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Chapter

Introduction

1.1 Introduction

Multifunctional systems that can provide performance-tailored functioresityell as adapt-
ability have emerged in recent years. Researchers are seeking to desigrials that in-
clude autonomic structures that can sense, diagnose and respondnalesttenuli without
human intervention], 2]. Adaptive structures that allow readjustment of functionality,
shape and mechanical properties on dem&ndi[ as well as self-sustaining systems with
structurally integrated power harvest, storage and transmission capabitdéieéso under
investigation 5-8].

Multifunctional materials, designed to improve the overall system perforejaare typi-
cally composites of several distinct materials phases, in which each pérdeens a difer-
ent function. These materials can be designed to meet specific requireénmeagh tailored
properties.The properties in a system can be integrated on several dingsgales with
increasing inter-connectivity between phases as the scale decr@ases.diferent types
of materials multifunctionality can be realizet] §] through addition, colocation and inte-
gration of the phases. The material selection process is done to satisggtheements of
more than one function and the best candidate of multifunctional materialsrfimrmance-
tailored structures is most likely to be realized by the integration t9pE]).

An important group of materials, often studied for integration with others tatermulti-
functional materials, are stimulus responsive materials that react to a cstitairius by
altering some of their physical properties. Among these types of materiatecgi@mics
have gained significant attention for a wide variety of applications in seasidgctuation,
due to their strong actuation power, piezo sensitivity, as well as wide dyrigegicency 1].
However, piezoceramics also have deficiencies, such as brittlenetsckrat formability.
Recently, particulate piezoelectric ceramics have been combined with ingezoelectric
polymers to form flexible functional compositekl[12]. In such composites the overall
functionalities of the material is controlled by the intrinsic properties of thetiaest ce-
ramic and polymer phases, their morphology as well as the pattern of dimitlgedNew

1



2 Chapter 1. Introduction

developments in polymer synthesis have led to a variety of advanced flepiposites
with functionalities in multiple domains of piezo- and pyroelectric in a wide tempearatur
range. Moreover the michmacro architecture design and optimization, using a range of
polymer processing techniques, has resulted in enhanced perforofaheecomposites in
piezoelectric sensing, as well as actuation fields.

The relationship between the piezoelectric, pyroelectric and ferroelewtirials 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 siratress due to an
applied external electric field, or conversely to the change of the pdiarzdue to a me-
chanical excitation are called piezoelectrics. Pyroelectrics are a gfqigpzoelectrics that
show a change of polarization due to a change in temperature. Ferriceteaterials, as

a subgroup of pyroelectrics, have both pyroelectric and piezoelectpepies. Therefore
due to the presence of multiple properties in a ferroelectric system, multiplédnalities
can be integrated by a proper design of these materials.

Ferroelectrics Pyroelectrics Piezoelectrics Dielectrics

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

In this chapter the phenomena of ferro-, piezo- and pyroelectricity itioalto ferroelectric
materials are briefly reviewed, in order to create a basic understandihg bEhavior of
electroceramic-polymer composites. This is followed by a review of the deslga for
performance optimization of piezoelectric particulate composites used in this, themely
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 beseelvby the ap-
plication of an external electric field. These materials maintain a spontaniemiiscepo-
larization in the absence of an imposed applied field below a certain phasgitratem-
perature, known as the Curie temperaturg).( Ferroelectric crystals possess regions with
uniform polarization called ferroelectric domains. Within a domain, all the étedipoles
are aligned in the same direction. There may be many domains in a crystaiteeipay
interfaces called domain walls. The multiple ferroelectric domains of a sing&atryan

be combined to a unified domain by application of an appropriate electric fielder



1.2. Different functionalities of ferroelectric materials 3

strong field can lead to the reversal of the polarization in the domain, knevdomain
switching [L3,14]. The polarization reversal can be observed by measuring the liectoe
hysteresis as shown in Fid.2 In ferroelectric materials a polarizatioR)(versus electric
field (E) hysteresis loop exists, as shown in Flg2, that is characterized by quantities such
as the saturation polarizatioR4), remnant polarizationRR) and coercive fieldEc). The
hexagons with gray and white regions schematically represent repartittom golariza-
tion states in the material (e.g. in grains of a ceramic) i¢dint fields.

50 T T T T

a0t Bl---a B,
o} @ i ®
T 20t "
£
3 10F
S, VA VAR/
c
% 6k @ +Ec
N
5 20t
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T 30t .
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-50 ,
-300  -200

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

1.2.2 Pyroelectricity

Pyroelectricity is the generation of an electrical charge due to a changepetature 15].
The total pyroelectric cagcient, measured at constant stress, is the sum of primary pyro-
electric codicient and secondary pyroelectrifiect due to piezoelectric contribution from
thermal expansion. The primary pyroelectric constant of a matgtighary, is defined as
temperature dependence of the spontaneous polarization when the msiteblsd to ex-
pand freely. A secondary contributiopsecondary Can occur if the material is constrained,
resulting in a piezoelectric contributioi]. Both efects are illustrated in Figl.3 in
which pyroelectricity is visualized as one side of a triangle. Each corpeesents energy
states in the crystal: mechanical, electrical, and thermal enBrgy.andS stand for elec-
trical displacement, entropy and strain respectively. A small change infahe variables
produces a corresponding change in the othé}. [

The primary pyroelectric féect, pprimary, IS defined as the gradient of the polarization-
temperature curve at a particular temperature:

AP
Pprimary = AT (1.1)

whereP andT denote polarization and temperature respectively. For a sxiialind at a
temperature dficiently below the Curie temperature, it can be regarded as a constant for a
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Electrical

Mechanical Thermal
Figure 1.3: Primary and secondary pyroelectric contributiohS] [

given material and temperature. Although the pyroelectri¢faent is a vector, since the
measuring electrodes are generally placed along a principal crystallagmirection, the
codficient is often regarded as a scalar. Thgmary is normally negative, since the sponta-
neous polarization of a pyroelectric decreases upon heating towar@sitigestemperature,
and it is dominant for ferroelectric materials. For ease of calculations gw@wb value of
Pprimary IS presented throughout the thesis.

For a piezoelectric material under constant stress, a temperature ¢bag® a dimension
change due to thermal expansion. This phenomenon results in an addiieraelectri-
cally induced charge. This coupledfext of thermal deformation and piezoelectricity is
expressed by the secondary pyroelectfie@, psecondary @and is defined as:

= (S )er (), = (s )y (), =0 @2
Psecondary= 5elet\6TJes \So/et\se/et\6T/eos '

whereeg, ¢, anda are the strain, elastic fiiness and thermal expansion fi@ent of the
material respectivelyl[7, 19].

Pyroelectric materials develop an electric current upon experiencing &tatape 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 inahgty of
surface charges. The free charges flow to compensate for thegghahgh leads to the
pyroelectric current flowip, in the circuit defined aslp, 19, 20]:

ip = AP%—I (1.3)

whereA is the electroded area of the pyroelectric matefpalk the component of the py-
roelectric coéficient normal to the electrodes, addl/dt is the rate of temperature change
with time. This equation holds, provided that measurements are carried aert constant
stress and electric field, so as to avoid piezoelectric, ferroelastic aelestric contribu-
tions.
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(a) An electroded pyroelectric material at constant tengb) Current flow upon an increase in temperature.
perature.

Figure 1.4: Development of pyroelectric curreritq].

Pyroelectric materials have been used in wide range of applications sutdheasd detec-

tors, thermal imaging, radiometers and pollution monitoriag.[ To select a material for
each application, several figures of merit (FOM) have been definatdcém be calculated
from the thermal, electrical and optical properties of the materials. The mexgiently

used FOM is:

F=P (1.4)
€r

whereg; andp are the dielectric constant and pyroelectricfGognt of the material mea-
sured at constant stress at the operating temperature of the device.

1.2.3 Piezoelectricity

The piezoelectric ffect is related either to the change of strain or stress due to an applied
external electric field, or conversely to the change of the polarizatioriadlaenechanical
excitation R2]. The piezoelectric properties of ferroelectric materials can be deschpe

the linear matrix equations:
X SE d'[ X
o) (e @9

The stressX and the electric fieldE are the independent variables, while the stragnd
electric displacemeri are the dependent variablese, andd are the elastic compliance,
the dielectric and the piezoelectric constant respectively, while the suipéssof these
variables denote the physical quantities held constant during determinaAflorariables
are tensors and that thefBx t denotes a transposed tensor.

The piezoelectric constants are third rank tensors as they couple aldeosor to an ex-
ternal electric field vectoEy or dielectric displacement vect@y. Due to the symmetry
of the mechanical tensor variablesij( = Xj) the strain tensor can be compacted into a
first rank tensor. Therefore that the piezoelectric constants arekedvinto second rank
tensors with the first index denoting the direction of the applied field spedified 1 to 3,
while the second index denotes the strain direction, denoted 1 to 6. FordasEaml.5can
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then be rewritten in a complete form for ferroelectric ceramics with a peitevsitucture
of symmetry poled in the thickness or third dimension as:

S1 Sh Sp S Sy S Sp Ou G da)(Ta
S2 S S, S3 S S SEG diz dzz d32f| T2
S3 Sh Sy Sm Sy 5 3%6 diz dxz ds3f| T3
Sa Sh Sp S Su Sis Sée tig Oz d3af|Ta
Ss | = fgl ng és E4 §5 3%6 dis dos dss||Ts (1.6)
Se 1 %2 Sz Sos %5 So e d2e dssf|Te
Di| |di1 dip chs dis dis s €, €, €,f|Es

T T
D2 Gp1 oo Opz dpg Ops s €, €, €3||E2

T 7
D3) \d31 d3p ds3z d3q d3s d3s €5 €5, €4/\E3

Thus in perovskite ferroelectric ceramics there are five independesitcetmmpliances,
two dielectric permittivities and three piezoelectric constants. The key panarseteh
as piezoelectric charge déieients,d;j, the piezoelectric voltage ciients, g, and the
energy diciency,Qjj, can be obtained using:

- _ 8

di =g (1.7)
d..

gij = i (1.8)
€|J

Qij = dij.gij (1.9)

whereCjj andeg; are the elastic moduli (for a constant electric field), and piezoelectrisstres
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 claigsists of
ferroelectric ceramics whichfi@r high electromechanical couplinky(= 0.5 - 0.8), a wide
range of permittivities = 100-3000), low dielectric and mechanical losses as well as high
thermal stability 3,24]. However, these materials are brittle anffidult to shape, and they
posses a large acoustic impedance resulting in a méiteuti acoustic match to soft media
such as tissues and water. Moreover, despite their relatively highecbangtantsdss) that

are beneficial for actuation, their high capacitance reduces the volagitigty (gs3) quite
drastically (see EqL.8) [23,25].

The second group consists of ferroelectric polymers which have a loustic impedance

as well as low permittivity, which can be advantageous in certain situatiotts asun pyro-
electric detectorsZ6,27]. They are rather flexible and ductile and can be manufactured with
various processing techniques. The ferroelectric polymers show alémira@mechanical
coupling factor k = 0.2 0.3) and low thermal stability and quality factoiQ{ = 10— 20)
which make them useful for underwater operation or for broad-baptcations P5, 28].



1.3. Piezoelectric electroceramic-polymer composites

Piezoelectric polymers exhibit a low permittivity and a high piezoelectric seitgiiyss),
which can be interesting in applications such as touch and impact se@5j23][
Potentially, attractive combinations of mechanical, thermal, dielectric, acounstielac-
troactive properties and an adequate processability can be achievadbmdding ferro-
electric ceramic particles within a polymer matrix, in which the ferroelectric actigity
provided by the ceramic phase, and the flexibility is provided by the polymeseohSuch
composites can overcome the limitations of both ceramics and polymers, andepnew
avenues to sensing applications.

1.3.1 Hfectoftopology on electroactive properties of electroceraic-polymer
composites

In the multiphase composites, the pattern of connectivity of the two phasesalaycial
role, as far as overall physical and electromechanical propertiesacerned. Connectivity
describes the interspatial relationships in a multiphase material. Accordinguviohsen, in
a two-phase system, a set of universal terminological conventionsXFjgcan be used to
show diferent patterns of self-connections of the constituent ph2&gs [

3-3 (front and top view)

Figure 1.5: lllustration of the terminological conventions of diphasic composite-pdatieuconnectivity
(Adapted from Newnham et aR§])

The connectivity pattern can be expressed with two digits, denoting thectivity of the
filler and that of the matrix respectively. The random particle distribution;®cOmposites
with unconnected equiaxed patrticles in a fully self-connected matrix, afdmtau$ distri-
bution, or 1-3 composites with continuous ceramic fibers fully aligned in onerdiine,
represent the lower and upper bounds as far as the final propdrties composites are
concerned. An intermediate state between the 0-3 (particulate) and Yedilitstate can
be obtained by applying an dielectrophoresis (DEP) treatment on a semisiiluteon of
particles in a viscous matrix (such as the most polymer systems prior to cusitid?].
As a result of the local electromechanical field the particles reorientguusition them-
selves in thread-like structures. Under ideal processing conditiorgs aloth well separated
particulate threads form, which can span the full electrode to electroaéngpalosely
approaching the topology of perfect 1-3 composites. For a given phatiicconcentra-
tion, the alignment of the particles in the thread-like structure leads to a markedge in
piezoelectric properties while the high mechanical flexibility due to the polymetimsatr
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maintained 81, 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 High The polymer
matrix (epoxy) and piezo ceramic (lead titanate) are chosen arbitrarilypiiperties are
simulated according to the mixed connectivity model (MCM) presented in Chapte

As shown in Fig.1.6, composites with 0-3 connectivity only show attractive piezoelectric
properties at very high ceramic volume fractio$][ One major reason can be attributed
to inefficient poling state of the ceramic particles at low volume fracti@7s [Due to the
lower resistivity and permittivity of the ceramic phase, the electric flux canatrs more
effectively on the polymer phase and does né¢@ the ceramic particledieiently. At
high ceramic contents the thickness of the polymer layer separating the cerantidbes
becomes smaller. Such a lower polymer layer thickness facilitates the poling obth-
posite, as a smaller fraction of the applied external electric field is imposedgotymer
matrix rather than on the poling of the ceramic particles.

On the other hand, the 1-3 connectivity composites show in general arlggtfermance

in terms of electroactive properties, albeit at a higher manufacturing Thetapproach of
combining an electroceramic powder with a polymer matrix, which has beertlusedh-

out this work, is widely considered to be an attractive option, since it alloves prevduction

of cost dfective piezoelectric and pyroelectric materials that could in a reliable way impar
special properties to various structures by a coating process.

1.3.2 Hfect 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 longgplications
due to their ease of fabrication, tunable electroactive properties, highamieal stability,
ability to cover large area, versatile product size range and low mantifagtiost 38-40].
Moreover, they can be flexible, if properly selected polymer matrix mateniedes and the
ceramic volume fraction is kept low. However, below the percolation thidshwere is no
continuous path of connected particles from one electrode to anothsuchcases, the
poling dficiency as well as the electroactive properties depend even more strantiig o
electrical conductivity of the polymer matri¥]—43].

Recent investigations have shown that the electrical conductivity of thstibeents has

a significant €ect on dielectric, piezoelectric and pyroelectric properties of the particula
composites44-48]. It has been reported that enhanced electrical conductivity of théxmatr
shortens the build-up time of the electric field acting on the ceramic particlesetduisg

to higher poling éiciency in those composites. Moreover, the piezoelectric and pyroelec-
tric properties of the composites also improve significard®; 49]. One way to improve
the electrical conductivity of the composites is to introduce a small volume fraofia
conductive third phaséD-52]. Sakamoto et al. reported that an addition of carbon black
in lead zirconate titanate-polyurethane (PZT-PU) 0-3 composite resultidiert poling

at relatively low electric field and in a short time frame as well as superiargbgctric and
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Piezoelectric electroceramic-polymer composites
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respectively.
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piezoelectric cogicients f6]. The same group has reported that PZT-polyvinylidene fluo-
ride (PZT-PVDF) 0-3 composites containing polyaniline, either as a stepghase or as a
coating of ceramic patrticle, also show superior properties in all respectamparison to
the other compositeglfl, 45,47]. Ploss et al. have also observed a significant improvement
in pyroelectric properties of PZT-PU composites by using a matrix doped witbritper-
chlorate (LiCIQ) [53,54]. The mechanism of ionic conduction in doped polymer-ceramic
composites is demonstrated by Furukawa et %, $6]. The improvement of the pyro-
electric codicient from 6uC.m=2.°C™* to 50uC.m2.°C™* after doping has been reported.
These results have stimulated the application of other polymeric materials withr bigie
ductivity to further enhance the pyroelectricity. Chau et48] feported on the application
of polyethylene oxide (PEO), a well known polymer electrolyte used for lithhattery,

in pyroelectric composites. In PZT-PEO composites the pyroelectric andgbéssric co-
efficients of the samples were greatly enhanced, when compared with othgroRziTer
composites with negligible conductivity.

Dielectric permittivity

The piezoelectric voltage sensitivityzs (Eq. 1.8), as well as pyroelectric FOM (EdL..4)
are directly proportional to the piezoelectric charge constant and lpgide codficient,
respectively, and inversely dependent on the permittivity of the materiat. e@nlier re-
search has shown that optimization of the electrical as well as mecharoparpes of the
polymer matrix plays an important role in controlling the piezoelectric chargeoatyit
voltage of the diphase composites, as presented in the App&ixThe sensitivities can
be further optimized by adding a gaseous phase to the polymer matrix to famabus
medium.

Porous polymers, foamed to various low densities, find use in a wide rdrggplications
that require properties such as weight-reduction, insulation, buoyaneygy dissipation,
mass transport as well as convenience and com@jt [More recent advances include
polymeric foam scfiiolds for tissue engineerindg$], shape memory polymer foams for
biomedical and aerospace applicatio8463], membranes for gas separation or filtration
[64, 65], polymeric electrolytes in lithium-ion batterie66, 67] and hydrogen storag®$,
69]. Investigation of ultra low permittivity dielectrics for the next generationsafrochips
in the field of electronic materials has encouraged development of poobumsér structures
which show a clear relation between decreasing permittivity and increasingity [58,70,
71]. A significant reduction in the permittivity of the piezo composites results iraroéd
piezoelectric and pyroelectric performance of the composite sensors.

High performance properties

The interest for high temperature piezoelectric sensor materials for appiica automo-
tive, aerospace and energy has been growing significafd]y [n automotive electronics,
the current operating environments reach temperatures ¢f58hd temperatures as high
as 500°C are expected for the near future. The aerospace industry hasoesmgrer high
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temperature requirements, when sensors often need to be placed clasengitte for ad-
equate sensitivity to monitor the engine health. Therefore, piezoelectricialatbat can
function at high temperatures without failure are desired for structeltth monitoring or
nondestructive evaluation of the next generation turbines. Another majoratian for the
development of high temperature electronic materials can be attributed to theagiom of
new sources for energy production, such as nuclear and wind @sweell as geothermal
energy. Wind and geothermal energy capacities are growing as theddadims of renew-
able energy worldwide. Wind and steam turbines will benefit from theldpueent of high
temperature sensors for structure health monitoring, ensuring enhlifietiete and relia-
bility, less maintenance and downtime, thus reducing the overall cost ofabies energy
sourcesT3,74].

The operating temperature range of a piezoceramic-polymer transdsidienged by the
sensing capability of the piezoceramic at elevated temperatures, incoessidttivity and
mechanical attenuation, variation of the piezoelectric properties with tempesrahd most
importantly the glass transition temperature of the polymer matrix. Highiezo-ceramics
can be embedded in high temperature polymers to overcome this problem. High pe
mance amorphous polyimides are interesting candidates for the applicatiotisrmadn
above [/5-80]. To achieve an adequate combination of mechanical, thermal and electroac
tive properties ferroelectric ceramic particles are embedded within gyapedified poly-
mers of this family.

1.4 Scope of the thesis

This thesis presents several new composite materials and relatéketii@etopology, pro-
cessing and intrinsic properties of the constituent materials to piezo-, pymferroelectric
properties of the di-phase and tri-phase composites.

Chapter 2 describes the materials development and characterization as@8ll dielec-
trophoretically structured quasi 1-3 composites based on lead titanatan(Rh)epoxy
matrix. These composites consist of isolated equiaxed granulate particiesnierg elec-
trically insulating polymer presenting two distinct configurations of (0-3)amdomly dis-
tributed and (1-3) or chain-like structure. These systems can be szhasdthe reference
system for the systems investigated in the subsequent chapters. Twetepeng the inter-
particle distance and the percentage of 1-3 connectivity, are usedlt@vthe degree of
structuring. Piezoelectric and pyroelectric sensitivities of the composiénastigated as
a function of these parameters.

Chapter 3 deals with the computational modeling of structure formation duringcedie
trophoresis. A novel multiphysics finite element model is presented for seatitative
simulation of the structure formation in a medium of dielectric particles suspeindad
liquid between parallel plate electrodes. The performance of the model isatlestin a
number of fundamental cases. The influence of parameters such aasgieet ratio and
heterogeneity of the particles is studied for the purpose of obtaining inisighthe ideal
conditions required to obtain a specific structure.
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Chapter 4 describes the ferroelectric characteristics of PZT-epakigyate composites.
The properties of dielectrophoretically structured PZT-polymer particalaneposites are
studied at high electric fields and compared to those of 0-3 composites.izBtitar and
strain response of PZT-polymer particulate composites, both 0-3 and lg3aypes, are
investigated. The properties of the composites are evaluated, and cdmptréhose of
the bulk ceramic. An analytical model is developed to describe the electrameahstrain
of composites with a chain-like arrangement of the ceramic particles.

In chapter 5 the integration of process steps in the production of quasioinposites via
DEP is described. A simultaneous combination of dielectrophoresis and jmhpglied at
room temperature, while the polymer is in the liquid state, followed by subsequeng.
This new processing route is applied in an uncured thermoset system, wigoimer
matrix still possesses a relatively high electrical conductivity. Compositesdiffierent
degrees of alignment are produced by altering the magnitude of the aplgadcefield.
The dfect of processing route on the degree of structuring as well as pdticgercy and
the functional properties of the composites is investigated.

