [152].

The effectiveARof particles is expressed by Van den Ende et al. as:

AR AR
eff

= + −1 1sin( )( )θ
(A.30)

The effectiveARof chains is expressed in a similar way.

AR ARchain eff chain chain_
sin( )( )= + −1 1θ

(A.31)

The effective aspect ratios can directly be used with the VPMT method, leading to a de-
crease in effective properties when misorientation is added, as is to be expected (Fig.A.4).
In the figure it can be seen that the calculated results for the VPMT method are lower than
those of the MT method For structured composites as long as the misorientation angle is
less than 100 the conventional MT model describes the properties adequately. For higher
misorientation angles the MT method rather over-estimates the properties.

Axial misfit

The average axial misfit,lvs , as shown in Fig.A.5, can directly be used with the VPMT
method or alternatively be translated into an efficiency factor forcVP which allows for cross-
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Figure A.4: Effects of particle misorientation on thed33 andκ for the VPMT method compared to the MT
model forAR= 5, cp = 0.1 andcVP = 0.55

ing the AR-limit boundary by reducingcVP to mimic the increase of the inter-particle spac-
ing.

Figure A.5: Schematic representation of the vertical inter-particle spacing definition for the VPMT model.

A decrease of the volume fraction due to an increase in particle spacing will lead to ex-
ponentially decaying effective properties [102,152,153]. The axial misfit is averaged over
the inter-particle spacing between vertically adjacent particles. The proposed function to
describe this is:

η
ips vs

l= cos(tan( ))
(A.32)

In Fig. A.6 it is shown that multiplyingcVP by ηips drives the effective properties towards
those of the MT model, which is as expected since the MT model assumes an infinite spac-
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ing between particles.

Figure A.6: Comparison ofd33 ancκ of the composite between the VPMT method and analytical models for
varying vertical inter-particle spacing withcp = 0.1,AR= 5,cVP = 0.55*ηips.

The simulations on the effect of axial misfit were made for AR= 5. Reducing the aspect
ratio decreases the initial values of the VPMT and MT methods for zero spacing and the
value for which the VPMT method attains the same value as the MT method and vice versa,
which is also found in the literature [33,102,151–153].

Lateral misalignment

Another imperfection that can be defined is the average lateral misalignment,l lat, between
the ends of adjacent particles in a chain. This parameter will have a large effect in particular
for particles with a small aspect ratio, the reason being that the force may not travel effi-
ciently through the particle but can partly bypass it through the matrix. For large particles
however, the influence will be less since the force can travel from one particle to another by
means of shear and a higher matrix loading in the vicinity of the particle edges, causing a
larger portion of the strain energy to travel through the particle instead of the adjacent ma-
trix. The average lateral misalignment is defined as the average of lateral distances between
the ends of adjacent particles within a chain (Fig.A.7). It is assumed that the adjacent par-
ticles are part of the same chain. To be part of a chain at least one end ofa particle should
have a lateral misalignment that is smaller than the particle width.
The average lateral misalignment is incorporated in the VPMT model by using itto define
an efficiency factor that gauges how longitudinal stress is transferred between particles. For
this case the stiffnesses of the composites constituents are deemed unimportant since the
force through the thickness of the composite will have an affinity for the stiffest path and
these effects are taken into account intrinsically by the MT method. It can be imagined that
if the particles are perfectly stacked the load path will travel uninterrupted through the chain.
If edge misalignment is introduced, it is logical that an increased amount of energy will be
lost to the matrix in order to transfer the load from one particle to another. Theamount
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Figure A.7: Schematic representation of the lateral misalignment definition for the VPMTmethod.

of energy that is lost will be a function of the particle aspect ratio. The efficiency function
describes the change in effective properties, such that its impact is low for high aspect ratios
and vice versa. It also includes factors that describe the drop in the performance parameters
due to increased lateral spacing and hindered stress propagation. Theproposed expression
that complies with these demands is:
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(A.33)

cVP is multiplied with the efficiency factor to obtain a newcVP value. Even though the
actual behavior is highly non-linear the approximation was found to be relatively accurate
for lateral spacings that are smaller than twice the particle thickness. Fig.A.8 and Fig.
A.9 show the decay of thed33 and dielectric constant for different particle aspect ratios. As
shown the effect of the lateral displacement is significant and more so for shorter fibers.