In chapter 6 electrically conductive PT-polyethylene oxide (PEO) comsaaitepresented.
PT particles are dispersed in PEO polymer at varying volume fractiongangosite films
are cast. The dielectric, piezoelectric and pyroelectric properties &eemdred. From
these data the piezoelectric voltage fiioéents, as well as pyroelctric figures of merit of the
composite films are calculated. The obtained values are compared with th&tegioRy
composites in order to determine theet of electrical conductivity of the polymer ma-
trix on the poling éiciency and the final properties. A novel method is applied to test
the pyroelectric properties of these materials at low frequency. Thel sigadysis proce-
dure mathematically mimics the ideal lock-in character via a unique combinationsof Fa
Fourier Transform (FFT) with Heaviside threshold to filter residual noi$e phase dier-
ence between the peaks of the temperature and current waves is cdlosiaig a folded
correlation.

Chapter 7 describes the development of tri-phase PZT-porous piiigneecomposites. The
main goal is to reduce the dielectric constant of the polymer matrix, and impeubility
and conformability of traditional diphase flexible piezo-composites consisfirmgramic
particles in a dense polymeric matrix. This is achieved by adding a third (gslspbase
to the system. The presence of the gaseous component in the polymer magig Itsav
dielectric constant and increases its piezoelectric voltage constant.

In Chapter 8 high temperature PT-polyetherimide (PEI) composites, as pmgreendi-
dates for high temperature piezoelectric sensing applications, are f@@séead titanate
(PT) ceramic particulates are incorporated into a polyetherimide (PEI) polyratix at
two specific volume fractions. A conventional dielectrophoretic structyesglescribed in
Chapter 2, is used to induce chain-like particle configuration, followedibng the matrix
to form free standing films. Subsequently poling is performed under hifjages and at
temperatures above the glass transition temperature of the partially imidized niaréx.
standing composites are subsequently imidized to form fully imidized films. Theqlsz
tric and pyroelectric properties of the films are tested at elevated temperature

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 modelthe ef-
fect of topological imperfections on the electromechanical propertiegudtared partic-
ulate composites is presented. This novel method is developed, basedMartfianaka
method with Eshelby tensors for piezoelectric composite materials, to predefféictve
electro-elastic propertiedgs andgss of structured granular piezoelectric composites. The
method achieves an improved accuracy by means of a single parametet teltie spa-
tial distribution of imperfectly aligned rod-like PZT particles and is found toehexcellent
prediction capabilities. Extending the approach, several newly defimestibns are pre-
sented to capture the drop in the piezoelectric composite’s electro-elagpierfies as a
function of topological imperfections. These imperfections are related titlahinal and
lateral inter-particle spacings and the topology of the chain-like structiieesselves. The
functions are evaluated in detail and show physically consistent behavior
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Chapter

Structure and properties of particulate
PT-epoxy composites

2.1 Introduction

Among various kinds of commercially available ferroelectric materials forisgresppli-
cations, lead titanate (PT) is generally regarded as a good pyroelectrigahbésause of

a large spontaneous polarization, a small relative dielectric constant, largegyroelec-

tric codficient [81, 82]. As far as functional PT-polymer composites are concerned, the
overall piezoelectric voltage cfiient and pyroelectric responsivity can be optimized by
combining the high electroactivity of the ceramic phase and the low dielectratamof

the polymer. The pattern of connectivity of the two phases plays a crotgairthe overall
physical and electromechanical properties are concerned. Strgctheirceramic particles

in PZT-polymer composites, by means of dielectrophoresis (DEP), hassbee/n to im-
prove the piezoelectric properties of these materials over those of racalmposites, by
forming chains of aligned and closely connected particles, when the matyxenis still

in its low viscosity state30, 31, 33]. The enhanced electromechanical properties of quasi
1-3 composites can be explained by the higher degree of parallel ditityen these sys-
tems compared to 0-3 composites. In the current work, Bowen'’s madehnd 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 ciegpase evalu-
ated.

*This work has been published as: Khanbareh, H. , van der Zwaa§.atoen, W. A., Hect of dielec-
trophoretic structuring on piezoelectric and pyroelectric properties dftiegnate-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 8@0for 2 h to create a single phase Pb7iO
The agglomerated powder was then dry-milled, using 5-mm zirconium bal foin 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 di$eaction
analyzer was found to be&(10) = 2.4 um, d(50) = 4.5 um, andd(90) = 8.1 um. The
powder was stored in a drying oven at 120 for 24 h prior to the experiment to avoid
moisture adsorption. A two component epoxy system (Epotek 302-3MkyH(oliglycidyl
ether of bisphenol-A (DGEBA) resin and poly(oxypropyl)-diamine (BpRultifunctional
aliphatic amine curing agent, as shown in Fidl, was used.

4 \ 4 AY 4
| X3¢—c¢-H ‘¢c—d H-C-H ‘c=(
H-G c// pe c!, c/ Yo H
H \_ TN TR ke
L£=C H-c-H £—C H ‘C—P\l
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& H o’ \_/ o’ N’ [
H” \(I:/ \0/ \C/ \0/ \C/ “H
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I H H H
H-—?—H H-—(l:-H
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Figure 2.1: Chemical structure of the epoxy components.

The glass transition temperatuig) of the epoxy was determined byfidirential scanning
calorimetry (DSC) using a Perkin-Elmer Sapphire DSC. Samples were hatatechte of
20°C/min under a nitrogen atmosphere. For the epoxy cured a€5or 3 h followed by

a post-curing step at 10 for 1 h aTgy of 60 °C was measured. At room temperature,
the epoxy is viscous (at 800-1600 cPs) and has a low dielectric cor{atabtkHz) of
approximately 4.6, which makes it an interesting option for dielectrophofi@&BY as also
reported earlier3(Q]. To fabricate the composites, the ceramic content was calculated using
following equation:

_ Pc ¢c
=l )(57%) @

whereM is the massy is the density, and is the volume fraction. The subscripand p
denote the ceramic and polymer properties, respectively. The PT partietesdispersed
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in the resin component of the epoxy and mixed at a speed of 1000 RPN fioirLusing

a planetary mixer (SpeedMixer DAC 150.1 FVZ, Hauschild). Subsequeh#yhardener
was added and the composite resin was again mixed at 1500 RPM for 3 mitly Hiea
uncured ceramic-polymer mixture was degassed and poured into a moldtiognsfsa 1
mm thick Teflon sheet with 15 mm diameter circular cut-outs. The sheet waplhesd
between two layers of 50m thick Aluminum foil serving as the temporary electrodes for
the application of the electric field for DEP as shown in A

mAluminum electrodes

Main mold
m Steel plates

Teflon spacers

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

The whole set-up was placed between two bolted steel plates with additidial $pac-
ers separating the electrodes from the steel plates to apply pressuyseodnde flat sam-
ples. Structuring of the particles in the as-yet uncured composite wasebalyza dielec-
trophoresis process, in which an electric field of 2ikivh and a frequency of 1200 Hz was
applied to the composite medium of particles dispersed in the uncured ey ficne
electric field was applied using a function generator (Agilent, 33210Apleniito a high
voltage amplifier (Radiant Technologies Inc., T6000HVA-2) at room teatpee (RT) for

1 h (i.e. well into the curing stage) followed by 5 h heating af 6Qo obtain a fully cured
matrix. The peak to peak output voltage of the high voltage amplifier, the @mage and
the leakage current were verified with an oscilloscope (Agilent, DSOB4AN

The randomly dispersed samples were obtained in a similar manner only withying

an electric field and by oven curing at 3G for 5 h. The completely cured disk-shaped
samples of 15 mm diameter and 1 mm thickness were polished to remove the tgp epox
layer and post cured at 10C 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 compoygiles
by sputtering (Balzers Union, SCD 040) and poled at 2maivi at 80°C in a water-cooled
Julabo, SE Class lll, 12876 oil bath for a 1 h. The samples were thdedtm room
temperature in the presence of the poling field. In order to remove the injebtedes
during the polarization and the trapped charges due to impurities, the sangrkestared
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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 paatket@paci-

tor method with an Agilent 4263B LCR meter (Japan) at 1 V and 1 kHz. Theelegtric
codficients, dss, were determined using a Berlincourt type M30f}3t meter, KCF tech-
nologies (State College, PA). The pyroelectric characterization wagrpetl based on the
change in total charge at the electrodes due to a change in sample tengpasitigrthe
direct method 84]. The sample was placed in an Agilent 16339A component test fixture
with its electrodes connected to the measurement device as shown i2.Eignd heated
uniformly using an integrated programmable heater. The heating cycle ea26°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@niin during

the measurement.

]

Thermometer| Electrometer

Sample
[

PID — Heater

Shielding box

[ 2 ]

Labview

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

The depolarization current, flowing between the two contacts of the samgdenanitored
with an Agilent 4339B high resistance meter as shown in Ri@ The temperature was
monitored with a K-type thermocouple and stored in a computer. Calibration citp
was undertaken using a single crystal Liga@ior to measurements. The heating cycle
normally started from room temperature. The pyroelectrigitment was calculated using
Eg. 1.3 The constant heating ratdT/dt, was chosen as IC/min over the whole tem-
perature range. The measurementofives a direct plot ofp(T) over the range of the
temperature. Electrical conductivity measurements were carried out bhysméa broad-
band spectrometer (Novocontrol) at 1 kHz, using an Agilent E4991A impesianalyzer.
The microstructures of the samples were observed using a field emissiomisg electron
microscope (FE-SEM) (JEOL, JSM-7500F), operated in backscdtdzetron mode. Sam-
ples sectioned parallel to the particle chains were embedded in a room t&umperaing
epoxy and polished with im diamond paste.
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2.3 Results

2.3.1 Microstructure of composites

The dfect of DEP structuring on the SEM microstructures of the composite samples is
shown in Fig. 2.4. A clear diference can be observed between random and structured
samples in particular for 10-20 % PT composites. It can be seen that dlieiegtrophore-

sis, ceramic particles construct chain like structures along the electric fielttidn. The
degree of alignment, whichffects the final dielectric and electroactive properties of the
composites, depends on the force acting on the particles as a conseqtiBnposed elec-

tric field. This driving force behind the attraction between patrticles is atiomof the
amplitude and frequency of the electric field, the dielectric properties of iattix and
ceramic particles as well as the size of the particB 85]. Although the gravitational
forces also fiect 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 irREifor PT volume fractions
from 10% to 50%. The analytical model used to explain the piezoelectriceptiep of
the random or 0-3 composites is the model proposed by Yamada &6fallr this model
the composite is assumed as a uniform distribution of ellipsoidal particles in sog&o
polymer matrix. The dielectric constant of the composite in the poling directionesdpy:

N (e — €m)
Nem + (& — em)(1 - @)
wheree is the dielectric constant, anglis the volume fraction of the ceramic phase. The
subscriptt, m, andrandomrefer to the ceramic, polymer matrix and 0-3 composite proper-
ties, respectively and is the inverse of the depolarization factor for an ellipsoidal particle
in the direction of applied electric field. The good agreement between theauredaasnd
theoretical values indicates a 0-3 connectivity pattern. In the currert mavas obtained
as a fitting parameters by the least square method in such a way to minimiz&éhendie
between the experimental data and the model predictions. The best fit@fghamental
data to model predictions was obtained o 4.48.
Dielectric properties of the structured composites are fitted to Bowen'’s ri@€jels 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 separatedyoypgrogaps. The
equation for the permittivity for such a composite is as follows:

2.2)

€random = €m (1 +

)+ (1 o 23)
whereesircuturediS the dielectric constant of dielectrophoretically structured 1-3 composites,
andR is the ratio of average particle size to thiéeetive interparticle distance, which in-
fluences the fraction of the applied electric field acting on the ceramic partithesinput

Estructured = Pc (
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10% PT-epoxy random

10% PT-epoxy structured

4y il SENCEIA ‘. ¢ i ¥ i e

Figure 2.4: SEM microstructures of random and structured PT-epoxy compositasdifferent PT volume
fractions.

parameters for both random and structured composite modeling are listedl@2Ta It
is assumed that the piezoelectric properties of the particles are equal tolkheebamic
values, as particle properties could not be measured directly. The ViaRieltained for
the best fit of the experimental data to Bowen’s model wa2.11

|Material| e at 1 kHz| da3 (PG/N) | ds1 (PG/N) | Y (GPa) [si1 (TPa’)|si, (TPa’)|sss (TPa™)|a (10°K™)]
PT  [20081 |50[81 |-4.2[8]] |126.7[L§|7.35 15 15 35719
Epoxy |4.6 0 0 171 [128[B6 |256B6 |256 86 |56

Table 2.1: Properties of ceramic inclusions and polymer matrix.

The electrical conductivity of random and structured composites aersimoFig. 2.6 for
different PT volume fractions at twoftkrent temperatures which is in agreement with the
dielectric results presented previously (F&g5). Conductivity enhancement is observed at
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Figure 2.5: Measured dielectric constant values for structured and random ait@paevith their associated
models.

higher temperatures and higher ceramic volume fractions.
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Figure 2.6: Electrical conductivity (at 1 kHz) versus ceramic volume fraction ofedpdxy composites. Lines
are added to guide the eye.

2.3.3 Piezoelectric and pyroelectric properties

The influence of DEP structuring on piezoelectric charge congiggtof the composites
is shown in Fig.2.7 where the experimentally observdgh values of both structured and
random composites are compared with their associated models. The expatidata for
random composites are fitted to Yamada’'s mo@é] s described below. The piezoelectric
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charge constantlzz, of the composite in the poling direction is given by:

paNerandontase
Nérandom+ € — €random
whereq is the poling ratio of the ceramic particles. The other parameters were ingdduc
earlier with equatior2.2 The best fit of the experimental data to the model predictions
was obtained whewr = 1. To describe the piezoelectric charge constant in structured
composites, the analytical model proposed by Van den Ende edlis[applied. This
model is an extension of Bowen’s mod88], in which theds; of composites are obtained
by modeling the particle-matrix sequences in the chains as two capacitorseis isethe
electrical domain, and two springs in series in the mechanical domain. Thé@yfordss
of 1-3 composite is given by:

d33random = (2 -4)

. _ (l + R)26m¢cd33cYC
33structured = T Reml(1 + Roo)Ye + (L — ¢o)RYal

whereYy, and Y, are elastic moduli of the polymer matrix and that of the ceramic in the
direction of chains respectively, whiRis the ratio of average particle size to theeetive
interparticle distance in the direction of electric field. As shown in Rg, the values for
both 0-3 and 1-3 composites match reasonably well to the models. The ln¢gh&tmodel

to the experimental data was obtained forRaaf 11.7 which is in a good agreement with
the value ofR obtained for the dielectric constant data.

(2.5)
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Figure 2.7: ds3 values for structured and random composites with their associated preditions.

The pyroelectric cocient, p, is obtained from the reversible pyroelectric current after
three runs of the thermally stimulated discharge current measurement, gsiaiipe Eq.
1.3, for random and structured composites, for PT volume fractions fra¥h tt050%. A
small change in the intensity of the discharge current was observedydhenfirst and
second runs due to the space charges. The third heating cycle shaoeduation in the
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current, thus a reversible pyroelectric current was established. fida ef structuring on
pyroelectric cofficient of PT-epoxy composites at 28 for various PT content is shown

in Fig. 2.8 The pyroelectric ca@icient increases as the PT content in the composites
increases, and there is a mild improvement due to structuring.
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Figure 2.8: Pyroelectric behavior of PT-epoxy composites.

In order to verify the validity of the results, comparisons with existing modete warried
out. The model proposed by Wong and Shig][can be used to determine the pyroelectric
properties of the random composites. This model considers the composisystem con-
sisting of spherical ceramic patrticles, uniformly dispersed in a continuodsimen which
the electrical conductivitiesfiect the internal fields in the 0-3 composites and thus accu-
mulation of charge at the ceramic-polymer interfaces occurs.Zghows the predictions
of the model compared with the experimental results for random PT-eprpasites for
om = 107 S/em ando. = 10713 S/cm at 25°C indicating a good agreement. With increas-
ing the volume fraction of the pyroelectric constituents, the overall pyro@amdiicient

of the composite increases as well. This model only applies to random consprsiteloes
not take the ffect of phase connectivity into account.

The pyroelectric figure of merit (FOM), calculated by dividing the pyrotle codficient

of the composite by its dielectric permittivity (see Ef}.4) is shown in Fig. 2.9, for PT
volume fractions from 10% to 50%. The pyroelectric FOM increases as TheoRtent
composites increases, and an improvement is observed due to structuring.

Fig. 2.10shows the typical behavior of pyroelectric ¢id&ent as a function of temperature
for PT-epoxy composites. The 30%-PT-epoxy composite shows a evabld 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 merdicireme.
The increase may be due to the fact that at temperatures abovVg tfiehe polymer there
is an increase of the free volume contributing to a high curr@rit [Similar behavior has
been observed in PZT-P4§,87], PTCa-PEKK B8,89 and PZT-PVDF composite9().
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Figure 2.9: Pyroelectric FOM of random and structured PT-epoxy composites asciidn of PT content.
Lines are added to guide the eye.

In order to verify the &ect of glass-rubber transition on the pyroelectric current, a poled
30% PT-epoxy composite was post-cured at 16dor 1 h, and thelg and the reversible
pyroelectric current were subsequently measured. Interestingly,etveransition point

in the pyroelectric caicient-temperature curve corresponds well with the increased glass

transition temperature of 8.

O 30%PT—epoxy—Structured
® 30%PT—epoxy—Random

20 30 40 50 60 70 80
Temperature [°C]

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

The pyroelectric ca@cient of random and structured composites, as a function of PT vol-
ume content, at two ffierent temperatures of 2& and 70°C, is shown in Fig2.11 Signif-
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icant improvement in pyroelectric cfiesient is observed, at 7GC, especially for high PT
volume fractions.
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Figure 2.11: Temperature dependent pyroelectric behavior of PT-epoxy cdteposines are added to guide
the eye.

2.4 Discussion

The highere, dz3 andp values obtained for the dielectrophoretically structured composites,
compared to random composites, show that aligning the ceramic particlescestibe di-
electric, piezoelectric, and pyroelectric properties for every volunatifnaof PT. In earlier
work it was shown that the degree of increase depends on amplitudeegpetmcy of the
applied field and on the viscosity of the polymer matrix. No dielectrophoreticrakgm of
piezoelectric ceramic particles below 1 kHz was observed in epoxy systdows egeramic
content B0, 91]. In this work, the frequency level was adjusted to obtain the highestepha
angle of Lissajous plots for each volume fraction in early stages of cuéitig Although
conditions are adequate for alignment, the phase angle never reathss @ses are still
present. However, the dielectrophoretic force in this system is enougbuoédralignment

in the 0-3 systems up to 50 % volume fraction PT as shown inEgto Fig. 2.12, which
was also reported by Van den En@2][ During the dielectrophoresis process, PT patrticles
are redistributed to form chains in the electric field direction, hence resutftiaigisotropic
dielectric properties. Since thdfective volume fraction of the ceramic phase is higher
parallel to the direction of applied electric field, the properties are alsonegkain that
direction.

The shape parameter, obtained from the best fit of Yamada’s model to the dielectric con-
stant experimental data gives a reasonably good correlatidgstoHowever, in general
this model gives the best prediction df; for high ceramic volume fractions3f]. One
reason for this deviation could be thefdrence in the poling ratio depending on the ce-
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ramic volume fraction, since thefective electric field sensed by the particles is weaker in
the low volume fraction composites. Thfext of dielectrophoretic ordering on the piezo-
electric charge constant as shown in F&y7 is found to be most pronounced at lower PT
volume fractions. According to the Van den Ende model (Bdp), from 0 to 10% ce-
ramic volume fraction a rapid increasedss is expected, which is in agreement with the
theory for anisotropic piezoelectric particles spanning the length of the asitep in a 1-3
manner 9§3]. However, the slope of the change observed experimentally is loweitllean
theoretical predicted value, showing that at 10% the composite still has ificsigh0-3
character. At 50% ceramic content an enhancement of 25843iis observed, which in-
dicates that although the particles are more likely to be constrained in their matzaime
high ceramic volume fraction, the application of an electric field induces a higgree
of parallel connectivity. The increase in 1-3 connectivity due to a coafe= of ceramic
grains in the thickness direction results in an increase in quasi-continucarsicepaths
between the electroded].
The piezoelectric voltage cfigient, gs3, calculated by dividing thezs of the composites
by their relative permittivity are plotted as a function of the PT volume fractiongnZ12
The maximum value obtained for the random composites is 48 fiwaha PT volume
fraction of 50%, while for the structured composite, a value of 85.6 niV.im obtained at
a PT volume fraction of 20%. Compared to pure PT vgih of 33 mV.m/N, both random
and structured composites show superior voltage sensitivity.
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Figure 2.12: gs3 values for structured and random composites.

For the structured composites, ttigy increment is higher than that of dielectric constant
especially at lower volume fractions. Therefore, the voltagéhmient of these composites
exhibits a maximum at low volume fraction of PT. The position of the peak depemdhe
stiffness ratio of the piezoelectric phase over the polymer m&ti®@p]. At higher volume
fractions than 20%, the derivative df3 decreases rapidly to zero while the derivative: of
is constant, so thgsz values of structured composites drop rapidly.
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The superior electroactive properties of quasi 1-3 composites, ceohfaf-3 composites,
can be related to thdfect of ceramic particle structuring. Bowen’s model introduces the in-
terparticle distance as the structuring parameter. Fitting the model to the expiiceta

for e andds; resulted in clos® values of 11.2 and 11.7 respectively. The interparticle dis-
tances calculated from tievalue obtained from the dielectric constant data are plotted for
different PT volume fractions in Fig@..13 for both random and structured composites. The
obtained interparticle distances decrease with increasing PT volume fragtgignificant
difference between interparticle distances for random and structured saspserved at
low ceramic volume fractions.
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Figure 2.13: Estimated values of average interparticle distance obtained from Bomexls| (Eq.2.3).

The dfect of ceramic interparticle distance on piezoelectric and pyroelectrieprep of
random as well as structured composites is shown in Eiid Data points with the same
volume fraction are connected by lines. The slope of the constant voluaogofr line
shows the sensitivity of the functional property to the DEP structuring. ditage in
interparticle distance with DEP is higher for low ceramic volume fractions. Congpéhe
effect of DEP structuring onlsz and p reveals that at high ceramic volume fractions the
piezoelectric charge constant is more sensitive to the change in interpdisiElace than
the pyroelectric coécient.

The mixed connectivity model is used as the second tool to estimate the 1-8ctigiin

as a structuring parameter in order to understand fileeteof dielectrophoretic alignment
of particles on the electroactive properties of the compos&@&k [This model considers
that both parallel and series connectivity exist in the composite, givingeasic system.

In this model the properties depend on the parametensd m, which are related to the
connectivity of the composite (Fi®2.15. The ceramic is represented as a cube of dimen-
sionsm where a fraction of itn, connects both electrodes in the form of a parallelepiped.
Thus the composite is considered as having mixed connectivity of 0-3 8nde ceramic
volume fractions are given in Tabk2



28 Chapter 2. Structure and properties of particulate PT-epoxy composite
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Figure 2.14: Functional properties of PT-epoxy composites as a function of inticxjgadistance calculated
from Bowen’s model (Eq2.3). Constant volume fraction lines are also shown.
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Figure 2.15: Mixed connectivity cubeg3].

| Volume fractions| Ceramic | Matrix [ Series |
Series m 1-m
Parallel (mn)? 1-nm? | mP(1-n?)
Total me + n?n?(1 — m)

Table 2.2: Volume fractions of the phases used in the mixed connectivity madgl [

The expression for thess given by this model is:

d 3 ¢Cpard33c . ¢mpard33m ¢Serd335er (2 6)
33 = 83 Sa3’ Sa3™ S33%e" '
par par par
933 — ¢C + ¢m ¢Ser (27)

3¢ s33™ S335¢f

Sa3ser = Pser S33ser + Pser ' Sa3ser | + A3 (2.8)
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_ (dss — ds3")*Pser’dse” ,[(dsa” — dss®)ag — (sas° — SgaP)au] ¢ g™

A 2.9
> a (aua — 2az%)ay (2:9)
Auxillary defenitions:
a; = eg(¢p%€® + pMe™) (2.10a)
a2 = ¢"M(s11° + s12°) + ¢°(s11" + s12™) (2.10b)
ag = ¢"ds1° + ¢ dsy™ (2.10c)

wheresj andd;j are the elastic compliance and the piezoelectridtunent respectively.
The subscript$ and j refer to the direction of the response and applied stimulus, respec-
tively. The superscripts andm and the subscriptser and par denote ceramic and matrix
constituents, and series and parallel phases respectively. Using théd thedomposite
properties can be represented as contour plots as a function of thectisity parameters
nandm[83]. The contour charts, using the mixed connectivity cube model, for diaectr
constantgss, pyroelectric cofficient, and pyroelectric FOM for PT-epoxy composites can
be found in Figs2.16t0 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 tefeuilar be-
havior as the raw materials from which the composites are made from. Thelg@gtric
codficient charts show a large region in the m plane with a small pyroelectric cigient

at low ceramic volume fractions. The pyroelectric FOM charts are obtaipedking the
ratio of p/e. The pyroelectric FOM does not exceed that of the ceramic. Howevsr, th
is not the case fogss, which is calculated by dividing thdsz of the composites by their
permittivity. The highestsz can be observed for low ceramic volume fractions, at migh
values.

Fig. 2.20shows a contour chart df3 for random and structured PT-epoxy composites, ob-
tained using the mixed connectivity model. Each experimental data point is docatiee
intersection of the known value of volume fraction of the composite and thresmonding
value of thedss. Then andm values are found by the least square method in such a way
to minimize the diference 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, calculatedeathéhvolume
fraction of the ceramic phase in parallel connectiviﬁﬁ%), is shown as a function of
the ceramic volume fraction in Fi@.21

The 1-3 connectivity character of the composites depends both on #raicdoading frac-

tion and the DEP structuring. At each constant volume fraction, the stascttamposite
has a higher degree of 1-3 connectivity compared to the random compbisgker «fi-
ciency of dielectrophoresis is observed at lower ceramic content. Howie maximum
percentage of 1-3 connectivity in the ceramic phase for the structuregasites hardly
exceeds 9% even at high PT volume fractions, which can be due to vepeldiele size to
sample thickness ratid P]. As also reported by Pardo et al., for mixed connectivity PZT-
epoxy systems, a higher grain size to sample thickness ratio is benefitkad fiiezoelectric
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Figure 2.16: € contour chart for the PT-epoxy composites using the MCM. Dashed $ines the constant
volume fraction curves, from 0.1 to 0.9.
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Figure 2.17: gs3 contour chart for the PT-epoxy composites using the MCM. Dashed din@s the constant
volume fraction curves, from 0.1 to 0.9.

properties and polingfgciency P6] regardless of the volume fraction of the ceramic. Com-
paring Fig.2.20with the contour plot of permittivity, one can observe thatth&lues for

ds3 are slightly lower than those of permittivity chart. So, there is a tendencyeionigtiv-

ity to show higher 1-3 connectivity character compareds which was also reported by
Dias [83]. Plots of the averagds; and p value at each volume fraction versus the percent-
age of 1-3 connectivity are shown in Fig.22 for random and structured composites. The
constant volume fraction lines slope shows the sensitivity of the propertieg fgercent-
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Figure 2.18: p contour chart for the PT-epoxy composites using the MCM. Dashed sines the constant
volume fraction curves, from 0.1 to 0.9.
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Figure 2.19: Pyroelectrid=-OM contour chart for the PT-epoxy composites using the MCM. Dasheddhmes
the constant volume fraction curves, from 0.1 to 0.9.

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

The maximum observed value of pyroelectric €méent at room temperature is lower
than that reported for other 0-3 composite systems, for instance PTEK-PPH], PTCa-
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Figure 2.20: d33 contour chart for the PT-epoxy composites using the MCM. Dashed dines the constant

volume fraction curves, from 0.1 to 0.9.
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Figure 2.21: Estimated percentage of 1-3 connectivity obtained from the MCM.

PVDF [97] and PTCa-PEKK$8]. Part of this diference is likely to be due to the relatively
thick samples (1 mm) employed, for which it ifitult to ensure that the whole sample
changes temperature at the same r@g}. [It has been found that for PTCa-PVDF com-
posites a reduction in thickness from 106 down to 50um improves significantly the
pyroelectric performancelP]. Moreover, it has been reported by Dias et. aP][that

for a composite system of ceramic of low resistivity embedded in high resisgivitymer
matrix, the pyroelectric cdcient measured by the direct method could be substantially
lower than that obtained using the dynamic method. The authors argumerntt tisethy-
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Figure 2.22: Functional properties of PT-epoxy composites as a function of degrseucturing calculated
from the MCM. Constant volume fraction lines are also included.

roelectric charge, generated when heating the sample, dischargeghiineuresistance of
ceramic phase, due to very low electrical conductivity of the matrix, an@fiter not con-
tribute to the measured pyroelectric current. This phenomenon can lepgein dynamic
testing at higher frequencies compared to the electrical time conB@nuf the ceramic.
Nevertheless the direct method to measure the pyroelectriiagent of the PT-epoxy com-
posites is used in this chapter, which provides us with a good indication oéjeptricity
between samples of similar compositions. Another possible reason for thigelgléow
value of pyroelectric cdécient could be associated with the dielectric mismatch between
the two constituent phases, leading to a poor poling of the ceramic phaseontiposites.
However, alignment of filler particles into a chain like structure forms a semito@ous
path of high susceptibility phase and enhances filler particle polarizatiompared to a
0-3 composite. As demonstrated in FAdLl with increasing temperature from 2& to
70°C, a significant improvement in pyroelectric ¢beient of both random and structured
composites is observed, especially at high PT volume fractions. Theveldseehavior is
associated with the change in electrical conductivity of the polymer matrix béhtgmper-
atures. Fig.2.6 shows conductivity enhancement with increasing temperature and ceramic
content, which results in mordfient poling at higher temperatures and higher ceramic
content, especially in presence of particle chains. Moreover, the pnaifldischarging the
generated pyroelectric charge due to high resistivity of the matrix at rompeeture can

be circumvented at 70C, which enhances the performance of the composites.

2.5 Conclusions

This chapter shows that a significant improvement in dielectric, piezoelestdcpyro-
electric properties of 0-3 composites can be achieved by dielectrophaligtiment of the
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ferroelectric ceramic particles inside a polymer matrix. The degree of stingiuas well

as the electrical properties of the constituents, are the most important paraweantrol-

ling the overall properties of the composites. Two structuring parameterimtarparticle
distance and the percentage of 1-3 connectivity, are derived fromeBs model and the
mixed connectivity model. The degree of structuring calculated accordingtktorbodels
correlate well with the increase in piezoelectric and pyroelectric sensitiafidse com-

posites.



Chapter

Computational modeling of structure
formation during dielectrophoresis in
piezoparticle-polymer systenis

3.1 Introduction

Piezoelectric ceramics are widely used in sensing, actuation and enevggtiteg applica-
tions due to their high permittivity, thermal stability, and electromechanical capgHow-
ever, these materials $ar from inherent brittleness, and lack of formability, which limits
their use for applications in which mechanical flexibility is required. Ductile fexdble
piezoelectric polymers, which have a modest sensitivity and a low thermalitgtadre
found in less demanding applications. By embedding piezoelectric ceramiqsoiyraer
matrix one can combine the superior piezoelectric and mechanical propaltegng for
high piezoelectric coupling characteristics with increased flexibility and toeggh In such
multiphase composites, the volume fraction of the phases, their morphologatteen of
connectivity as well as the dielectric and electrical properties of the twegsheontrol the
overall physical and electromechanical propert&3 31, 10(. As discussed in Chapter 2,
an intermediate state between the 0-3 (particulate) and 1-3 (fibrous) stalbe cdotained
by dielectrophoresis (DEP) treatment on a semi-dilute solution of particlesigtaus ma-
trix (such as the most polymer systems prior to curir@-82]. Under ideal processing
conditions, long and well separated particulate threads form which spamtine electrode
to electrode spacing, approaching the topology of perfect 1-3 compoBibe a given par-
ticulate concentration, the alignment of the particles in the thread-like struetals to a
marked increase in piezoelectric properties while the high mechanical flexihilgyo the
polymer matrix is maintainedfL, 33-35].

*This work has been published as: Guitez, M.A., Khanbareh, H., van der Zwaag, S., Computational
modelling of structure formation during dielectrophoresis in particulatepomites, 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 parainetentrol-
ling the overall properties of the composit&$[101-103. Enhancing the alignment qual-
ity, by means of decreasing the inter-particle distance, has been shoignifecantly im-
prove the dielectric, piezoelectric and pyroelectric properties of partecatanpositesy?).
The dtfect of processing parameters on thread formation has been experimeetaliy-
strated for high aspect ratio particles in a thermoset matiik [The orientation angle of
the particles in the DEP composites has been shown to be dependent oplibe electric
field, time, and aspect ratio of the particles. To date, all research into B&fRsing of
piezoceramic particulate-polymer composites has been of an experimemnta. rreurther-
more, the quality of the structure formation has only been determined aftsolatation
of the polymer matrix, and additional processing. It is the aim of the predepter to
present a 2D computational model for the structuring of particulate compagiten the
matrix is still in its fluid state. The performance of the model is illustrated for a nuwibe
fundamental cases. The influence of parameters such as size,rasipesntd heterogeneity
of the patrticles on the thread or chain formation is analyzed. The quality ahthie-like
structure created is investigated through a chain perfection degred istdefined using
a set of geometric parameters, that correlates to the overall performapgzoelectric
composites.

3.2 Dielectrophoresis modelling

3.2.1 Background

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

F=p-VE (3.1)
and a torque:

M=pxE (3.2)

In addition to the infinitesimal dipole idealization, these equations are based aaghmp-
tion that the electric field itself is not influenced by the dipdlé4, 105.

For the case of structure formation during dielectrophoresis, howeweg of the above
assumptions hold. Particles need to be viewed as finite domains with an owiz giubar
P, that will contribute to the electric fiel& in the surrounding medium. This contribution
will also induce a force on neighboring particles. This situation can be treaalytically
by means of higher-order multipole84, 104, 106, 107]. Alternatively, and especially for
the purpose of simulation of structure formation with several particles ingdlvavhich
emphasis is given to the qualitative behavior of the system rather than toctimaey of the
results, numerical methods such as finite elements provide a meaningfuhtitern
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The current study is limited to a two-dimensional rectangular domain, whichearewed

as an idealization of a thin three-dimensional quadrangular dofildiled with a viscous
liquid of a dielectric permittivitys' and viscosityy, which is confined between two plates
separated by a distandeand containing a single layer of particl{!?.lsl'[’}i”:l with dielectric
permittivity e and mass density restricted to move on the mid-plane. The particles have
thicknesd. This renders a computationally treatable model of an experimental s&tup [
used to observe structure forming in dielectrophoretic manufacturing nbglectric poly-
mers. A schematic representation of the geometry of this model is given irBElgsd3.2
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Figure 3.1: Schematic representation of the geometrical model.
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Figure 3.2: Cross section of the geometrical model along line’ AAFig. 3.1

3.2.2 Mechanical modeling

In the context of the simplification introduced in Secti8r2.1, the particlesQip can be
modeled as linear elastic solids in plane-stress conditions. The motion of atddual
particle is obtained by solving Cauchy equation:

V-T+b=yi in Q”; (3.3)
Tn=t onoQ’, (3.4)

whereT is the stress tensob is the body force densityy is the mass density is the
displacement fieldt is the boundary traction anal is the outward normal vector at the
boundary&Qip. For a proper description of the particle motion, geometrical non-linearity is
considered.
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The body forceb consists of a dielectrophoretic contributibg and an equivalent viscous
drag termby, while the boundary tractiohis of a purely dielectrophoretic nature. These
forces will be characterized in SectioB.3and3.2.4

3.2.3 Dielectrophoretic force

The Laplace equation
V3V =0 (3.5)

is solved for the potenti&¥ in |, Qip U Q' with adequate boundary conditions to obtain
the electric fieldE and the polarization field® as derived quantities. This polarization is
associated to the bound volume and surface charge densities in the patibeding to
the expressions:

p=-V-P in QP (3.6)
oc=P-n onaQP (3.7)

From these charge densities, dielectrophoretic body and surfaes fare computed as:

by = pEt=0cE (3.8)

3.2.4 Viscous drag

As the particles{Qip}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 therfterdcts
with the particle along the top and bottom flat surfaces, and that the rateaf ishlinear
between the particle and the upper and lower confining plates, se@.Bidf. a Newtonian
fluid is considered, this leads to a distributed shearing force on the swafacunting to

v
T_n(d—l)/Z (3.9)
This shearing force is reworked into an equivalent body force as
2
by = I—T (3.10)

where the factor two is introduced to account for the contribution of bo#ssid

3.2.5 Algorithmic aspects

The model, described in Sectid2, can be viewed as a coupled transient mechanical-
electrostatic system. The model was simulat@&diently in the multiphysics finite element
package COMSOL, making use of the electromagnetism and the solid mechentakes.
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Figure 3.3: Schematic representation of the assumed velocity field for computatior wftbous drag force.

A single finite element domain is generated for the domaih, Qip U Q' respecting the
internal boundaries between particles and fluid. The electrostatic praiged in Sec-
tion 3.2.3is solved in the entire domain to obtain the dielectrophoretic for&e®).( These
are used as body force and boundary traction in the mechanical pr@afePn However,

the latter is solved only for the particl(ﬂip}i”:l, that are regarded as unconstrained entities,
in order to obtain the displacement and velocity field at each time step. Aftatingdhe
position of all particles, the mesh in the liquid dom&his adapted. For this purpose, a

moving mesh technique is adopted in combination with automatic remestigy [

During structure formation the particles will eventually collide and get attacHduks is
modeled by means of contact constraints to prevent domain overlappiriffichitly arises
here, because the software requires that pairs of boundaries geedontact constraint
be specified beforehand. However these pairs cannot be objeqireglicted. Preliminary
runs of each case were carried out in order to identify the positions at@ngarticulate
boundaries coming in contact during structurid@9.

3.3 Simulations

In this section a number of fundamental cases are investigated to showrfiverasce of
the model. To gain insight into the ideal conditions required to obtain the destinect
ture, the influence of parameters such as size, aspect ratio and paztctissribution is
particularly studied.

3.3.1 Performance parameters

The quality of the structure evolution is studied by means of a set of objegivmetric
parameters describing a structure as shown schematically iB BigThese 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 orientationalobrate en-
semble of elongated patrticles is the order parameter,

— 3 1
P, = é C0§ﬂ - E, (311)

whereg is the angle between the dominating dimension of the particle and the electric
field [110. ParameteP; ranges between zero for a random microstructure and one for a
fully aligned situation. The geometrical parameter is calculated using the imagessr

ing toolbox of MATLAB. A sequence of plots of the particle positions andtaéons at
various stages of the structuring process are obtained. To calculd®e plaeameter, skele-
tonization is performed, which is a specialized use of erosion operatiorkel&ten is a
central line resulting from morphological thinning that successivelyesgixels from the
boundary until no more thinning is possible, at which point the remainingoxppates the
skeleton. Finally the angle between every two vertically adjacent skeletitiis & chain,

the angle between the dominating dimension of the particle as well as the eletdraniie

the P, parameter are calculated.

Average distance

Another indicator of the performance of a piezoelectric composite is the desddretween
closest particles within a formed chain. In an optimal situation, all elongateidipa have
formed chains with no gaps in between, leadingdte= 0. It is not feasible to give a
formal, objective definition of this parameter, as it depends on the actudting structure.
Therefore, the involved pairs of particles for whigs computed need to be identified first.
These are obviously the same for which contact constraints have bfeeddduring the
simulation, as described in Secti82.5 The inter-particle distance is calculated via the
Euclidean distance transform of the binary image. For each pixel in theyimage, the
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distance transform assigns a number that is the distance between thanuixbke nearest
nonzero pixel of binary image. As a result, a grayscale image is produrcediich every
pixel within a feature is assigned a value that is its straight line distance fremeérest
background pixel. This is analogous to a dilation of the particles with conspesd until
the growing border meets the border of the neighbouring particles. Sudrsihg on each
merging point between every two particles two distance values are identiftedaspect to
both particles within a chain. The sum of these two values is the final intéclpatistance.

Chain perfection degree

The quality of the dielectrophoretically formed chains is estimated using a nexiltyed
chain perfection degree, which topologically compares the microstructareiteal struc-
ture, composed of perfect chains spanning from one electrode to the dthorder to
guantify the perfection degree of a chain, one should be able to detegttdhein the first
place. Using the image processing toolbox, the snapshots are transtorbiedry images,
followed by calculation of the sum of pixels in every column. Finally the sumevadu
plotted versus the column position. Peaks in the resulting spectrum cancepthe chain
position. The intercolumnar distance between the peaks shows the lateaatdibetween
the formed chains. Results of the chain identification process are pre$ent&o example
of nine identical particles system (secti®13.4, as well as several particles ofi@irent size
(section3.3.4). Once the chains are identified, the chain perfection degree can béatadt
The total chain perfection degreRQc) is composed of a global perfection degré®g) as
well as a local perfection degreBD,).

PD. = PDy x PD)

PD, = (ch x L= (3.12)

ic

)oea-2)

wherePy is the order parameter of the chalnis the actual chain length, is the ideal
chain lengthd is the inter-particle distance ari® 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 ilEssgd by equa-
tion (3.2 for an infinitesimal dipole idealization. The orientation behavior is studie for
range of particles with dierent aspect ratios, by evaluating the evolution ofRh@arame-
ter in time, starting from the initial configuration at4with respect to the imposed electric
field direction. The results are shown in FB)5. It is observed that the aspect ratio has
little influence on the alignment behavior.
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Figure 3.5: Evolution of P, parameter for dferent aspect ratios: (1) Aspect ratio 2; (2) Aspect ratio 5; (3)
Aspect ratio 8.

3.3.3 Two particle interaction

In contrast with Sectio8.3.2 where the rotation induced by the imposed electric field is
illustrated, the particle interaction resulting from the local variation of the étefitid is
shown here. Two situations are considered, each having two parti¢lasdifierent initial
positions.

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

The same simulation is carried out for the same patrticles, but now placed initialhydif-
centered position. Upon application of the electric field, the particles will niytfeel the
imposed homogenous field, but also the local field induced around edidgoaAs a result,

two particles first rotate towards each other, but away from the equilibvitentation angle.
Consequently, the rotation is accompanied by a lateral and axial displactraereduces

the inter-particle distance (Fig3.6, t = 0.5 s). Both motions lead to the formation of
connected chains at arffeaxis angle with respect to the imposed field (F&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 observa@hH&§][ It follows

that the chain formation does not only depend on filler and matrix propestiesapplied
electric field, but also on the initial configuration of particles with respecath®ther.
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I 1 00
t=1s t=15s
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Figure 3.6: Positional evolution for two centro-symmetrically aligned particles. Emptyféled ellipsoids
show the initial and actual positions respectively.

t=02s t=04s

Figure 3.7: Positional evolution for two parallel particles positionefifcenter. 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 numloases involving
more than two particles. The purpose is to predict which conditions can leajgtitoal
structures.