A.3.2 Aggregated chain imperfections

The imperfections that occur in single chains also occur in situations where the single chains
in a structured composite have agglomerated into multi-chains or columns, a behavior that is
found commonly for high volume fractions. Additionally such aggregated chains show two
additional topological imperfections: particle overlap and the bridging of gaps by particles.
Even though these imperfections may occur in single chains as well, for dielectophoreti-
cally structured composites such forms of topological imperfections are unlikely given the
physical force field causing the alignment of the particles.



156
Chapter A. Effect of topological imperfections on electromechanical properties of

composites

Figure A.8: Effects of lateral misalignment on the composited33 andκ for a particle width of 5µm. AR= 5, cp

= 0.1,cVP = 0.55.

Figure A.9: Effects of lateral misalignment on the composited33 andκ for a particle width of 5µm. AR= 20,
cp = 0.1,cVP = 0.55* ηlat.

Overlap

Particles that overlap cause the surrounding stress-field to be augmentedand therefore the
strain in each involved particle changes. Because the connection betweenthe particles is
through matrix material more energy will be absorbed by the matrix resulting in less strain
in the particles and lower effective composite properties. The average overlap length,lol, is
defined as the average fraction of the mean particle length that overlaps withany adjacent
particles (Fig.A.10).
In addition to the average overlap length, the efficiency function for the overlap should con-
tain a factor that describes the energy transfer as a function of the material stiffnesses. If the
matrix material is considerably less stiff than the piezoelectric material, the piezoelectric
material will attract a large portion of stress. However, if the materials have approximately
the same stiffness the force will flow straight from the top of the composite to the bottom
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Figure A.10: Schematic representation of the particle overlap definition for the VPMT method.

without alterations in the load path and without being diverted to the piezoelectric parti-
cles. The force transfer between particles in a matrix with large differences in stiffness and
dependency on particle shape and spacing is highly non-linear. In order to incorporate the
energy loss in an efficiency function, the expected physical behavior should be broken down
into comprehensible steps. Consider an uninterrupted (ideal) chain with locally a particle
that has twice the thickness of other particles and a matrix material with negligible stiffness.
In the thicker particle the strain will be half that of the rest of the chain. The total output
of this section remains the same since the strain is halved, but the area is doubled. If the
particle is split into two equal parts across its length and gradually moved awayfrom the
chain it can be imagined that the strain in the particle in the chain will increase andthat the
strain in the separated particle will decrease. Because the matrix deforms easily the force
will be distributed equally over the parts of the split particle for zero lateral spacing and it
will be only on the in-chain particle for a large lateral spacing. This is due to the matrix
deforming freely causing the strain to be dissipated before it reaches the separated particle.
Because the longitudinal strain in a piezoelectric particle is commonly small with respect to
the particle’s dimensions, it is expected that the force that is transferred tothe separated par-
ticle diminishes quickly for increased lateral distance. When the matrix material isstiffer,
it will absorb more energy upon deformation, but its ability to transfer forcebetween lat-
erally spaced particles becomes more prevalent. The energy that is lost through overlap is
proposed to be captured with the following efficiency factor:

η
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ol

olat
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Y
= −

+
1

1
(A.34)

The three parameters that influence the overlap efficiency function show different kinds
of behavior as shown in Figs.A.11 andA.12 andA.13. Contrary to other imperfection
parameters the particle overlap does not converge toward the MT results since it is assumed
that there still are columns present in the material. Since the proposed efficiency function
does not converge towards the MT model, it is more difficult to fine tune the function and to
assess if the impact has the right magnitude. It can however be concludedthat the function
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is very versatile and therefore it offers good prospects for fine tuning capabilities.

Figure A.11: Effect of particle overlap on the composited33 andκ as a function of overlap length.AR= 5, cf

= 0.1,cVP = 0.55 * ηrl , Ym/Yp = 0.1, lolat = 0.3µm.

Figure A.12: Effect of particle overlap on the composited33 andκ as a function of lateral distance.AR= 5, cp=

0.1,cVP = 0.55 * ηol, Ym/Yp = 0.1, lol = 0.3µm.