Nine identical particles system

The evolution of nine particles with an aspect ratio of three is evaluated tisenipter-
particle distancel and orientation paramet&,. In the initial configuration, the particles
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are placed on anx33 regular array. After the electric field is applied between the electrodes,
two phases are clearly observed in the structure evolution. Once allgstve aligned to

the imposed field (at= 0.1 s), they start interacting until two chains of three particles and
one chain of two particles have formed. This is illustrated in Bi§. In order to evaluate

the chain quality, the chain identification process, as described in s&8dhis applied

on the four configurations shown in Fig.8, and the resulting spectra are shown in B

This figure shows the sum of the pixel values in every column plotted vénsusolumn
position. Each peak corresponds to a chain of particles and the interauistance
between the peaks show the lateral distance between the formed chadngmé&rscale of

the alignment phase is comparable with that of a single particle (see S8@i@nand yet
smaller than that for the chain formation phase as observed fromstlegolution shown

in Fig. 3.1Q0 This observation corresponds well with the experimental results of the time
dependent evolution of average orientation angle and average chgth Esreported by
Van den Ende et al3@]. It should be noted that th, value does not increase continuously
once the particles have made the initial alignment. There is a minor fluctuation P the
value as the particles experience minor temporary displacements in place.

t=0s t=0.1s
/) \ \ f§ ¢+ 0
V- N\ I 2
/S~ / &y 4+ N
t=04s t=07s

‘v
P 49
.71)&

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

The inter-particle distance evolution is shown in RBgl1l This suggests, that for the pur-
pose of simulation of chain formation, it isfigient to consider all particles to be aligned
at the initial configuration. It has been shown that the final inter-partiskamkce tends to
approach zero, the particles tend to be well connected within a chain. giteiesawith the
experimental observations of our earlier work, showing that regardethe filler volume
content, the inter-particle distance remains very small in dielectrophoretiadligtsred
composites32]. The overall chain perfection degree as described in se8t®dis calcu-
lated and plotted for four elierent time frames as shown in Fig.12 Chains are labeled
from left to right. A group of vertically oriented particles is considered aiclonly if the
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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 theP, parameter for nine identical particle system.

PD. has a positive value. Therefore evolution of chain 1, and chain 3 dthmglielec-
trophoresis process improves theiD; from a negative value t0.6in 0.7 seconds. In other
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words after 07 seconds the chain perfection degree of both chains approachesf 66&6
of the ideal chain. In contrast to chain 1 and chain 3, chain 2 initially startsho & chain,
but the large inter-particle distance eventually results in a negBi¢eand ultimately to
the dissolution of this particular chain.

40
35}
3
25}

20

dc [pixels]

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8

Time [sec]

Figure 3.11: Evolution of the average inter-particle distance for nine identical particgy.
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Figure 3.12: Evolution of the chain perfection degreRl).) parameter for nine identical particle system.

System containing particles of diferent aspect ratio

Subsequently, we study the case where one patrticle of an aspect réitie isfcombined
with three particles with aspect ratio of 2.5, in order to study how heterdageran influ-
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ence structure formation. As large particles create a more intense eleddritifexpected
that these act as a guide to determine the position of small particles. In thisifzartiase,

the three parallel particles are predicted to repel each other in the samnfas the two
parallel particles in Fig3.13 However, upon polarization the larger particle creates a more
intense local field that ultimately leads to chain formation, as shown inFi@® This
shows that particle size is a key parameter in chain evolution processrl@agicles act

as a guide for smaller particles, consequently dictating the kinetics and thddgrae of
orientation.

t=0.05s t=0.15s
(Y] og‘o

t=0.35s t=05s
d‘iao o‘zoo
0

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

System containing several particles of dferent size

A system combining several arbitrarily distributed big and small particlesorahyddis-
tributed in space as shown in Fig.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 foimia.
The output of the chain identification process is illustrated in Big5 It can be seen that
aroundt = 0.1 s four chains are identified. The total chain perfection degreBs)(for

t = 0.1 sandt = 0.125 s are calculated and plotted versus time as illustrated in3Flg
Chains are labeled from 1 to 4, from left to right respectively.t At0.125 s, chain 2 and
chain 3 show perfection degrees of @nd 05 respectively. For times shorter thae 0.1

s individual chains can not be properly identified as shown in 8igj5 and consequently,
the the chain perfection degree can not be calculated.
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Figure 3.14: Structure evolution for the case of several particles fiedent size. Empty and filled ellipsoids
show the initial and actual positions respectively.
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Figure 3.16: Evolution of the chain perfection degreB.) 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 structanatfon

in a viscous matrix during dielectrophoresis for semi-dilute systems. Therpefce of
the model is demonstrated infidirent systems. The general behavior after application of
an electric field is summarized in two steps. First, reorientation of particles veffeceto

the imposed electric field occurs. Subsequently the orientation leads to foresdion in
dilute systems. The model gives a quantitative handle on analyzing subpertleimance

in experimental systems.

The dfect of particle aspect ratio has been shown to be of little importance on the atignme
behavior of a single particle system. The initial configuration of a particle h@drbeen
observed to be a key parameter in controlling the particle interaction. Repigsibserved
when a pair of particles are symmetrically aligned with the electric field, resultibgrie
interaction after separation by a finite distance. However, chain formatrealized if the
neighboring particles are initially located &f aenter positions. Theflect of particle size
and size distribution is investigated in a multi-particle system. Particle size distribgtion
found to be a key parameter in chain formation. Larger particles act asla fgn smaller
particles, consequently dictating the kinetics and the final degree of draenta

The quality of the structure evolution is investigated using a set of geometameters,
which are estimated using image processing techniques. A new procedyuartify the
degree of chain formation and its quality is proposed and its value is dentedsfoa the
cases studied.
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Chapter

Ferroelectric characteristics of
particulate PZT-epoxy composites

4.1 Introduction

Electroactive polymers showing significant deformation under electricalkation have
attracted a lot of attention for new types of actuator materials due to their flexilalty
weight, high ductility and adequate strength, as well as ability to be molded intoleomp
3D configurations. However, they require very high electric fieldshsag 200 Mym)

in order to present large strainkl[l-113. Ceramic actuators, on the other hand, require
lower electric fields, but they lack the flexibility and ductility of the polymers aodmally
require laborious high temperature processij.[

The total strain, produced by a piezoelectric material under an electri¢ detdists of a
strain due to piezoelectridfect and a strain due to electrostriction. Electrostriction refers
to the strain induced by an applied electric field in all dielectrics, regardfdbe gymme-

try. The dfect, 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 indyleer h
polarization, and thus higher electrostrictive strain. One method to entiamakelectric
constant is by electron irradiation, as reported for P(VDF-TrFE) lyopers [L14, 115.
Alternatively, the polymer material can be mixed with a filler of higher dielectrizstant
such as ceramics in the form of a composite structure to achieve a highel ovelectric
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 kou
result in a higher stiness which leads to lower actuation strains. An alternative solution is
to optimize the connectivity pattern, the interspatial relationships between tiséitoent
phases, in order to utilize a low volume fraction of the ceramic filler méieiently. Struc-
turing the ferroelectric ceramic particles in a polymer matrix by means of diejgutresis
(DEP) has been shown to improve the piezoelectric propedigsdf these materials over
those of random composites by forming columns of aligned particles in a fbguesi 1-3

51
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composite B0, 31, 33,117]. With the aim of designing new actuator materials with tunable
electromechanical properties, which require a relatively low electric frelicofier mechan-
ical flexibility and ease of processing, the current chapter presentsvtieation of the
actuation strain of PZT-epoxy composites. Tlfkeet of DEP structuring on the observed
strain, as well as ferroelectric polarization behavior, as a function oapipdéied electric
field is presented. Improved polarization, thus electrostrictive strain,eflsa enhanced
electromechanical properties, thus piezo-strain of the composite matezgléisrin more
than doubling the overall strain compared to 0-3 composites. The enhacitedion strain

of quasi 1-3 composites is explained by a higher degree of parallekctwity in these
systems than in the unstrutured 0-3 composi®ek [

4.2 Theory

The total strain $iota)) produced by a piezoelectric material under an electric field can
be expressed as the sum of piezo str@gioelectrig and strain due to electrostriction

(Selectrostrictior):

Stotal = Spiezoelectric+ Selectrostriction= d - E + Q- D2 (4-1)

whered is the piezoelectric charge déieient,E is the applied electric field) is the electric
displacement, an@ is the polarization-related-electrostriction do@ent of the material. In
this approach, the Maxwell strain, due to the electrostatic Coulomb attrastaelietween
opposite charged faces of the dielectric material, is neglected as it is much dimafi¢he
other two components. For linear dielectrics, the following equation for tlatrefgriction

applies:

Selectrostriction= Q - 502 : (fr - 1)2 : E2 (4-2)

which relates the electrostriction stralBe(ecirostriction in the thickness direction of the film
to the vacuum permittivitye , the relative permittivitye, and the applied electric field,
E [118. Therefore, equatiod.1 can be rewritten as:

Sota =d-E+ M - E? (4.3)

whereM is the electric field-related electrostriction ¢oeent of the material. For a fixed
electric field, increasing the piezoelectric charge constant, or electtmstrooeficient will
result in higher actuation strains.

The high field polarizatiorP?, and strainS, properties of structured composites are analyt-
ically derived, based on the model for the permittivity presented by Boaea ¢omposite
consisting of an inert, non-piezo active polymer filled non-randomly byopéeive gran-
ular ceramic materiald3]. In dielectrophoretically structured composites, closely packed
particles within the chains experience more interaction in the direction of alignimem
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homogeneously distributed particles in 0-3 composites. In this model, the cenpas
terial consists of two main phases, the non-piezoelectric polymer matrix, arnghtticle
chain, connected in parallel in the electrical and mechanical domains. altielg chain
itself includes particles and polymer in a serial connection. Particle size tpantete dis-
tance ratio, being the dominant microstructural parameter, is givét Bje local electric
field in the direction of the field in ceramic and polymer phases is given by:

Ep & (1+R)
Eapplied e +R:¢p

(4.4)

Eapplied & +R-€p

(4.5)

where subscriptsandp represent ceramic and polymer, respectively. For a linear dielectric
material, the induced polarizatid?, is the product of the dielectric constant and electric
field. For ferroelectric materials, the spontaneous polarizaRgnpeeds to be added. For
1-3 composites, each constituent material contributes to the total polarizagoreimount
proportional to their dielectric constants, and their volume fractions. Talzaécthe po-
larization, P, and strainS, of structured composites thé&ective properties of the particle
chains are calculated, and substituted for the properties of the activeefdetric phase of
fibrous 1-3 composites, as computed by Nelsbtd. The dielectric constant of a perfect
1-3 composite is given by:

(daae — dazp)? - Sazcomp® Pc - Pp
€comp= €c* b + €p+ Pp— —— eo?Ssgc-;:;p *9

$33¢ - S33p
S33p - Pc + SB3c - Pp
wheree is the dielectric constangg is the vacuum permittivitysss is the compliancep. is

the volume fraction of the ceramic apd is the volume fraction of the polymer phase.
The dfective compliance of a particle chain in the mechanical domain is calculated as:

S33comp = (4-7)

_ Se3p t R s33¢
S33eff = T 1+R (4.8)
The dfectivedss of the chain is:
(1 + R) . 6p
d =-— *.d 4.9
el = TR, % (4.9)
The dfectivee of the chain is:
en-(1L+R)
Eeff = p— * € (410)

Ec+R‘€p
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Substituting Eq.4.8, Eqg. 4.9 and Eq.4.10for sz3¢, d33. ande: in Eq. 4.6, and multiply-
ing both sides of this equation §,p, and substituting Eq4.4 and Eq. 4.5 the induced
polarization of the structured composite is found to be:

(1+R
(iiip;p) - d3zc)® - dc - dp

*La
60'(¢c'%3p+¢p'sg3%r§m: "

(4.11)
The total strain, as shown earlier (E4.1), is a sum of piezoelectric and electrostrictive
strains. The piezoelectric strain in a perfect 1-3 composite is derived litypiyimg the
analytical expression fodsz of the composite by the electric field, as shown by Nelson

[119.

EC+R‘Ep
Gc'(1+ R)

Poer(Eapp) = Pc(Ec) - ¢c + Pp(Ep) -

bc - S33p
¢ S33p + Pp - SB3c
Multiplying the above analytical expression fiy3 by the applied electric fieldz,pp, and
substituting the Eg4.5, as well as theféective properties of the particle chain, Eg9and

Eq. 4.8 for d33. and s33¢, the out-of-plane piezoelectric strain of a structured composite is
given by:

d3?>comp = d33c : (4- 12)

dc - S33p

Sa3p+RS33
¢c - S33p + ¢p - ()

Taking the polymer phase as being electrostrictive only, the total strain 8ffRecompos-
ite, including electrostriction and piezoelectric strains according talE3hecomes:

Spiezoelectril(Eapp) = Sc(Ec) :

(4.13)

éc- S33p
S33pt+R 33
$c- Sa3p+ dp- B3 — IR —

Stotal = Sc(Ec) - +¢p-Mp-Ep? + ¢c - Met- Ec? (4.14)

whereMp andMe¢ 1 are electric field related electrostrictive gbeients of the polymer and
particle chain, respectively.

Mp = Qp - €® - (ep — 1) (4.15)

Ep'fc'(l'i‘R)

— 1) 4.16
60+R‘6p ) ( )

Metf = Qc- €0 - (€eft — 1)° = Q¢ - €0°.(
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4.3 Experimental procedure

4.3.1 Composite manufacturing

Lead zirconate titanate ceramic powder (PZT5A4), a Niobium doped P#&fgrowith a
Zr/Ti molar ratio of 5248, was received from Morgan Electroceramics UK. The ceramic
powder was calcined at 115 for 1 h according to the optimized scheme reported by
Van den Endell]. 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 BeckmateCbS230
laser ditraction analyzer, was found to [50) = 2.5 um. The powder was stored in
a drying oven at 120C for 24 h prior to the experiment, to avoid moisture adsorption.
A two component epoxy system (Epotek 302-3M, Epoxy (diglycidyl etifdvisphenol-

A (DGEBA) resin and poly(oxypropyl)-diamine (POPD) multifunctional akfib amine
curing agent, was used.

The PZT particles were dispersed in the resin component of the epoxy $peldic vol-
ume fractions of 10%, 20% ,30%, 40% and 50% and mixed at a speed ofRIPROfor

15 min, using a planetary mixer (SpeedMixer DAC 150.1 FVZ, Hauschildps&guently,
the hardener was added, and the composite resin was again mixed atRBO@IR3 min.
Finally, the uncured ceramic-polymer mixture was degassed and poured imédd con-
sisting of a 1 mm thick Teflon sheet with circular 15 mm diameter cut-outs. 0-3 asitep
were cured at room temperature. To produce structured compositesduthewas placed
between two layers of 50m thick Aluminium foil serving as the temporary electrodes
for the application of the electric field for DEP, as shown in Chapter 2. Dielploresis
process was performed using an electric field of Zrkvi 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 paetietgpaci-
tor method with an Agilent 4263B LCR meter (Japan) at 1 V and 1 kHz. Theeleetric
codficient, dz3, measurements were performed with a high precision PM300 Piezometer
(Piezosystems) at 110 Hz and under a static and dynamic force of 10 \2m#, respec-
tively. At least five samples for each composite system were tested. eleatric polar-
ization measurements were performed using a Radiant technologies Rrédigtderroic
Test System at 1 Hz and under a double bipolar triangular pulse, withkaffoea O to 18
kV/mm, as shown in Figd.1

Out-of-plane displacement measurements were performed using a phedosior, MTI-
2100, with a 2032X high resolution module in combination with the Precision Murtbiier
Test System, as shown in Fig.1L The sensor utilizes adjacent pairs of light-transmitting
and light-receiving fibers. It operates by measuring the interaction betwhe field of
illumination of the transmitting, or source fibers, and the field of view of theivewg or
detector fibers. As the surface of the sample moves away from the dgnsihie signal
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Figure 4.1: Ferroelectric polarization and strain test set-up. The test jig is shown iethngagnification.

decreases, and as the surface moves closer to the sensor tip, thénsigraases. The probe
is used in the high-resolution mode with a sensitivity of 0.000@4@nV. The out-of-plane
strain,Si33, was measured at 1 Hz under double bipolar alternating electric Eeldsing:

Saa= (4.17)

wheret is the thickness of the sample under test, Ahis the change in thickness.

4.4 Results and Discussion

The typical electric displacement and strain behavior of PZT5A4 cerandikBlz is pre-
sented in Fig.4.2 A maximum polarization of 42C.m~2, a remanent polarization of 38
uC.m~2, and a coercive field of 1.3 k¥hm is observed.
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Figure 4.2: Ferroelectric hysteresis loops of PZT5A4 ceramic tested at 1 kHz.
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The dfect of dielectrophoretic structuring on the ferroelectric displacementstaad of
the PZT-epoxy composites, forftirent PZT volume content, is shown in Fig3and Fig.
4.4, respectively.
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Figure 4.3: Effect of dielectrophoresis structuring on electrical displacement of dfdhoxy compositesR
andsS stand for random and structured composites.

With increasing the filler volume content the remanent polarization of the catagos
creases, while the coercive field remains constant at @nkV, which is approximately
seven times higher than the coercive field of the bulk PZT5A4 ceramic. Atoalime
fractions, the dielectrophoretically structured composites exhibit higHaripations than
their non-structured counterparts. A maximum remanent polarization gfCLt8=2 is ob-
served for the structured composite of 50% PZT-epoxy. Increasirgpibleed electric field
above 18 kYmm resulted in an electrical break-down of the samples. In addition to the
displacement-electric field (D-E) loop, polarization switching leads to stiaitre field
hysteresis. The bipolar strain hysteresis loops plotted as a function ligdpfectric field,
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Figure 4.4: Effect of dielectrophoresis structuring on electromechanical strain ofdpdXy compositesR
andS stand for random and structured composites.

so-called butterfly curves, are presented in Big. The shape of the strain response is sim-
ilar to that of the bulk PZT5A4 cerami@f]. As the electric field is applied, the converse
piezoelectric &ect 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@kMor ran-
dom and structured composites, in agreement with the coercive fieldtexsniteed from
the D-E loops. The maximum strain of 0.006 % is substantially lower than that diulke
material (see Figd.2).

The maximum observed strain at 18 /&vn is extracted from Fig4.4, and presented as a
function of ceramic volume fraction for random and structured compositegind.5. A
clear diference can be observed between random and structured samplesnReom-
posites show no or very little strain at low PZT volume content below 30%. Tieete
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of structuring on the strain is already significant from 10% PZT-epoxypmsite, and in-
creases continuously up to 50% PZT. The predictions of the model peelsearlier are also
shown in Fig.4.5. The input materials properties for modeling are listed in Tdble The
best fit of the model to the experimental data was obtainedRfer20 for structured and
R = 2 for random composites respectively, which shows much lower interleaditance
for the structured composites with the same particle size. Such a strondioadaar-
ticle distance along the chains formed in the quasi 1-3 composites has brd@gmed by
SEM [31].
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Figure 4.5: Maximum observed strain at th&,,ieq Of 18 kV/mm as a function of PZT content.

| Material [ eat 1kHz | ds3 (pG/N) [ P uC/c?) | Y (GPa) | sg5(TPa)® [ suu (TPa)* [ Q(m*/C?) |
PZT 1700 B1] [ 44081 50 9218 [ 18.8[120 | 16[120q 0.018 [L27]
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 théfect of dielectrophoretic alignment of particles on the electrome-
chanical strain of the composites, the mixed connectivity md@g}li§ used to estimate the
amount of 1-3 connectivity in these composites. This model considers attapharallel
and serial connectivity can exist in a granular composite, giving a ti$iptsystem. The
detailed calculation procedure to extract the degree of 1-3 connecthgtyercentage of
particles in direct contact along a chain spanning the thickness of the sarttpdedirection
of the applied field, is explained in Chapter 2. The calculated percentdg® obnnectivity
is shown as a function of ceramic volume fraction in Fd.

A maximum of 4.6 % of parallel connectivity has been calculated for the stestttom-
posite of 50 vol% PZT. The maximum electromechanical strain of PZT-epomposites,
with varying PZT content of 10%-50%, is plotted as a function of the degfde3 con-
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Figure 4.7: Maximum electromechanical strain of PZT-epoxy composites aEtfgics 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 structoregasites,
compared to the random composites.

TheR values obtained, based on fitting the model developed in this work to theregmer

tal data, are of the order of 20 and 2 for the structured and randomasitep respectively,
which is another indication of the higher connectivity in the direction of thenshaPre-
dictions of the normalized strain as a functionfor different PZT volume fractions in
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PZT-epoxy composites is shown in Fig.8. The strain values are normalized to the strain
value for the bulk PZT5A4 ceramics under the applied electric field conditibine figure
shows a very clear increase in achievable strairRfealues between 1 and 20. The rate
of increase in maximum strain is highest at high loading fractions. This is ifitafixge
agreement with the dependancegat, the piezoelectric charge dbeient, of quasi 1-3
composites on volume fraction and degree of orientation, which reachesimumadfi-
ciency at a volume fraction of 10-20%, fBvalues between 10 and 287. Increasing the
Rvalue from 2 to 20 results in an improvement factor of 2-3 in the normalizeith stafues,
which is in a good agreement with the experimental data in4H.

4.5 Conclusions

DEP structured PZT-polymer particulate compaosites, having superior lthpiiezoelec-
tric constants compared to 0-3 granular particle composites, are studiéghatlactric
fields. The ferroelectric polarization and strain loops are obtained atvBEime fractions
10%-50%. The high electric field strain of the PZT-polymer composites is detatboth
the piezoelectric and electrostrictive properties of the constituent phékesdfect of in-
terparticle distance on the final polarization and strain properties is modéhemodel
predictions correlate well with experimental strain values for 0-3 andi duaparticulate
composites. Increasing the amount of parallel connectivity leads to Istrgéns.



62 Chapter 4. Ferroelectric characteristics of particulate PZT-epaxpasites




Chapter

In-situ structuring and poling of
PZT-epoxy composites

5.1 Introduction

As stated and demonstrated in the previous chapters, the key paramaterfliing the ef-
fective properties of the structured composites are the quality of particlenadigt, as well
as the poling fficiency. Improving the filler orientation while keeping the filler volume
fraction low leads to a high electrocactive sensitivity, while maintaining the fleyikev-

els of the composite8[L, 33-35]. Enhancing the alignment quality, by means of decreasing
the interparticle distance has been shown to significantly improve the diel@itzoelec-
tric and pyroelectric properties of particulate composifels32]. In conventional biphase
ferroelectric ceramic-polymer composites, the polymer phase normally hagapermit-
tivity and a lower electrical conductivity compared to the ceramic particlesis,Ta high
AC field at elevated temperatures for an extended period of time is requoireiient pol-
ing [122,123. Hence, the poling process, as well as the resultifecéve properties of the
composites, remain a challenge in the production of such composites. Re@stigations
have shown that the electrical conductivity of the constituents has a samififect on the
dielectric, piezoelectric and pyroelectric properties of the granular ceitgsdL0d. It has
been reported that an enhanced electrical conductivity of the matrikesisathe build-up
time of the electric field acting on the ceramic particles. Therefore, for atriekdty con-
ductive matrix éicient poling of the composites is possible even at room temperature, with
short poling times and relatively low electric fields. The electrical conditgtof thermoset
polymer matrices as well as their permittivity decrease upon curing. Thaosioong the
DEP structurization, using an AC electric field, and DC poling conditions, whiema-
trix is in the liquid state can improve the polin¢fieiency of composites. Moreover, the

*This work has been submitted as: Khanbareh, H., van der ZwaaGr&n, W. A., In-situ poling and
structurization of particulate piezoelectric composites, (under reviewndbof Intelligent Material Systems
and Structures, 2016)
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new proposed technique leads to cd&eive single-step manufacturing of composite sen-
sors. In the present work, the in-situ dielectrophoretic structuring atidgpprocess of
lead zirconate titanate-epoxy composites, upon application of AC and DCiefesds is
investigated. Thefect 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 P@Tgrowith a
Zr/Ti molar ratio of 5248, was received from Morgan Electroceramics UK. The ceramic
powder was calcined at 115@ for 1 h according to the optimized scheme reported by
Van den Endel1]. 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 angetiCoulter
LS230 laser dtraction analyzer, was found to @g10) = 1.2 um, d(50) = 2 um, and
d(90) = 8.5 um. The powder was stored in a drying oven at 220for 24 h prior to the
experiment, to avoid moisture adsorption. A two component epoxy systeatglE02-
3M, Epoxy (diglycidyl ether of bisphenol-A (DGEBA) resin and polyymxopyl)-diamine
(POPD) multifunctional aliphatic amine curing agent, was used. Both comfmonemne
degassed separately in a vacuum oven at RT for 3 h prior to the expetionawoid air
void formation. The PZT particles were dispersed in the polymer resin to tafispvol-
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 minsiing was
then molded. The details of the mold layup are presente@2h [Three sets of samples
under specific combinations of AC and DC bias were prepared, as indlicaf@ble5.1

The electric field was applied using a function generator (Agilent, 33216&)pled to a
high voltage amplifier (Radiant Technologies Inc., T6000HVA-2). Thinopm frequency
level was obtained for the highest phase angle of Lissajous plots foredume fraction

in early stages of the cure. Each set was exposed to the specific elettriofi3 h, then
cured over-night at room temperature in the presence of the electricTisddsamples were
stored at 100C for 24 h, with their electrodes short circuited prior to the measurements, in
order to remove the injected charges during the polarization and the trapasgks due to
impurities.

’ Set ‘ EAC(kV/mm) ‘ fAc(kHZ) ‘ EDc(kV/mm) ‘

Setl| 1 2 2
Set2| 0.1 2 2
Set3| 0 0 2

Table 5.1: Different combinations of AC and DC electric fields used for manufactufitlgeaccomposites. The
AC field magnitudes apply to the peak values.
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The first two sets result in quasi 1-3 composites witffiedient degree of structuring, while
Set 3 yields a 0-3 composite poled while curing. The properties of the olitagreposites
are compared with those of the reference samples, reported by VanndeneEal. 81].
The reference composites were processed at a fixed applied figlgtof 1 kvV/mm and

f = 4 kHz, poled at 10 k¥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 emisaiomirsg electron
microscope (FE-SEM) (JEOL, JSM-7500F), operated in backscddézetron mode. Sam-
ples sectioned parallel to the formed particle chains were embedded in aengrarature
curing epoxy, and polished withgdm diamond paste.

5.2.2 Measurement procedure

The dielectric constants of the composites were determined using the pded#algpacitor
method with an Agilent 4263B LCR meter (Japan) at 1V and 1 kHz. The catirty of the
epoxy polymer as a function of temperature was performed using a mmoddpectrometer
(Novocontral), in conjunction with a Cryostat high temperature sample celledisas an
Agilent E4991A impedance analyzer at 1 V and 1 kHz. The piezoelecteficient, dss,
measurements were performed with a high precision PM300 Piezometersyditzus, 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. 5.1 shows Scanning Electron Microscope (SEM) images of 20% PZT-epaxyos-

ites prepared by means of conventional method and in-situ structuringoéind ps defined

in Table5.1

The average particle size, based on SEM microstructures matches wellevigsthit of par-
ticle size analysis. Chain-like structures along the direction of the electricdielébrmed
during dielectrophoresis. In the random composites, the PZT particlémaregeneously
distributed in the epoxy matrix (Figp.1c for set 3, and.1d for a reference random post-
curing-poled sample). For the conditions of set 1 (a strong AC field), theostrcicture
(Fig. 5.1a) shows a well developed fibrillar structure, which resembles the steuofur

a reference quasi 1-3 sample produced by successive DEP angd padicess steps (Fig.
5.1d). Application of a lower AC field strength (set 2, Fig.b) leads to well oriented par-
ticles, but a less well developed fibrillar structure, with wider particle feggons separating
the particle chains. This fierence is in excellent qualitative accordance with the results of
the computational DEP model (Chapter 3) which show that formation of otiens order
precedes the thread formation (F&j8and Fig.3.14).

The average orientation of the individual chains can be quantified viléfztlaeerage orien-
tation factor as shown i8.11[110. P ranges between 0 for a random microstructure and
1 for a fully aligned situation. Th®, parameter calculated for set 1, set 2 and the reference
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20% PZT-epoxy set 1 20% PZT-epoxy set 2 % PZT-epoxy set 3

Figure 5.1: SEM micrographs of 20% PZT-epoxy composites prepared usingeational and in-situ tech-
niques. refr and refs stand for reference random and refestnggtured samples.

structured composites are 0.99, 0.91, and 0.94 respectivelyPT fuz set 3 and the refer-
ence random composite are 0. A slightly higher degree of orientation isveloksior set 1,
compared to set 2, as a result of larger driving force acting on the lgattin response to a
larger imposed electric fielBf].

5.3.2 Functional properties

The dielectric properties of the composites are shown in &@for PZT volume fractions
ranging from 0% to 50%. The models proposed by Yama&#h (Eq. 2.2) and Bowen
[33] (Eq. 2.3 are used to describe the dielectric properties of the random and sadictur
composites, respectively .

The input parameters, for both random and structured composite modeintistad in
Table5.2 It is assumed, that the piezoelectric properties of the particles are tequn
bulk ceramic values, as the particle properties could not be measuretlydirec

| Materials [ eat1kHz | ds3 (pGN) [ Y (GPa) |
PZT5A4 1850 [120 | 460120 | 70
Epoxy Epotek| 4.6 0 1731

Table 5.2: Properties of ceramic and polymer phases &tQ@5
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The best fit of the experimental data to Yamada’s model, for both the neferandom
composite and the in-situ poled random composite, was obtained=fct.4, which is an
indication of particles having an aspect ratio of 1.3, which is close to an)exfuishape.
The best fit of the experimental data to Bowens’s model for the structioeybosites of

set 1, set 2, and the reference structured sample, was obtaireadares of 11, 9 and 13,
respectively.

The piezoelectric charge cieients,dsz, of the composites, are shown in Fig3where the
experimentally observedss values of both structured and random composites are plotted
in combination with the predictions of the models proposed by YamadadBjand Van

den Ende (Eq2.5).
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Figure 5.2: The dielectric constant data for PZT-epoxy composites with their assdciaidels.

The best fit of the experimente}s data to Yamada’'s model was obtained doe 0.85 and

1 for the reference random composite and the in-situ poled random caepespectively.
This is a clear indication of higher polindfeiency for the in-situ poled composites than
for conventionally poled samples, in which the matrix was fully cross-linked.

The electrical conductivityef) and permittivity €) of a fully cured epoxy polymer is com-
pared to that of an uncured epoxy in TaBbl&. The conductivity of the uncured epoxy
measured at 20C is more than an order of magnitude higher than that of the cured epoxy
tested at 100C, which is the poling temperature in the conventional metl3d§l [Higher
permittivity of the uncured state also results in an enhanced pdiiiegeacy in the uncured
matrix. This shows that poling the particulate composites at room temperaturssible

at much lower electric fields, when the polymer matrix is still in the liquid state, and has
relatively high permittivity and electrical conductivity.

The best fit of the experimental data to Bowens’s model for the structuregbosites of
set 1, set 2, and the reference structured sample, was obtainBd/&ues of 16, 8, and
12 respectively. The interparticle distances calculated based on theanti®Raualues and
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Figure 5.3: Theds; data for PZT-epoxy composites with their associated models.

| Polymer | TestT °C) [ o (Sem) [ e |
Uncured epoxy| 20 11x108 ] 12
Cured epoxy | 100 8x 101 [ 105

Table 5.3: Comparison of dielectric and electrical properties of cured and ud@pexy polymer at 1 kHz.

the measured average particle size are @2 0.25um, and 0.16um for set 1, set 2,
and the reference structured sample respectively. A higher degreerfeiction during
dielectrophoresis is realized for the chains formed in in-situ structureghaled samples,
which can also be deduced from the SEM microstructures ing=ig.

The interparticle distance is an important parameter influencing the localieliésia act-
ing on the ceramic particles. The interparticle distances at the various volact®mhs
and poling conditions have been estimated independently by fitting the modelarpbe
imental data. The correlation between the of the random and structured composites and
their respective average interparticle distance is shown inF=g.Thedsz values increase
non-linearly with decreasing the interparticle distance.

The piezoelectric voltage cficient, gs3, calculated by dividing thelzs values by their
corresponding dielectric constant values, are plotted as a functionTof/®ldme fraction

in Fig. 5.5.

The maximum value obtained for the conventionally prepared random caepei8
mV.nyN at a PZT volume fraction of 40%, while for the in-situ poled random compasite
maximum value of 58 mV.iiN is obtained, at a PZT volume fraction of 50%. All sets of
structured composites show a comparable behavior as a function of PE@htoand peak
at a volume fraction of 10% PZT. For the reference structured composii@xanumgss
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Figure 5.5: Thegs; data for PZT-epoxy composites.

value of 79 mV.iiN is obtained. The in-situ structured and poled samples of set 1 and set
2, with high and low degree of chain perfection, show maxingsgvalue of 151 mV.iiN

and 69 mV.iN at a PZT volume fraction of 10%, respectively. Supegegs values, ob-
tained for in-situ structured and poled samples, are attributed to a higharpdréection
degree, and a higher polindfieiency. The reason for the deviation of the experimentally
determinedgss 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 significantimprovement in piezoelectric properties of quasi 1-3 compazitebe achieved
by a simultaneous combination of the dielectrophoretic alignment of the cerantiicgm

and the poling process while the polymer matrix is still in the liquid state, and hda-a re
tively high permittivity as well as electrical conductivity compared to a fullyeclisystem.

The proposed methodfers new avenues in low cost manufacturing of composite pressure
sensitive materials for demanding long term sensor applications.



Chapter

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 psliaer attracted
particular attention in the context of the piezoelectric and pyroelectric sgrisrause their
physical properties can be optimized foffdrent applications. Granular composites, which
consist of ferroelectric ceramic particles randomly distributed in a polymer métrown

as 0-3 composites, are interesting candidates for various applicatiomdp dheir ease
of fabrication, tunable electroactive properties, high mechanical stahititlity to cover a
large area, versatile product size range and low manufacturing3&siJ]. Moreover, they
can be flexible if a properly selected polymer matrix material is used and theevolume
fraction is kept low. However, below the percolation threshold, there omtinuous path
of connected particles from one electrode to another. In such casgglthg dficiency as

*This work has been published as:

1. Khanbareh, H., van der Zwaag, S., Groen, W. A., Piezoelectdpgroelectric properties of conductive
lead titanate-polyethylene oxide composites, Journal of Smart MatendISt@uctures, Vol. 24, No.
04, pp. 045020, 2015.

2. Khanbareh, H., Schelen, B., van der Zwaag, S., Groen, WA Anulti-mode temperature oscillation
instrument based on discrete sampled data and mathematical lock-indnetiietermine pyroelectric
properties of materials at low frequencies, Review of Scientific Instrtsnd6, pp. 105111, 2015.
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well as the electroactive properties depend even more strongly on théoallezonductivity

of the polymer matrix41-43].

Recent investigations have shown, that the electrical conductivity ofdhstituents has

a significant &ect on the dielectric, piezoelectric and pyroelectric properties of the gran
ular composites, as discussed in Chaptet2, 49-54]. These results have stimulated the
research into other polymeric materials with higher conductivity, to furtheaece the
pyroelectricity. Chau et al4] reported on the application of polyethylene oxide (PEO),
a well known polymer electrolyte used for lithium battery, in pyroelectric casitps. In
PZT-PEO composites, the pyroelectric and piezoelectri¢hictents of the samples were
greatly enhanced, compared to other PZT polymer composites with negligidectivity.

In order to improve the pyroelectric sensitivity of these composites evémefit is possi-
ble to replace PZT with a ceramic of higher pyroelectric activity and lower cliétecon-
stant. Lead titanate (PT) is regarded as a good pyroelectric material aranagsvkinds

of commercially available ferroelectric ceramics for sensing applicat®h8p]. PEO is a
synthetic polymer used in its pure non-ionic state as a surfactant, as asehtele thermo-
plastic resin as well as an ionic conducting polymer for Li-batteries, dispt&ysors, and
other electrochemical devicesZ4]. 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 o8 & 10~° S/cm at room temperature, which can
be improved substantially by incorporating salts into the polyri@6f127. In the cur-
rent study, the dielectric, piezoelectric and pyroelectric properties ¢?lED composites
are investigated, to elucidate thffext of the electrical conductivity of the matrix on the
sensitivity and poling &iciency of the PT-PEO composites.

Furthermore, in this chapter, a novel method is proposed to determine thedgmtric prop-
erties of materials at low frequency, ranging 0.001-0.250 Hz. The et codficient
can be defined based on the generated pyroelectric current, asltaofesuemperature
change in a pyroelectric material. There are four main approaches in tlagurefor mea-
suring the pyroelectric constant of a material.

1. The charge integration method, also known as the static method, is batezlion
tegration of charge which develops on the crystal faces as the tempgeirattgases.
This method is restricted to ferroelectrics, and results #iected by ohmic con-
ductivity and trapped charges in the bulk material and at the sample-comizet
face [128 129.

2. The radiant heating or pulse method, also known as the dynamic metB@dip
which the sample is continuously heated by modulated light. Assuming that all ra-
diation is absorbed and converted to thermal energy, the spontandatiggimn of
the sample changes and a pyroelectric current is measlBgtil[13(. This method
is less sensitive to thefect 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 unifornigchea
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, arairadass an
indistinguishable part of the pyroelectric curreh8{].

4. The continuous temperature oscillation method which is specially designedge
arating the pyroelectric current from the non-pyroelectric currerd,isua modified
version of the direct temperature ramp methd81-134].

Since the continuous temperature oscillation method is the basis of the dedeatedtin
this chapter, it is elaborated in more detail below. This method is based onflitiedce
in the thermal relaxation time of pyroelectric current and that of the thermally kstietu
current. In fact, the pyroelectric current is directly proportional to thevdtive of the
temperature with respect to time, while the non-pyroelectric current is eithrestant or
proportional to the temperature. When the sample is heated with a small sirusaida
perature wave, an AC current is produced by the sample. The amplitddehase of the
current define the ratio of pyroelectric and non-pyroelectric curreftie AC component,
which is in phase with the temperature wave, is the non-pyroelectric cutdemtever, if
the AC component precedes the temperature wave bytB@ origin is a pyroelectric cur-
rent [131,132134]. The amplitudes of the non-pyroelectric currdpt,pyroelectric current,
I», and the phase angle are given by:

I peak = (ln2 + |p2)1/2 (6.2)
In =RT (6.3)
Ip = pATw (6.4)

I Aw
—tarm L) _ ot (P )
6 = tan (In) tan ( R (6.5)

whereR s a temperature céigcient of the non-pyroelectric currer,is the electroded area
of the pyroelectric materiap is the component of the pyroelectric ¢beient normal to the
electrodesw is the angular frequency of the sinusoidal temperature component; &d
its amplitude. This equation holds, provided that the measurements are carriedder
constant mechanical stress and electric field, so as to avoid piezoelgstoelastic and
ferroelectric contributionsls,20]. The frequencies involved in this technique typically vary
in the range of 0.2-0.02 HARY. However, some applications for pyroelectric materials,
in both sensing and energy harvesting domains, may exist that requirdeataeteristics of
the materials over larger bandwidths, especially at lower frequencie$ngtance, human
motion detectors are sensors for slow thermal processes such as mdtierhaman body,
whose frequency spectrum is located in the region of the infra-low é&ecjes of order of
0.1 to 1 Hz [L39. In this chapter, the experimental set-up of a simplified version of the
temperature modulation method is presented. Detailed analysis of the test nsitiygg
accuracy as well as noise is discussed. The method is validated usingzlsifagle crys-
tals and used to characterize the pyroelectric properties of PT-PEO sdepd he signal
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analysis procedure mathematically mimics the ideal lock-in character, via acucdqubi-
nation of Fast Fourier Transform (FFT) with Heaviside threshold, to fiksidual noise.
The phase dierence between the peaks of the temperature and current waves latedlcu
using a folded correlatior8p).

6.2 Experimental procedure

6.2.1 Composite manufacturing

Lead titanate (PT) powder was calcined at 8@0for 2 h to develop single phase PbgiO
The agglomerated powder was then dry-milled using 5-mm zirconium balls fom2a
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 di$eaction
analyzer, was found to ba&(10) = 2.4 um, d(50) = 4.5 um, andd(90) = 8.1 um. The
powder was stored in a drying oven at 120 for 24 h prior to the experiment, to avoid
moisture adsorption. Commercial PEO powder with a molecular weight«f@ g/mole
(Sigma Aldrich), with a chemical structure as shown in Fédl, was used as the polymer
matrix. A standard solution cast technique was used to prepare compositeTHm®PEO
and PT powders were mixed to the specific volume fractions af1% 20% and 30%,
respectively. The mixed powder was then dissolved in de-ionized wétegdsfor 30 min

at 70°C until the dissolution is complete, followed by stirring at room temperature@or 2
min. The resulting viscous liquids were degassed and cast on the glaseatmbfor the
preparation of the thin films. Subsequently, the samples were dried in arab8eAC for

12 h. The final thickness of the dried samples varied between 280 andn30@inally,
gold electrodes of 9.2 mm diameter and 50 nm thickness were deposited osidextof
the composite samples by sputtering (Balzers Union, SCD 040). The sangiepualed

at room temperature in a water-cooled Julabo, SE Class lll, 12876thil bae dfects of
electric field and poling time were studied via poling afelient electric fields of 1, 5, 10
and 15 kymm 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 measurementsdén
remove the injected charges during the polarization and the thermally stimulatbdrdis
current, caused by polarization of the polymer matrix. .