Gapbridging

The average gap-bridging length,lb, is defined as the average fraction of the mean particle
aspect ratio that is adjacent to a vertical gap between two stacked particlesand overlapping
both particles’ ends (Fig.A.14).
The gap-bridging effect is a positive effect which increases the effective properties of the
VP. The spacing between the bridged particles is considered to be axial misalignment. The
gap-bridging function converges to its neutral point (which is 1) for a large lateral spacing
and high matrix stiffness. The efficiency function for the gap-bridging parameter contains
the average fraction of the mean particle length that is bridging a gap,lb, the average lateral
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Figure A.13: Effect of particle overlap on the composited33 andκ as a function ofYm/Yp ratio. AR= 5, cp =

0.1,cVP = 0.55 * ηol, lul = 0.3, lolat = 0.3µm.

Figure A.14: Schematic representation of particle gap-bridging definition for the VPMT method.

distance of the particle from the gap,lolat, the average number of bridges per particle,nb,
and the stiffnessess of the composites constituents,Ym andYp, for reasons mentioned in
the previous section on particle overlap. It is proposed to use an efficiency function similar
to the function that was used for the particle overlap. The gap-bridging factor ηb that is
proposed is:

η
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Y Y
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+ +
1

1
(A.35)

Since the formula is quite similar to that for particle overlap only the effects of the number
of bridges per particle and the bridged length are shown in Fig.A.15 to illustrate that
it is a beneficial function and that an optimum can be found for certain combinations of
parameters in which the energy is distributed more efficiently over the piezoelectric phase.
The impact of gap-bridging has not been researched thoroughly for particulate compos-
ites and as for the other imperfections more research is needed to check thevalidity of
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Figure A.15: Effects of gap-bridging on the composited33 for varying average number of bridges per particle
(AR= 5, cp = 0.1,cVP = 0.55 * ηb, Ym/Yp = 0.1, particle length= 25µm) n = 0.3 (left) andn = 2 (right).

the proposed efficiency function. It can however be stated that the trends are as desired.
The gap-bridging efficiency function showed trends similar to that of the overlap function
and therefore it has the same difficulties with assessment of the magnitude of the impact
and fine tuning capabilities. However, the gap-bridging function is very versatile and offer
good prospects for fine tuning when more insight is gained in the mechanics behind this
imperfection.

Overall Imperfection parameter

The efficiency parameters defined in the previous sections are all multiplication factors to
adjust the cVP value and therefore they can be combined using the following equation for a
correction factor that takes into account multiple topological imperfections.

η η η η η=
ips lat ol b

* * *
(A.36)

The imperfection volume fraction,cimp, is subsequently expressed as:

c cimp VP= 0
*η (A.37)

The imperfection volume fraction is used in the calculation as input for the VPMTmodel
instead ofcVP and shows a lot of potential to obtain accurate property predictions. The range
of η is theoretically 0< η ≤ 1. For empirically optimized dielectrophoretically structured
composites the imperfection factor is about 0.8 [147,152,153] showing that some significant
improvement in properties can be obtained.
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A.4 Conclusions

A new VPMT method for the prediction of the properties of particulate composites with im-
perfections was proposed. The model has the MT model as a lower boundand it coincides
with the MT method for high aspect ratios, complying with the desired behavior which
ranges between the dilute limit and the saturated limit. Efficiency functions were proposed
for angular, axial, and lateral misalignment and particle overlap. Angular misalignment is
taken into account in a very direct manner and it has the largest impact on the effective
properties, yielding a 10 % decrease in performance parameters for an 8degree misalign-
ment angle. Axial misfit causes the performance of the composite to converge towards the
results of the dilute MT model rapidly depending mainly on the particle aspect ratio. The
other imperfection parameters’ efficiency functions have a moderate influence but together
they can reduce the effective composite properties by a further to 20 %. The only beneficial
topological defect leading to an increase in properties over a perfectly structured composite
is particle gap-bridging which shows an optimum value for which the strain energy is most
efficiently distributed over the surrounding piezoelectric particles. However,the effects of
gap-bridging are low compared to the influence of other, clearly detrimental,parameters.
Taking realistic degrees of topological imperfections in quasi 1-3 composites it is predicted
that the effective dielectric and piezoelectric properties of currently produced quasi 1-3 PZT
polymer composites are 20-50 % of the values for perfectly aligned and spaced particulate
composites.
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