H o O—H
C

VA/A

H H

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 brabspecirome-
ter (Novocontrol), in conjunction with a Cryostat high temperature sample ustg an
Agilent E4991A impedance analyzer at 1 V and 1 kHz. The piezoelecteficient, dss,
measurements were performed with a high precision PM300 Piezometergyaigns) at
110 Hz under static and dynamic forces of 10 N and 0.25 N, respectivaljeast 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 ghégn 6.2 and

Fig. 6.3 respectively. The measurement equipment consists of an Aluminumdyazage,
equipped with a heat sink on top of which the test cell is located. A MCPHD&ENC-S
Peltier cooler receives sinusoidal signals from a power supply, amergtes the tempera-
ture modulation. To ensure uniform temperature, a 1 mm thick Copper plate ig@aoon

top of the Peltier cooler. A thin layer of thermal conductive paste is usedeoimtérface
between the Peltier and the Copper plate, to ensure proper thermal tieitgluthe pyro-
electric sample is placed on the Copper plate, and probed with a gold plateléiode.
The temperature sensor, a MCP9701A SOT23 thermistor device with a&fgsinse time

of under 0.6 second from Microchip, is mounted very close to the sampéetehfperature
control unit is based on the ATMEGAES Xplained development board fomel. The 12

bit Xmegas on board ADC is used with 128 times oversampling, to create a sigi@bit
capable of running at arffective sample rate up to 1 kHz. Using this mode of the ADC,
together with an accurate 2.5 V (LM4040 device) reference voltagdtsasuan overall
resolution of 67.3:V/bit. The combination with the MCP9701 sensor device, which has a
sensitivity of 19.5 myK makes it possible to control the temperature with a precision of
3.913 mK. The software is programmed to ensure that this precision is almaipsained,
resulting in the smallest digital temperature disturbance possible. The 1K t@ongesine
amplitude is generated in 256 steps of 3.913 mK. The sine period is discrelitetiéh6
(27 - 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 $nemlipsrature step
possible. The same method is used to generate temperature ramping. Thecgirady or
temperature ramping rate is controlled with the frequency of the steps. Thmeiers 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 merasat.
Once the ADC flag is set to ready, the update process of the PID contndtlethe gen-



76 Chapter 6. Structure and properties of PT-polyethylene oxide cat@pos

Xmega
Controller
Pyroelectric sample Keithley 6514
- Temperature profile
generator Temperature Cu-plate

- Temperature Polarity switch Sensor
measurement (16bit ADC)
- Peltier PID controller (12 e — Peltier
bit DAC)
- RS232 communication for .
data read-out and control Heatsink block

T

Programmable
DC- supply
Delta ESO15

RS232

Faraday cage

PC with LabVIEW

RS232 » - Control settings
R 71 - Viewing data
- Creating data file

I

output

Tabulated
data file

file
v

Mathcad
Signal analysis

Figure 6.2: Schematic diagram of the set-up for the direct pyroelectric currensunement.

erated temperature profile as input starts. The 500 Hz frequency is datfakimum rate
of the ADC, and is considered to be high enough for the sampling rate ofrtipetature
control loop to cope with the thermal time constant of the Peltier element. Thefsiga o
output of the PID controller is checked, to operate the polarity switch foPtlger ele-
ment. This polarity switch is constructed by 4 Avagos, optically controlled, S8Rhes
in between the power supply output and the Peltier element. The modulus dixhedalt
is converted with the internal 12 bit DAC to a voltage that drives the Delta @305 0wer
supply as a power amplifier for proportional control of the Peltier cdrfEnis combination
is able to provide the Peltier element with 40W of bipolar power at a 500 Hz saatple
The PID controller, used with 500 Hz sampling rate, allows for a high closeyl band-
width. The bandwidth can be controlled with the PID parameters, so as touoeetbsed
loop temperature noise. Noise in the temperature signal translates to awisnfrom the
sample. For frequency and phase measurements, this noise is easily eliroin#ied-ast
Fourier transformation (FFT) convolution (shown in the data processictips). For direct
measurement of the temperature ramping current, this could result in a tovdoallsig-
nal to noise ratio figures at low ramping rate. Therefore fiedknt set of PID parameters
for sine modulation and temperature ramping is preferred. The temperagnat t® noise
ratio at the lowest possible amplitude of 1 K, with a frequency of 1 mHz sine fatoloiis
30dB or 0.03 K RMS as measured in the temperature data sampled with 2 Hz. &lizsto
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Figure 6.3: Newly developed set-up for pyroelectric current measurementsré=gguthe right shows a sample
being tested.

ing, the spectral noise is slightly folded around the bandwidth (1 Hz) of Pelbiatroller.
The pyroelectric current signal to noise ratio (SNR) is much lower due toiitsiple dT/dt
character which gives a 6dB rise per octave of the noise with frequency

The absolute current accuracy, as specified for the Keithley electrométe current range
is 0.2%. This accuracyfiects the accuracy of pyroelectric current, but does not have an
effect on the phase accuracy. The character of the noise on both tempenatluicurrent
is mainly correlated due to the common source. The SNR on the current, beinky ma
transformation of the noise on temperature, is barely depending on trentamplitude.
Basically, the cross correlation convolution method in the frequency domdiiplias the
temperature-frequency spectrum and the current-frequency speetement by element,
resulting in a product of both individual SNRs. The SNR of the resultlisest equal to the
individual sum of both SNRs in dB. In fact, it will be higher, becauseanradated noise in
the individual spectra is greatly reduced. For the current, the signaiise matio evaluates
to 3dB at the lowest frequency of 1 mHz. The applied correlation makesfadlerecorded
samples and is, therefore, improving the overall SNR with the square wbaif the total
number of samples per each fully logged modulation cycle at 1 mHz. By logging tinan
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 inausgonit tem-
perature mode, via the USB port. Although the controller is capable of 508ureraents
per second, the Keithley electrometer can only perform 2 measuremergsqoerd when
using the standard RS232 bus as in the current study. Therefore gadlineenents were per-
formed using this sample rate, allowing frequency measurements up to hadf 8h#nnon
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frequency or 1 Hz. The temperature controller is used with the temperatasunegnent in
average mode set to 250 for a 500 Hieetive sampling rate. Settings and fil®lis done by
LabVIEW software running on a PC or Laptop. This software allows tdrobthe settings
of the temperature unit, and has a graphical viewer for the output datagsuemperature
and current and user controlled logging. Once the Keithley Electrometeives data from
the temperature controller a new measurement is triggered. This pair efated data,
both temperature and current are stored into a data file. Logging is dcstarting the in-
strument and acquiring at least 1 complete period of the modulation freqdatecyln case
of ramping, the logging is started just before the ramp and stopped aftdimgahe final
temperature. At 1 mHz with 2 Hz sampling, this results in a measurement of ampateky
20 min with 2000 data points. For higher modulation frequencies, the measiréme is
proportionally shorter.

Data processing

The goal is to measure the phasé&eatience between the pyroelectric current and the mod-
ulated temperature, as well as the pyroelectric current amplitude. Thetedllew data
is used in the signal processing phase. This allows to process the dawfdindings in
multiple perspectives. Currently, the raw data are imported in the commerdidMatiocad,
but it can be imported in any other mathematical program as well. The medsunpdra-
ture and current are read as a vectored data set. From the acquagthdaanumber of full
modulation cycles is extracted, to avoid errors due to incomplete cycles. diiid ather-
wise results in foreign frequencies of phase-like modulation in the frezpugimmain. Since
both sampling rate and modulation frequencies are synchronized anch kfubwneasure-
ment cycles can be isolated exactly. The time related signals of temperatuceiraenlt
are transformed to the frequency domain by using a Fast Fourier treregfon (FFT). By
applying the complex conjugate on the current signal and performingwlehion within
the frequency domain, the correlation between the signals is calculate® O bemponent
is removed from the result, as it adds to the real component of the correldtiee 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 80 tig temperature
measurement and only 3 dB on the current measurement. The extractinglnisedoourate
to within a phase error of less than 0224 the low frequency of 1 mHz, which improves
with increasing the frequency. This method clearly eliminates the need fty tmsk-in
amplifiers for this application.

Phase correction for systematic errors

To calculate the actual phase angle between the pyroelectric curretihaateimperature
signals, the FFT driven phase is corrected for heat transfer andnmetit delays.

The phase delay due to the heat transfer is firstly discussed. Thdl ageriol loop is

shown in Fig.6.4.

The feedback element of the Peltier surface temperature is the MCP9ith 1l 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 useshte
a uniform temperature signal, as well as a smooth surface, to mount the samglepper,
with low thermal resistance and relative low thermal capacity is suited to antadd#tional
noise filter for the temperature. This Copper filter is kept outside the eldd®ibdoop as
it would otherwise give rise to instability, and thereby canceling its positiveenfdtering
effects. The loop-gain is liciently high (see diagrar®.4) to reduce the Laplacian overall
transfer function to:

S- Tp|ate +1
H = 6.6
transfer S- Teensort 1 ( )
s= 2rnif (6.7)

The heat transfer functiomdyanster, is calculated based on the thermal time constant of the
temperature sensotsensos and that of the Copper platgjate. The thermal time constant

of the plate is determined by comparing the recorded temperature signal,retebguhe
thermistor in the unit and the temperature of the plate monitored using a IR caasera (
shown in Fig.6.3) at different test frequencies. The final heat transfer phase dglay,is
then calculated as:

Im(Htransfer)) (6.8)

heat = arctar(—
¢ eat Re(Htransfer)
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WhereRgHyanster) and Im(Hyanster) are the real and imaginary components of the heat
transfer function.

Finally, a small compensation is added for the overall instrument delay. 8iraaverall
sampling rate is kept constant at 2 Hz, the averaging of temperature insideritrol unit,

as well as the fixed sample delay of the Keithley electrometer adds a small ceatipan
for this quantity. The instrument delagins;, consists of two components, delay of the
electrometer and delay of the temperature control unit as follows:

¢m = tm2r f (6.9)
¢ = te2rn f (6.10)
Pinst = dm — ¢t (6.11)

wheregm and ¢; are the phase angles, corresponding to the sampling delays of the elec-
trometer and temperature control urtj. andt; are the sampling times of the electrometer
and temperature control unit,is the frequency of the thermal sine wave, respectively.

In order to determine the actual phase angle between the temperature amaehéesignals,

the sum of the instrumental and heat transfer phase correctighgction iS added to the
calculated phase shift, based on the Fourier transformation.

dcorrection = Pinst + Pheat (6.12)

Measurements and validation

The device and the data processing protocol were validated using 4 Sia@le crystals,
whose properties are well documented, and have low sample to sample waricEolly
poled commercial LiTa@wafers of 5 mm by 5 mm by 0.2 mm were obtained from In-
fratec, Germany. The measured absolute values of pyroelectric pespas a function of
frequency from 1 mHz to 250 mHz at 2% are listed in Tablé&.1, and compared to the
reported values from literature, obtained by the continuous temperatiliatizn method.

[Frequency (mHZ)Phase angle)] I peak (A) | PmeasuredC-M2.°C™) | Preportea (UC.M2°C ) [Ref. |

1 89.5 2.75%x 1011[175.1 Not reported -
5 89 1.35x101°]171.8 175 [132
10 88.7 2.68x 1091705 175 [137
30 92 8.3x 10 [176 Not reported -
60 91 1.65x107° [175.1 172.7 [136
100 97.9 241x107° [152 175 [132
150 99 3.90x 107° [163.2 Not reported -
200 101 5.64x 107° [176.3 160 [132
250 104 7.14x10° [176.5 Not reported -

Table 6.1: Measured pyroelectric properties of LiTa€hip at 25°C andAT = 1°C.

The phase diierence between the temperature and current signals is determined, liglestab
which type of current is present. When both pyroelectric and nongbgctric 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 assosigtgulyro and nonpyro
effects are then calculated using Egb. For the calculation of the pyroelectric dheient,
the peak currentl feay is measured and the pyroelectric fiament is calculated using Eq.
1.3

Three samples are tested at each frequency. No dependencieeleptiic current to
frequency is observed, indicating a pure pyroelectric behavior faa@iT The measured
phase shifts at all frequencies show values close toifi@icating that the AC current has
almost no non-pyroelectric componethBp]. The calculated pyroelectric cigients in the
range of 1 to 250 mHz are in agreement with the reported values from litergta®-190
-1019,Cc.m=2.°C1) [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. 6.5shows 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 agglonrerakioe
average particle size matches very well with the result of the particle siigsana

6.4.2 Dielectric results

The dielectric constants of the PT-PEO composites, poled at YGkvfor 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 modeldited by
Yamada et al.36], as presented in Chapter 2.

The physical parameters for the constituent phases, adopted in thetitearalculations

are listed in Tablé.2 The good agreement between the measured and theoretical values
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supports the assumed 0-3 connectivity pattern. In the current warks obtained by the
least square fitting method. The best fit of the experimental data to modéttpyesd for
PT-PEO composites was obtained fioe 5.

| Materials | e at 1 kHz [ da3 (pG/N) [ ds1 (PGN) [ o (Scm) | tans at 1 kHz |

PT 20081 | 50 [81] 421 108 0.02
PEO 8 0 0 56x10° | 0.15

Table 6.2: Properties of ceramic and polymer phases &t@5

307,

® PT-PEO-Experiment
— Yamada model, n =5
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| | i
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PT volume content [%]

Figure 6.6: Measured dielectric constant values for PT-PEO composites polediat/itm 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 atctolesgalyze
the piezoelectric properties of the current granular composgéksag shown in Fig6.7.
The best fit of the experimental data for PT-PEO composites, poled aV¥ ifrk for 15
min, to the model predictions was obtained assuming a poling ratie,1. Clearly, the
high electrical conductivity of PEO has resulted in a high polifi¢ciency of the particles
embedded in the polymer matrix. Although most saturated polymers are classifiesl-
lators, both low and high molecular weight polyethylene oxide polymers hese teported
to have high conductivities, even when the possibility of ionic transpomujtieg from the
presence of impurities, was eliminated. It has been shown by Binks et34d, fhat an
inherent ionic process is operative in PEO polymers, involving in the géoarof protons
and their subsequent transport through the ethereal oxygen byskmalental motion. For
the mechanism to operate, two requirements need to be fulfilled: the presfepicegon-
accepting atoms (in this case oxygen) in the polymer chains; and proximity to ftiagne
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point to ensure adequate chain-mobiliy3g 139.

® PT-PEO-Experiment
9H — Yamada model, N =5, a =1

d33 [pC/N]
w

0 10 20 30
PT volume content [%]

Figure 6.7: ds3 values for PT-PEO composites poled at 1Q'tkivh for 15 min and fitted model prediction.
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Figure 6.8: gs3 values for PT-PEO composites poled at 1Q'tkivh for 15 min and fitted model prediction.

The piezoelectric voltage cficient,gs3, can be calculated by dividing tlugs of the com-
posite by their respective permittivity. The variatiorgg§ of the composites as a function of
PT volume fraction is presented in Fi§.8. The maximunyss value obtained for PT-PEO
is 44 mV.mN at a PT volume fraction of 30%.
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6.4.4 Pyroelectric properties

The pyroelectric caicients of PT-PEO composites, poled at 10/fkivh for 15 min, are
presented in Fig6.9.

40,

® PT-PEO-Experiment
—— Yamadamodel,n=5, a=1
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Figure 6.9: Pyroelectric cofficient, p, of PT-PEO composites poled at 10 kv for 15 min and the model
predictions.

These composites show superior pyroelectric sensitivity over the whodg raf volume
fractions, owing to the higher conductivity of the polymer matrix. Such atésin agree-
ment with other results reported in literature for carbon-modified PZT48l) PAni coated
PZT-PVDF {5,47] and LiClO4 doped PZT-PU composite§3]. The reason for enhanced
properties is that the dielectric permittivity mismatch decreases when a corgloinix

is used f#5,53]. Such a matrix creates an electrical flux path between the ceramic parti-
cles B5]. As a result, the local electric field acting on the ceramic particle is enhanced
making the poling process moréieient [L40. The model proposed by Yamada (E13

is fitted to the experimental data by using the least square method attie as the fitting
parameters. Interestingly, the best fit for PT-PEO composites was abtaine = 5 and

a = 1, which is in excellent agreement with the parameters calculated by fitting thel mod
to thedsz data. The calculated phase angle between temperature modulation, and the cu
rent for all of the samples, is listed in TalBe3. The lower phase angle at lower ceramic
volume fractions is indication of a larger contribution of non-pyroelectricant in the total
thermally stimulated current signal.

D= daNecompPe (6.13)
Nécompt € — €comp
The pyroelectric figure of merit (FOM) can be calculated by dividing thevelectric co-
efficient of the composite by its dielectric permittivitp/e). As demonstrated in Fi§.10Q,
with increasing volume fraction of PT an improvement in pyroelectricfft@ent is ob-

served. PT-PEO composites show a maximum FOM ofCén=2.°C™* 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 a@d 25
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Figure 6.10: Pyroelectric FOM of PT-PEO composites poled at 19rkih for 15 min and the model predic-
tions.

composite, which is more than 10 times higher than that for the referenceT36paRy
composite. A comparison between the pyroelectric FOM of 30%PT-PEO wittoti-
ferent classes of materials is presented in Figll 30%PT-PEO reaching 25% of the
performance of LiTa@single crystals can be manufactured in large area and is flexible.

6.4.5 Poling study

The dfect of poling time and temperature on the piezoelectric charge constantsRfthe
PEO composites is shown in Fi§.12and Fig.6.13

The electric field was kept constant at 10/kR\rm while investigating thefect of poling
time, and poling time was held constant at 15 min during the electric field magnitutie stu
The graphs show, that under an electric field of 1Qrki, the values ofiz3 significantly
increase within the first 15 min of poling, and saturate thereafter. ThetHattthedss
parameter saturates within 15 min indicates that the poling is complete within a wety sh
time. The dfects of electric field magnitude on tigs is also presented in Figh.13 The
ds3 values of the composites enhance with increasing the electric field up to /HonkV
and levels € afterward. This is also a clear indication of complete poling at 10vi.
During the poling process, the mobility of charges in the polymer matrix is a keypeter

in defining the final poling ficiency. The &ective charge relaxation time is defined as:

_ 3pem+ (1 - p)(ec + 26m)
"= Bporm + (L= #){ore + 20m) (614)
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Figure 6.11: Pyroelectric FOM of diterent classes of materials.
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Figure 6.12: Variation ofdsz with poling time in the poling study of the PT-PEO composites.

whereo is electrical conductivity, and subscriptgndm denote ceramic and polymer ma-
trix, respectively$ ande are volume fraction and dielectric permittivity of the constituents,
respectively. It has been shown, that if the poling time is substantially ldhgetthe charge
relaxation time, the ceramic phase will be fully polarizéd, fA2]. The dfect of permittivity
and electrical conductivity of the matrix on the relaxation time is shown in&itd

As the permittivity of PT is much higher than that of the polymer matrjxs mainly gov-
erned by the electrical conductivity of the matrix. The higher conductivithe polymer
matrix in ferroelectric composites shortens the time required for the electriafiéilth on
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Figure 6.13: Variation ofdsz with the electric field in the poling study of the PT-PEO composites.
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Figure 6.14: Variation of charge relaxation time withy, andey, for 30% PT-PEO.

the ceramic inclusion to reach saturation, thereby making the poling of theicepaase
more dficient 49, 122. When o, is increased from 16° S/cm of epoxy to 5 x 107°

S/cm of PEO the charge relaxation time decreases to less than a secolithg@sa faster
poling process. Moreover, as stated by several researchersctease of the electrical
conductivity and dielectric permittivity of the polymer matrix in the composite cameo

its piezo- and pyroelectric activities, due to an increase in the local eleelhi; §ensed

by the ceramic particlegip, 45,140. When the DC poling voltage is applied for a period
longer than the relaxation time, the voltage applied on the particles dependsedadtrical
conductivity ratio of polymer with respect to ceramic phase, as shown i.E&[50,122].

The dfective electric field on the ceramic particles in a polymer matrix can be calculated
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using:

3O'mEapplied
(1-¢)oc+ (2+¢)om
whereEappiied is the applied poling electric field, arfeh tectiveiS the electric field experi-
enced by the ceramic phase. Theeetive electric field on PT particles in a PEO matrix is
more than 20 times higher than the field experienced by the particles in an ey,
with electrical conductivity of 16'° S/cm. Therefore, PT-PEO composites can figiently
poled at lower electric fields and within a shorter time and under lower tempesatian
similar composites with a non-conductive polymer matrix.

(6.15)

Eef fective=

/Eapplied

effective

E
o
o

0 ‘ . j
10718 107 1072 10710 1078
o [S/em]

Figure 6.15: Variation of dfective electric field withry,.

6.5 Conclusions

The accurate determination of the pyroelectricfiiornt of materials by applying a simple
digital signal processing method on the discrete sampled data obtained inatunpescil-
lation technique has been presented. Using the proposed approa€eR;Tthealysis can be
performed to combine residual noise filtration and phase shift analysigbet@mperature
modulation and current. The phase shift is accurately corrected, bagkd instrument and
heat transfer delays of the test unit. The method has been proven tddidestor testing
pyroelectric materials in the ultra low frequency spectrum of 1 to 250 mHz, wiithsing
costly lock-in amplifiers. Moreover, the importance of electrical conditgtof the poly-
mer matrix, and its@ect on dielectric, piezoelectric and pyroelectric properties of granular
ferroelectric composites, has been demonstrated. PT-PEO compositeitngrated and
their properties were evaluated and compared with the predictions of thiealanodels.
Substantial improvement in the pyroelectric activity resulting from the higtrétatcon-
ductivity of PEO is observed for composites of 10%, 20% and 30% PT;R&®pared to
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composites with a matrix of lower electrical conductivity. 30%PT-PEO compsbkiie/s a
pyroelectric figure of merit of 1.6C.m=2.°C™, which is comparable to that of monolithic
PT ceramics. Hicient poling of the composites is possible at room temperature, with short
poling times and under relatively low electric fields.
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Chapter

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 dppliedhat
require properties such as weight-reduction, insulation, buoyaneggedissipation, mass
transport as well as convenience and comfa8}.[More recent advances include polymeric
foam sc#olds for tissue engineering9], shape memory polymer foams for biomedical
and aerospace applicatior80f63], membranes for gas separation or filtratid@#,[65],
polymeric electrolytes in lithium-ion batterie86, 67] and hydrogen storagé&$, 69].

Recent developments in the field of electronics have encouraged taimicd ultra low
permittivity dielectrics for the next generations of microchips. They reqnieglayer of di-
electrics with dielectric constants below 2.2. Therefore, a new concejiitden developed,
based on porous structures, achieved mainly by thermal decompositidoafkacopoly-
mer composed of a thermally stable block and a thermally unstable’6heérhese porous
materials show a clear relation between decreasing permittivity and incrgasiogity.
The macroscopic behavior of such polymer foams is determined by a comhiétibe
intrinsic constitutive behavior of the polymeric material, and the microstruciiurere are
numerous models in literature that relate material properties of the polymertto#me
intrinsic properties of the constituent phases. A simple simulation based on tbd ouRr-
nectivity model, as presented in Chapter 2, in a serial and a parallebamamt, can be
used to estimate the dielectric properties of the polymer foam. A two-phasetdeteate-
rial, consisting of spherical gaseous inclusions in a polymer matrix, is assumine serial

91
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mode (0-3), the porosities are homogeneously distributed in the polymer mattire par-
allel mode (1-3), the microstructure can be considered as the columneositgpelongated
in the thickness direction. With increasing the gaseous content, the dielemistaat of
the polymer foam decreases linearly. However, in a system of homogggedistributed
air inclusions in the polymer matrix, the dielectric constant of the polymer foaredses
exponentially with increasing gaseous contes8, f1]. Therefore, a polymer foam con-
sisting of randomly distributed closed cells, has #edively reduced dielectric constant
compared to the bulk polymer.

As far as piezoelectric properties of the ceramic-polymer composite Segrsoconcerned,
optimization of the dielectric properties of the polymer matrix plays an importantimole
controlling the output voltage of the di-phase composi&g. [ The piezoelectric voltage
codficient, gs3, is calculated by dividing thdss of the composites by their relative permit-
tivity. Therefore, the piezoelectric performance of the di-phase systeam$e enhanced
by adding a gaseous phase to the polymer matrix, in form of a homogenefistsiyuted
porosity (0-3 connectivity) to decrease the dielectric constant, wigilés kept unchanged.
Since DEP alignment of piezo particles improves the piezoelectric chargtacorf the
composites, while foaming significantly decreases the permittivity of the comppsite
combination of both will result in enhanced elecetromechanical behavioe bEhavior
of a tri-phase piezoelectric composite materials is controlled by geometricalptiqed,
elastic, dielectric, and piezoelectric parameters. In this chapter, the io#wénopological
parameters on the properties of the polyurethane (PU) foam is mappethin @ig-phase
composites of PZT-porous PU are manufactured and their functiongégies are investi-
gated.

7.2 Experimental procedure

7.2.1 Composite manufacturing

Lead zirconate titanate ceramic powder (PZT5A4), provided by Mordect® Ceramics,
was calcined at 1150C 1 h in a closed zirconia crucible according to the optimized scheme
reported by Van den Endé&]]. After calcination, the powder was dry ball milled for 2 h in

a Gladstone-Engineering G90 jar mill. Subsequently, the particles weral $@mve0 min,
using a Haver & Boecker EML Digital Plus test sieve shaker with stackedsigith mesh
sizes of 12%um and 63um. The powder was dried for at least 2 h to prevent agglomerations
due to moisture, as well as chemical interaction between the polymer and méigimrthe
particles. The particle size distribution of milled powder in an aqueous solulithn\@%
isopropy! alcohol, measured by a Beckman Coulter LS230 lagkacdtion analyzer, was
found to bed(10) = 0.8 um, d(50) = 1.8 um, andd(90) = 6 um.

A two component urethane rubber, Smooth-on-Econ 80 Polyurethansedsto serve as
the polymer phase in the composites studied in this chapter. This polymer is caingfos
di-isocyanate (component A) resin and polyol (component B) was (s&edFig.7.1). Gas
formation is observed upon addition of water to the uncured polymer, dueherical
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reaction between the di-isocyanates component and water, which lea@sfoorttation of
poly(urea-urethane), and the release ohbQElg. 7.2).

HAD
R™-N=C=0 + R?:0-H —> R'-N-C-0-R?

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

step 2 gas

R-N=C=0 + H0 ——» R-N—C—O—H —— = R-NH, + CO]
H
wp Q
R-N=C=0 + R-NH, ——» —R—N—C—N—R—
H H

Figure 7.2: Chemical reaction of di-isocyanates with water and the release gf CO

To study the fect 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 thatimes
component B and a varying amount of D-water , from 0 to 0.5%, was mixed asSpeed-
mixer DAC 150.1 FVZ at 3500 RPM for 5 min. Subsequently, component AydBxwater
were magnetically stirred at 600 RPM, until viscosity increased enoughpdlsanagnet
from rotating (see Fig7.3). 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 ad#i@drtb PU

is in theuL range. Influences from moisture in the air can thus be significant, whighys

the samples were covered and if possible produced on the same day. Tostmatures of

the samples are discussed later in High

PU-B + D-Water PU-A +B+D 1mm Tape Cast
SM 3500 RPM S5min MS 600 RPM When magnet is stuck

BT T T

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

Thermogravimetric Analysis (TGA) of the polymer is performed using PerkineE Pyris
Diamond at 20C/min under a nitrogen atmosphere. The results show that, 4C208ss
than 2wt% loss is registered. Subsequentlyfddential Scanning Calorimetry (DSC) was
performed, at a heating rate of 2@G/min under a nitrogen atmosphere, using the Perkin
Elmer Sapphire to find the glass transition temperaflyeof -7.6°C. TheTy of the polymer
does not appear to be significantljyexted by post curing at 10.

The production route, that was used for the production of the D-wategeraf O to 0.5%,

as explained before (see Fid.3), was also used for the production of the first batch of
random (0-3) tri-phase composites. However, for the 20 vol% PZT, itialimiscosity of



94 Chapter 7. Enhancing the sensitivity of PZT-polyurethane composites

the system due to the presence of the PZT was too high to allow for magnetigstirhe
production route was adapted accordingly, and is shown in7=4.

PZT + PU-A PU-B + D-Water PIT+A+B+D 1mm Tape Cast
SM 3500 RPM 5min SM 3500 RPM 5min SM 3500 RPM 40sec

Figure 7.4: PZT-porous PU composite production route.

In the new production route, the magnetic stirring step is eliminated. Foams hlereoa
form nonetheless. To check the necessity of the magnetic stirring in theté&r-sample
production, a PU cast was made where PU component A, component Bamwater
were mixed all at once for 60 seconds at 3500 RPM. The result wast avith large &1
mm) through-thickness voids and some smaller voids of approximatelyrhQ@istributed
throughout the cast. This rules out self-nucleation as a possible réasthre foaming of
non-mechanically stirred PZT-PU foam samples, and proves that midis-ace essential
in order to obtain a desirable foam micro-structure. It also proves, thatpRrticles are
able to function as void nucleation sites, thereby replacing the functionalitjarb-voids
which are introduced by magnetic stirring.

To prepare the composites, the PZT particles were dispersed in the mixpolyaier resin
and demineralized-water (D-water) to the specific volume fractions of 0%, 30% and
40% and mixed at 3500 RPM for 1 min. 0-3 samples were produced by césérsjurry
on an Aluminum substrate using a doctor blade at the thickness of 1 mm. Taeesafthe
film was exposed to air. Quasi 1-3 samples were produced in a closed ongidtfusing
a Teflon mold of 1 mm thick. The details of the mold layout are presented in Ghapte
For random and structured samples, the optimum volume fraction of D-weseiting in
maximum reduction of dielectric constant of the polymer matrix is found to be 0% vo
and 0.2 vol%, respectively. This optimization will be discussed in detail in thewimg
section. The closed mold used in preparation of DEP structured samplistsabe water
evaporation from the mixture, therefore, a lower water content of 0.2 vesMits in similar
gas content of 60 vol% similarly as in random composites prepared by castieglielec-
trophoretic structuring is performed on uncured composites by applyiedgatric field of
3 kvV/mm at 3 kHz for 1.5 h, using a function generator (Agilent, 33210A) calipbea
high voltage amplifier (Radiant Technologies Inc., T6000HVA-2), untilgblymer matrix
is fully cured. After curing, flexible films of 1 mm thickness were obtainede $amples
were then poled for 2 h, using a Heinzinger 30000-5 30kV DC amplifiegakiel N3 digital
circulating hot oil bath filled with silicone oil and a custom made sample holded&iQ,
5 kv/mm.

7.2.2 Measurement procedure

Circular discs of 16 mm were produced, and electrodes were made tbgrgmyof Gold for
20 min on both sides using a Quorum Q300T D sputter coater. Subsequérgimales
were punched using a 16 mm punch, thereby removing the material at tbg tedgrevent
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leakage current. The dielectric constant of the composites was deternsingcan Agilent
4263B & 16034E - Inductance Capacitance Resistance Meter (LCR)ebyattallel plate
capacitor method at 1 V and 1 kHz. Ttg; of the poled samples were determined using the
Piezotest PiezoMeter System PM300 - Berlincalggtmeter, under a 10 N static force and
a 0.25 N dynamic force at a frequency of 110 Hz. At least three sampézch composite
were tested. For microstructural analysis, the samples were sectiongdsasisors along
the thickness, and the cross sections were observed using a field ensisaionng electron
microscope (FE-SEM) (JEOL, JSM-7500F).

7.3 Results and discussion

7.3.1 Microstructure analysis
Microstructures of porous PU-polymer

The dfect of D-water content, ranging from 0 to 0.5%, on the microstructuresJopke-
pared by the process shown in Fig.3, is investigated. The microstructures are shown in
Fig. 7.5. The increase of the gaseous volume fraction and sample thickness withsingre
water content is clearly visible.

0.0% D-water | MS 600 RPM | Casted Imm N 0.1% D-water | MS 600 RPM | Casted Imm A 0.2% D-water | MS 600 RPM | Casted 1mm

= = _ S

Q

P N : S P q u
) ‘/ \jj M}. JJ @) u ) ¥
& v . N )Jy J

J ot

0.3% D-water 0.4% D-water 0.5% D-water

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

The SEM images are processed using the Image Processing ToolboxThiABAiIn order
to quantify the gaseous volume fraction, pore size and morphology. Thegraag bina-
rized, and the area fraction of the gaseous phase, as an indicatiorvofuh@e fraction of
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this phase, is subsequently calculated. An example is provided infFBgwhere a 0.4%
D-water sample is processed.

Figure 7.6: Example of image processing of a microstructure of PU Foam with 0.4¥afer analyzed to
calculate gas volume fraction.

The results of image processing are used to plot the variation of gas tenésent in
the PU polymer, as a function of volume fraction of D-water in the polymer as/shn

Fig. 7.7. Alinear correlation is observed between the gas content and the pomncisg
water content. Increasing the D-water content results in increasing sh@g@duction in the
polymer, which is entrapped in a form of a mostly closed cell structure.
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Figure 7.7: Variation of air content present in neat PU, prepared by the routershiofig. 7.3, as a function
of D-water content.

The pore size distribution, quantified in the form of a maximum, minimum and ae@eg
diameter, is shown in FigZ.8. The diameter is an equivalent circular diameter, calculated by
conversion of the pore area to the diameter of a circular pore. The minimunetiadoes

not show significant changes with increasing the water content. Hontbeeaverage and
maximum diameters increase with rising the D-water content. The 0.5% D-wat@iesa
shows the highest average diameter of 260

The volume fraction of the open cells, observed on the porous-PU migctstes, is calcu-
lated using the area fraction of the open cells with respect to the total atiea ©flls. The
results at dierent D-water contents are shown in Figi9. Increasing the water content,



7.3. Results and discussion 97

500
@ Maximum diameter
% Average diameter
A minimum diameter
400
€
=
@ 300
©
€
@
©
o 200
—
o
o

100

0 0.1 0.2 0.3 0.4 0.5
D-water volume fraction [-]

Figure 7.8: Variation of pore size present in neat PU, prepared by the route sindwig. 7.3, as a function of
D-water content.

thus increasing the gas volume fraction, leads to cell walls merging that resaltigher
content of open cells.
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Figure 7.9: Open pore content in neat PU, prepared by the process shown in.Bigs a function of D-water
content.

The pore shape is quantified using the aspect ratio, AR, as a measuoagiteon, cal-
culated by dividing the maximum to minimum calipers. AR approaches infinity fon@ lo
object, while a more isotropic object has AR of 1. As shown in Fid.Q the pore AR at
different D-water content is very close to 1, which signifies that the posesntgle almost
perfect spheres.
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Figure 7.10: Average aspect ratio of pores present in neat PU, prepared bydbess shown in Figr.3 as a
function of D-water content.

Microstructures of PZT-porous polymer composites

The microstructures of random PZT-porous PU composites, containamgpe of PZT vol-
ume contents from 0 to 40%, are shown in Figll Samples show a uniform distribution
of ceramic particles. Agglomerations are only observed at 40 vol% PZ&.fRae layers of
about 30Qum and 10Qum are observed adjacent to the substrate on the 10% PZT-porous
PU and 20% PZT-porous PU microstructures, respectively. Themres# this layer can
be attributed to ceramic sedimentation, as well as lower viscosity of the low P@&&rto
samples compared to the magnetically stirred mixtures, as shown ii.Bjgvhich is more
likely to keep the gas pores entrapped until the polymer matrix is cured aiogethe PZT
volume fraction results in a higher content of interface porosity.

The microstructures of dielectrophoretically (DEP) structured PZTymRIU foam com-
posites, containing a range of PZT volume content from 0 to 40%, arersimokiig. 7.12
The pores show a uniform distribution through the thickness, likely toffexted by the
application of the AC electric field during DEP. The chain formation is clearlipldsn
the cell walls, especially at lower PZT content. The structured 40% PZdusd®U sample
shows a very rough surface, containing a very high degree of intefarosity.

The variation of gas content, present in the random and structuregp®otlis PU compos-
ites is shown in Fig7.13 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 & themples.
In structured composites of 0, 10% and 20% PZT in PU, prepared in adaoskl, addi-
tion of 0.2% D-water has resulted in almost 60 vol% of gaseous phasetirlibtused 30%
PZT and 40% PZT-porous PU samples show very rough cross sectittna high degree
of interface porosity which makes the microstructural analysis less deciltres presumed
that this is the reason for the gas volume content of these two samples, shbigrv.13
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Figure 7.11: SEM micrographs of the 0-3 tri-phase sample range prepared udingl® D-water.

to deviate from the expected trend.

The average pore diameters, quantified for random and structuregddiis PU compos-
ites, are presented in Fig.14 The average pore size in structured composites varies from
250um to 100um with increasing the PZT content from 0% to 40%, respectively. Inereas
ing the PZT volume fraction results in higher viscosity of the composites, wieistnicts

the pore growth. The same trend is observed in random composites, aopR#AT ranging
from 20% to 40%. However, the random 10% PZT-porous PU samplessaowextremely
large average pore diameter of 40. The reason can be attributed to the low viscosity
of this sample which accommodates the voids on the bottom of the film to merge umtil the
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 PZTgp8tdwcomposites
are shown in Fig.7.15 The random composites of varying PZT content show consistent
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10% PZT DEP | Moulded 0.5 mm | 45x [  10% PZT DEP | Moulded 0.5 mm | BS120x 1 10% PZT DEP | Moulded 0.5 mm | BS75
= s » ¢ BT 1 =~ 7
I v 5

i 20% PZT DEP | Moulded 0.5 mm | 45x g 3 Moulded 0.5 mm | BS750x ;

Figure 7.12: SEM micrographs of the 1-3 tri-phase DEP sample range preparegi&inol% D-water.

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

The open pore content as a function of PZT content is shown in#ig for random and
structured composites of PZT-porous PU. Increasing the PZT volunterddrom O to 40%
results in a small increase of open pore content, in both random and stdicamposites.
A maximum pore volume fraction of 0.3 is observed for the 40% PZT-poralsdmple.
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Figure 7.13: Variation of gaseous volume content in PZT-porous PU random anctsted composites as a

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

content.

7.3.2 Properties of composites

The dfect of gaseous volume fraction on the dielectric constag3) 0f the PZT-PU tri-
phase composites at 1 kHz is shown in Figl7. The dielectric constant decreases no-
ticeably with increasing porosity, as the increasing amount of air ultimately teaaper-
mittivity of one. The presence of 56 vol% gas results in a 62% reduction iniéhecttic

constant from 11.1 to 4.2.

Considering the polymer foam a di-phase composite, consisting of a gapbase in a
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Figure 7.15: Average aspect ratio of pores present in PZT-porous PU randdrstarctured composites as a
function of PZT content.
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Figure 7.16: Open pore content in in PZT-porous PU random and structured cdtepas a function of PZT
content.

polymer matrix, the properties of the foam can be simulated using Yamada'd (ke
2.2). The dielectric constant of the neat PU polymer is measured to be 11.1Hzt T fit

the experimental data to the modelravalue of 3 is used, which corresponds to aspect ratios
of 1, which is an indication of spherical gas inclusions. This is in agreemiémthe AR of

the porosities presented in Fi@.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 connectivdigl [id]. In
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Figure 7.17: Variation of dielectric properties of neat PU foams at 1 kHz with the contgigas volume
fraction.
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Figure 7.18: Variation of dielectric loss of neat PU foams at 1 kHz with the containing gaswe fraction.

the serial mode (0-3), the porosities are homogeneously distributed in lfragramatrix.
However, in the parallel mode (1-3), the microstructure can be consdidereolumns of
porosity, elongated in the thickness direction. The dielectric constant,ascadn of the
gas content at low gas volume fractions, shows a good agreement teethietions of the
serial model.

The dfect of gaseous volume fraction on the dielectric lossgtari the PZT-PU tri-phase
composites at 1 kHz, is shown in Fig.18 tan¢ is taken as measure of dielectric loss and is
knownas loss tangent. In a perfect insulator, there is no consumptiorafye and electric



104 Chapter 7. Enhancing the sensitivity of PZT-polyurethane composites

current leads the applied voltage by’9tHowever, for commercial dielectrics, this phase
angle is less than 90by an angle’, which is called dielectric loss angle. As shown in Fig.
7.18tans seems to slightly decrease with increasing the gaseous volume fraction which is
in agreement with the documented behavior of polymer foatGsl]].

701

—— Bowen model-diphase
— Yamada model-diphase
601 @ Structured
@® Random

50F ~~ Bowen model-triphase
= = Yamada model-triphase

€35 [

PZT volume content [%]

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

The dielectric properties of the tri-phase composites, containing PZT poaaging from

0 vol% to 40 vol% in PU polymer foam matrix, are shown in Fi§.19 The dielectric
constant of the polymer foam, used as an input for modeling the propefties wi-phase
composites, is experimentally determined as 4.7 for a PU sample containingiamgedy

60 vol% of gaseous phase. The properties of the random and stdictomgposites are
fitted to the models proposed by Yamada (E32) and Bowen (Eqg.2.3), respectively.
The best fit of the experimental data to Yamada’s model, for the randomasiieg, was
obtained fom = 3.6, which indicates spherical particles. The best fit of the experimental
data to Bowens’s model, for the structured composites, was obtaindtiialues of 15.
The predictions of the associated models for di-phase composite systesisticgnof PZT
particles and PU polymer, are also presented for comparison. Bothmaaald structured
di-phase PZT-bulk PU composites show higher dielectric constant than-{itease foam
based composites. For the whole PZT range, the improvement in dielectstanbiof
the tri-phase composites is in accordance with the change in the permittivity pdiyraer
phase upon addition of the gaseous phase. The gas volume conterdarfrand structured
composites (Fig7.11and Fig.7.12) are shown in Fig7.13

The influence of DEP structuring on piezoelectric charge constagt,of the tri-phase
composites is shown in Fig..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, foiez i@ 3
composite in the serial mode, as shown in Fi0 The stitness of a di-phase material in
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a serial arrangement follows a rule of mixtures:

Cz3=Q1-C331 + Q2-Cazp (7.1)

whereCass is the stifness in the thickness directio is the volume content of the con-
stituent phases, and subscripts 1 and 2 denote the phases, regpethieanput stithess
values for thedsz simulations was chosen based on the gas content of the compaosite. The
neat PU has a modulus of 4.6 MPa, which decreases significantly with &inogethe gas
content.

0 0.2 0.4 0.6 0.8 1
Gaseous volume fraction [-]

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

The measuredlzz values of structured and random composites are compared with their
associated models (Eg.4and Eq.2.5). However, the change in thef$tiess of the polymer
matrix does not seem tdfact thedzs of the PZT-PU composites (see Fig21), as both di-
phase and tri-phase composites show similar behaviors. The best fiteofgaamentatlss
data of the random composites to Yamada’'s model was obtainadf@&6 anda = 1. This

is a clear indication of ficient poling. The best fit of the experimental data to Bowens’s
model for the structured composites was obtainedRealues of 10. The maximurdss
value of 25 p@N is obtained for 40% PZT-PU tri-phase composite, which is twice that
of the d33 value of 40% PZT-epoxy composité]]. Moreover, adding the gaseous phase
results in a decrease in thefBiess of the polymer matrix, which consequently leads to
higherdss values compared to a §&r polymer matrix $7]. A matrix stiffness assures a
minimal absorption of mechanical energy by the matrix upon loading. Thitsestigher
effective strains in the piezoelectric composite material.

The piezoelectric voltage cfitcient, gss, calculated by dividing thezs of the composites

by their relative permittivity, is plotted as a function of the PZT volume fractionin F
7.22 The maximum value obtained for the random composites is 94 yi.at a PZT
volume fraction of 40%, while for the structured porous composite, a vdlléGdmV.mN
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Figure 7.21: ds3 values for structured and random composites with their associated mddethed lines
indicating the predictions for PZT-porous PU composites coincide with the lsges showing properties of
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Figure 7.22: gs3 values for structured and random composites with their associated mddathed lines
indicate the model predictions for PZT-porous PU composites, and liddises show properties of PZT-bulk

PU composites.

is obtained at a PZT volume fraction of 10%. The predictions of the modelsdaatidom

and structured bulk di-phase systems are also shown. At 10 vol%, the mma>ggawof

a structured bulk di-phase composite is approximately 80 niN.mherefore, a factor of
two improvement irgsz is obtained in 10% PZT-porous PU composites by decreasing the
dielectric constant of the polymer phase when adding a gaseous coh@hvol%. The
maximumgss reported for structured bulk di-phase particulate composites rangesdretw
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70-90 mV.miN [11,32]. Addition of the third gaseous phase significantly improvesgie
performance of the particulate composites.

7.4 Conclusions

The addition of a gaseous phase in the form of spherical well-distributdasions &ec-
tively reduces the dielectric permittivity of PU polymer, which improves the pakxdric
voltage coéicient of the PZT-PU-gas tri-phase composites significantly. The uniqubieo
nation of dielectrophoretic structuring of PZT particles and the addition asagus phase
to the polymer resin results in the best performance of the particulate compes#ers
reported in the literature so far. Tlges values of the newly developed triphase composites
exceed those of the structured di-phase PZT-bulk PU composites (80/N)Yas well as
those of the structured PZT-epoxy composites (72-78 niWry a factor of two, and more
than five times th@ss of the bulk PZT ceramics (24-28 mV/M).
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Chapter

High temperature PT-polyetherimide
composites

8.1 Introduction

High temperature piezoelectric materials for application in automotive, as®sa en-
ergy production have been a growing area of reseatgh |[n automotive electronics, re-
peated thermal cycles of up to 18Q are currently the norm, with temperatures as high
as 500°C being expected for the near future. In aerospace industry, stalbtalth mon-
itoring of the engines requires sensors to be as close as possible to the, ésading to
exposure to high temperatures. Moreover, exploration of new sofwcedean energy,
such as nuclear and wind power, as well as geothermal and electrerglyehas signifi-
cantly motivated the development of high temperature electronic materials. Higiete
ature sensors for structure health monitoring can ensure enhanced lifataneliability,
less maintenance and downtime, and can thus reduce the overall cos¢whide energy
sources T3, 74). Piezoelectric materials can also be used for mechanical energy tiagves
converting the vibrations, present in the environment, into electrical gnéng example

of energy harvesting under extreme conditions is in oil producing wellsrevtine ambient
pressures may reach to 200 MPa, and the temperature reaché&€.200this case local
power production is crucial, since transmitting power from the surfacengptocated, due

to the dificulty of making reliable electrical connections in harsh environmeiatg [

The use of conventional piezocomposites in high temperature applicatierizebka lim-
ited, due to the reduced sensing capability of the piezoceramic at elevateeratunps,
increased conductivity and mechanical attenuation, as well as variatibe pfezoelectric
properties of the ceramic phase with temperature. Most importantly, the lo® tassi-
tion temperature and high thermal expansion of the polymer matrix limit the opeaktion
temperature range of a piezocomposites. Higliezo-ceramics can be embedded in high
temperature polymers to overcome this problem. In practice, the operatingregorpe
must be substantially below the Curie temperature of the piezoceramic phasdeirto
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minimize thermal aging and property degradation.

High performance amorphous polyimides are interesting candidates fopffieations
mentioned aboverp, 76,78-80]. Growing interest for viable, multifunctional and lightweight
materials for demanding space applications has lead into developing new gkgach
polymers [f5-77] with superior mechanical and chemical properties. Some of the poly-
mer systems in this family have been reported to show insignificant piezoeleaiper-
ties [75,78]. One of the most widely reported piezo polyimide polymers is a polyimide, con-
taining a single nitrile group, (b-CN)ARBDPA. As opposed to the well-known semicrys-
talline PVDF polymer family, the high temperature performance of this polyimide allow
these films to retain 50% of the room temperature remnant polarization at teorpsrap

to 150°C [78]. However, the remnant polarization of this system is very low, 14/mf;
when poled at 100 kinm, for 1 h abovdy. Therefore, the piezoelectric charge ffugent

of this polyimide is much lower than that of PVDFH, 78]. Limited chain mobility in the
imidized film restricts the preferential alignment of the dipoles upon applicafian elec-
tric field. To solve this problem, new polymers have been synthesized, \ignatit types
and concentrations of the polar group®][ Despite the interesting research outcomes,
the polyimide systems exhibit very low piezoelectric responses that aregioéhough to
attract commercial interest, 76,79,143.

To overcome these limitations, and to achieve adequate combinations of medhueic
mal, dielectric and electroactive properties, researchers have enthistdeelectric ce-
ramic particles within polyimide polymers. Structuring the ceramic particles into ia cha
form configuration, by means of dielectrophoresis (DEP), has bemmrsto improve the
dielectric, piezoelectric, and pyroelectric properties of such piezogerpolymer compos-
ites over those of random composit84+33]. In this work, processing of high temperature
lead titanate-polyimide composites is presented. Among various kinds of comityercia
available ferroelectric ceramics for sensing applications, lead titanateigRiTgood high
temperature piezoelectric material with a very high Curie temperature ¢f@38hibiting

a large spontaneous polarization and a small relative dielectric con2gatifl]. There-
fore, it serves as a viable candidate for integration with high temperatily@rnpde films.

In this chapter the manufacturing procedure of PT-ORHBA composites is discussed,
and the microstructures, as well as functional properties of the compasitessessed.

8.2 Experimental procedure

8.2.1 Composite manufacturing

The polyimide studied, ODADPA, was prepared using a standard 2-step synthesis method
via a polyamic-acid solution in N-Methyl-2-pyrrolidone (NMP). The schemsghiswn in

Fig. 8.1 The thermal properties of the films were determined by ThermogravimetrigAna
sis (TGA), using a Perkin Elmer Pyris Diamond, as well agddential Scanning Calorime-

try (DSC), using a Perkin ElImer Sapphire DSC. Samples were heatedtated 28°C/min
under a nitrogen atmosphere to 580. Dynamic Mechanical Thermal Analysis (DMTA)
was performed in the tensile mode, at a frequency of 1 Hz and a heatingf a6 C/min,
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using films of approximate dimensions of 8 x 0.005 mm.

H,N

(0] (0]
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0 o)
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(0] O

ODA ODPA

Stir for 24 h. at 25 °C under N, atmosphere.
Synthesis of ODPA-ODA at 22 wt.% of NMP

NH

0
Q HOOC 0
H n
O’QN COOH
o)

ODPA-ODA polyamic acid precursor of polyimide

Figure 8.1: Scheme of (b-CN)APEDDPA polymerization.

Lead titanate (PT) powder, purchased from Sigma Aldrich, was calcin8dQfC for 2

h to develop single phase PbHOThe 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, measuradggkman
Coulter LS230 laser diraction analyzer was found to @¢50) = 3 um. The powder was
stored in a vacuum drying oven at 120 for 24 h prior to the experiment to avoid moisture
absorption. The dried PT powder is predispered in NMP, stirred forahti,added to the
polyamic acid. The mixture was cast on an Aluminum foil using a doctor bladb,am
initial film thickness of 60Qum. Structuring of the particles in the polyamicacid polymer
was realized by a dielectrophoresis process, in which an electric fielk¥fram and a
frequency of 2 kHz was applied to the composite medium of particles dishardeAA,
using a function generator (Agilent, 33210A) coupled to a high voltage amRidiant
Technologies Inc., T6000HVA-2) at room temperature (RT) for 1 h imAagon purged
oven. Once the structuring of the particles was realized, the film was dried & for

1.5 h under the same atmosphere and electric field. The randomly dispansgleés were
obtained by the process described above, only without applying anielkekd 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 elecinede
sputtered on the samples, and they were poled at@50r 30 min with an electric field of
20 kv/mm. The poled films were then imidized in a vacuum oven atZD@nd 300°C,
each for 1 h. The resulting films have a fully imidized chemical structure asrshoFig.

8.2
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Figure 8.2: Chemical structure of fully imidized 20% PT-ODRADA composite.

8.2.2 Measurement procedure

A Novocontrol Broadband Dielectric Spectroscopy (BDS) is is used imuetion with a
Cryostat high temperature sample cell and and an Aginlent E4991A impedaatyzer at

1V and 1 kHz to measure the dielectric properties as well as electrical ctividuof the
polymer films. The dielectric constant of the composites was determined usipgréiéel
plate capacitor method with an Agilent 4263B LCR meter at 1 V and 1 kHz. Timopie
electric codficient,ds3, measurements were done with a high precision PM300 Piezometer,
Piezosystems, at 110 Hz and under a static and dynamic force of 10 N.2mdNQre-
spectively. Before performing th#y; measurements, the samples were grounded with their
electrodes shorted at 10Q for 24 h to remove any remaining space charges. To test the
ds3 of the composites at elevated temperatures, a modified sample holder wascranuf
tured and connected to the CF technologies PM3f@Ineter, as shown in Fig8.3. The
sample was placed on a Copper electrode and heated uniformly using twaiategro-
grammable heaters. The fixture was thermally insulated using Kapton foilsharset-up
was calibrated using reference PZT ceramics with known propertieas lichbe noted that
the maximum test temperature is above the advised operating temperature ef-tipe s
The pyroelectric properties were determined at25at 5 mHz, using the AC method as
described in Chapter 6.

Ground electrode

Resistor I | Resistor

Programmable
power supply

Figure 8.3: The sample holder used in conjunction with PM3@R3 meter fordsz; measurements at elevated
temperatures. Figure on the right shows a sample being tested.




8.3. Results and discussion 113

8.3 Results and discussion

8.3.1 Microstructure analysis

The dfect of DEP structuring on the SEM microstructures of the 20% PT-QDBA
composite samples is shown in FR)4. A clear diference can be observed between random
and structured composites. It can be seen that during dielectropha®simic particles
form chain like structures along the electric field direction. The degrebgrfraent which
affects the final dielectric and electroactive properties of the compositesdiepa 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-ODRADA.

8.3.2 Thermo-mechanical analysis

The TGA result of fully imidized ODPODA is shown in Fig.8.5a. A 2% weight loss is
observed at 520C. The DMTA results, presented in Fi§.5-b, show a storage modulus of
4.0 GPa, at room temperature for neat OPBBA and ODPAODA with 20 vol% PT. The
Ty remains unchanged at 266.

8.3.3 Dielectric, piezoelectric and pyroelectric analysi

The dielectric and resistivity of fully imidized, as well as partially imidized ODGRA

are shown in the frequency range of 100 Hz to 1 MHz in . The glass transition of
imidized ODPAODA can be observed in the real permittivity spectrum, as the temperatures
exceeds 260C. At temperatures beloWy the polymer shows a stable dielectric behavior.
However, the partially imidized ODR®DA film shows a frequency dependent dielectric
constant, and is more conductive than the fully imidized OFHBA as also reported in
literature [L45.

The resistivity plots show that the electrical conductivity of partially imidized”RBEDDA

at 100°C is more than two orders of magnitude higher than that of fully imidized QDBEA
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(a) TGA spectrum of fully imidized ODPAODA. (b) DMTA results of ODPAODA and 20% PT-
ODPA/ODA.
Figure 8.5: Thermo-mechanical properties of fully imidized PT-ODP®A.
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Figure 8.6: Dielectric and electrical resistivity properties of fully and partially imidizedRMPODA.
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at this temperature. This is in agreement with the results of Park et al., whatigated

the dfect of processing parameters such as curing conditions on (b-CNPAPBA sys-
tems [75]. It has been shown that the partially cured (b-CN)A®BPA, in other words
polyamic acid with open imide rings, exhibit a higher net dipole moment than the fully
imidized closed ring75,76,79].

The lower resistivity of the partially imidized ODPADA causes #icient poling of the
composites. During poling, the mobility of charges in the polymer matrix is a keynpeter

in defining the final poling &iciency. As the permittivity of PT is much higher than that of
the polymer matrix, as shown in Chapter 6, the charge relaxation time is mainisngoMey

the electrical conductivity of the matrix. The higher conductivity of the phytienidized
ODPA/ODA shortens the time required for the electric field acting on the ceramic inolusio
to reach saturation, thereby making the poling of the ceramic phase fhorerd [49,122,.

tans, as an indication of dielectric loss angle, is 0.001 and 0.02 for fully imidized and
partially imidized ODPAODA films at 20°C and 1 kHz, respectively.

The dfect of DEP structuring on dielectric constant of the 20% and 30% PT-QODBA
composites is shown in Fi@.7. The experimental data for random composites are fitted to
Yamada’s model, using amvalue of 5. Dielectric properties of the structured composites
are fitted to Bowen’s modeBp], using anR value of 10.
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Figure 8.7: Dielectric constant values of structured and random 20% and 30% FPA@IDA composites
composites with their associated models.

The influence of DEP structuring on piezoelectric charge consiiggtpf the composites

is shown in Fig. 8.8, where the experimentak; values of random and structured 20%
and 30% PT-ODPAODA composites are compared with the predictions of Yamada’s and
Van den Ende’s models described in chapter 2. The best fit of theimgrdal data to the
model predictions was obtained for= 5, R = 10 anda = 1, which is an indication of
high poling dficiency attributed to the relatively low electrical resistivity of the partially
imidized ODPAODA.
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Figure 8.8: d33 values of structured and random PT-epoxy 20% and 30% PT-@DIPA composites with their

associated models.

The ds3 of 20% and 30% PT-ODP®DA composites are tested as a function of tempera-
ture, as shown in Fig8.9. A stable behavior is observed over the temperature range from
room temperature to 17%. The room temperatuids value can be retained upon cooling
back. This stability is caused by the thermally stable dielectric and piezoeleaipenies

of the highT, lead titanate14], as well as stable dielectric properties of the ODBBRA in

this temperature range, as shown in BdLQ

14

12

10

d., [PC/N]

O 30% PT-ODPA/ODA Structured
B 20% PT-ODPA/ODA Structured
O 30% PT-ODPA/ODA Random
@® 20% PT-ODPA/ODA Random

0 25

50 75 100 125 150 175 200
Temperature [° C]

Figure 8.9: ds3 of fully imidized random and structured 20% and 30% PT-OBB®A composites as a function

of temperature.

The piezoelectric voltage cfiicient valuesgss, at room temperature which were calculated
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Figure 8.10: Relative permittivity of fully imidized ODPAODA polymer as a function of temperature at dif-
ferent frequencies.

by dividing thedss of the composites by their dielectric constant, are 48 niM..end 114
mV.m/N for random and structured 20% PT-ODBMA composites, respectively. The
gs3 for random and structured 30% PT-OD®DA composites are 45 mVAN and 90
mV.m/N, respectively. The room temperatuyg values for the PT-ODPAODA composites
are compared to those of PT-epoxy reference composites, as preise@Gteapter 2, in Fig.
8.11 The DEP structured 20% PT-ODRADA composites show 30% improvementgsy
compared to the structured 20% PT-epoxy composites, which is mainly dudrttoter
dielectric constant.
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Figure 8.11: Comparison of room temperatugg; values for structured and random PT-epoxy and PT-PEI
composites with their associated models.
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Figure 8.12: gs3 of fully imidized random and structured 20% and 30% PT-OPBBA composites as a
function of temperature.

The g33 of 20% and 30% PT-ODP®DA composites are calculated as a function of tem-
perature and are shown in Fi§.12 Structured 20% PT-ODR®DA composites maintain
their highgss values of over 100 mV.fN over the temperature range from room tempera-
ture to 175°C. The stablayzs behavior of all composites over the mentioned temperature
range is attributed to the thermally stable piezoelectric properties of theThitgad ti-
tanate [L4], as well as stable dielectric properties of the OPBRA in this temperature
range, as shown in Fi@.10Q

The pyroelectric ca@cients of the composites are calculated based on the pyroelectric cur-
rent at 5 mHz temperature oscillation at 25, using the device presented in Chapter 6.
The values of pyroelectric céicient are 0.3%C.m 2.°C* and 0.62uC.m2.°C™* for the
random and structured 20% PT-OD®PDA composites, respectively. In comparison to
20% PT-ODPAODA composites, 30% PT-ODPADA composites show higher pyroelec-
tric codficients of 0.5:C.m=2.°C* and 0.9QuC.m2.°C™* for the random and structured
composites, respectively.

8.4 Conclusions

High temperature PT-ODR®DA composites, prepared by solution casting in the forms
of 0-3 and quasi 1-3, show thermally stable dielectric and piezoelectrgepies in the
temperature range from room temperature to AZ5Thermally stable dielectric and piezo-
electric properties of the high lead titanate14], as well as stable dielectric properties of
the fully imidized ODPAODA polymer matrix result in an improved temperature function-
ality of these high performance composites. Relatively high electrical @indy as well

as permittivity of the partially imidized ODR®DA polymer matrix provides a high poling
efficiency. After full imidization at 300C the imide rings completely close, resulting in
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a thermally stable polymer with a very low dielectric loss that maintains the piezoelectr
sensitivity up to 175C.
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Summary

The main objective of the research described in this thesis is to explonakeges piezo-
electric ceramic-polymer composite materials and relate fifeeteof topology, processing
and intrinsic properties of the constituent materials, mainly the polymer phap&zo-,
pyro-, and ferroelectric properties of the di-phase and tri-phase csitep.

In Chapter 2, functional composites of lead titanate (PT) particles in aryapaitix, pre-
pared by dielectrophoresis, are shown to have enhanced dielectroelgetric and pyro-
electric properties compared to 0-3 composites (i.e. composites consistiranafay, non-
connected particles in a continuous polymer matrix) féieslent ceramic volume contents
ranging from 10% to 50%. The degree of structuring, as well as the iegbroperties
of the constituents, are shown to be the most important parameters controdimyeh
all properties of the composites. Two structuring parameters, the intefpalistance and
the percentage of 1-3 connectivity (i.e. a continuous one-dimensiomidafiltonnectiv-
ity of the functional ceramic particles in a polymer matrix) are determined on tkis b
Bowen’s model and the mixed connectivity model, respectively. The dagfrstructuring,
calculated according to both models, correlates well with the increase inepéenic and
pyroelectric sensitivities of the composites. Higher sensitivity values oftieibnal prop-
erties are observed at higher ceramic volume fractions. Thetef electrical conductivity
of the matrix on the pyroelectric responsivity of the composites is demonstrabeda key
parameter in governing the pyroelectric properties of the composites.

In Chapter 3, a novel multi-physics finite element model is proposed fditafixge simula-
tion of the structure formation during dielectrophoresis of particles sulgukin a dielectric
Newtonian liquid between parallel-plate electrodes. Upon application of atrieléeld,
particles reorient with respect to the imposed electric field, involving fasiciarotation,
followed by slower lateral and axial displacement until a chain-like straadficonnected
particles is formed. The performance of the model is illustrated for a nunibdealized
starting configurations. The influence of parameters such as particlepsitiele aspect
ratio and particle size distribution is studied for the purpose of obtaining inisighe ideal
conditions required to obtain a desired structure. In a system containitigjgeof difer-
ent sizes, the largest particles play a key role in the development of thresthacture. The
quality of the structure evolution is investigated by using a set of geometideneders. A
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new topological parameter, the chain perfection degree, relating the timiose to the
overall performance of the piezoelectric composite, is proposed andataid for the vari-
ous cases considered.

In Chapter 4, the particulate composites are studied under high electric freldselectric
polarization and strain response of 0-3 and quasi 1-3 lead zirconatat&itéPZ T)-epoxy
composites are investigated. The properties of the composites are evalndtedmpared
with those of the bulk ceramic. A new analytical model is developed to degbit@roper-

ties of composites with a chain-like arrangement of particles. This model, wdiels both
piezoelectric and electrostrictivéfects into account, shows a good agreement with the ex-
perimental results. Theffiect of interparticle distance on the final polarization and strain
properties is shown. The model predictions correlate well with experimstméah values

for the studied particulate composites. Increasing the amount of paratieéctivity via
higher packing of particles inside the chains leads to larger strains a¢m gjiectric field.

In Chapter 5, PT ceramic particulates are incorporated into a relativetiuctive polyethy-
lene oxide (PEO) matrix to develop sensitive and simultaneously flexible cot@po®T
particles are dispersed in PEO at various volume fractions, and the cibenidoss are pre-
pared by solution casting. The dielectric and piezoelectric propertiesteemned using
conventional techniques. For accurate determination of the pyroeleotpenies, a new
device is developed. This device requires relatively simple hardwarevarks without
using costly lock-in amplifiers. This novel technique consists of applyiniggigatisignal
processing method on the discrete sampled data, which was obtained in aatemgpes-
cillation measurement. The pyroelectric éogent is calculated from the component of the
generated current, which is 96ut of phase with respect to the sinusoidal temperature wave.
The novelty of the proposed approach lies in the signal analysis pnageshich imple-
ments a simple Fast Fourier Transform (FFT) that filters residual noiseghrconvolution

and calculates the phasdtdrence between the peaks of the temperature and current waves.
From these data the pyroelectric figures of merit of the composite films angdateld. In
order to determine theffiect of electrical conductivity of the polymer matrix on the poling
efficiency and the final properties, a poling study was performed. Imprdkimelectrical
conductivity of the polymer phase enhances the poling process sigtlifidais found that
both the piezoelectric and the pyroelectric figures of merit increase witheRalmic con-
centration. PT-PEO composites show superior pyroelectric sensitivity a@uo other
composites with less electrically conductive polymer matrices.

In Chapter 6, composites of lead zirconate titanate particles in an epoxy marprex
pared in the form of 0-3 and quasi 1-3 withfferent ceramic volume contents, ranging
from 10% to 50%. Two dferent processing routes are tested. Firstly, a conventional di-
electrophoretic structuring is used to induce a chain like particle configardtibowed by
curing the matrix and poling at a high temperature and under a high voltagen@g a
simultaneous combination of dielectrophoresis and poling is applied at roonetatmgpe
while the polymer is in the liquid state followed by subsequent curing. This mewepsing
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route is applied to an uncured thermoset system while the polymer matrix stibgmas
relatively high electrical conductivity. Composites withfdrent degrees of alignment are
produced by altering the magnitude of the applied alternating electric field. nifisant
improvement in piezoelectric properties of quasi 1-3 composites can evadtby a com-
bination of simultaneous dielectrophoretic alignment of the ceramic particlepalimd).
The degree of structuring as well as the functional properties of thieurstsuctured and
poled composites enhance significantly compared to those of the convéigtroaaufac-
tured structured composites.

In Chapter 7, tri-phase PZT-porous polyurethane (PU) compositeisnastigated. The
main goal is to reduce the dielectric constant of the polymer matrix, and impeibifity
of traditional diphase piezo-composites, consisting of ceramic particles ansedpoly-
meric matrix, by adding a third (gaseous) phase to the system. The pred¢hegaseous
component in the polymer matrix in the form of well-distributed spherical inchsséfec-
tively decreases the polymer dielectric permittivity, which increases the glexzac volt-
age constant of the composites significantly. The unique combination of tigglhoretic
structuring of PZT particles and the addition of a gaseous phase to the pobsireresults
in the highest performance of the particulate composite sensors repottteel licerature
so far. Thegssz values of the newly developed triphase composites are twice that of the
structured di-phase PZT-bulk PU composites (80 miM)yand more than five times thgs
value of bulk PZT ceramics (24-28 mV/).

In Chapter 8, high temperature PT-polyetherimide (PEI) composites arerjiesl as promis-

ing candidates for high temperature piezoelectric sensing applications. téfigierature
PT-ODPAIODA composites, prepared by solution casting, show thermally stable dielectric
and piezoelectric properties in the temperature range from room tempget@tlir5°C. Di-
electrophoretic structuring is used to induce chain-like particle configardatiowed by
curing the matrix to form free standing films. Subsequently, poling is perfdumder high
voltages at temperatures above the glass transition temperature of the parnidihed
matrix. The relatively high electrical conductivity as well as permittivity of ttaetially
imidized ODPAODA polymer matrix yields a high polingfieciency. The composites are
subsequently imidized to form fully imidized films, and their piezoelectric andedgobric
properties are tested at elevated temperatures. Thermally stable dieledtpiezoelectric
properties of the higfii; 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 30C the imide rings completely close,
resulting in a thermally stable polymer with a very low dielectric loss that maintains the
piezoelectric sensitivity up to 17%.

In the Appendix, a model for theffect of topological imperfections on the electromechan-
ical properties of structured particulate composites is presented. A mathbd based on
the Mori-Tanaka method with Eshelby tensors for piezoelectric composite niaisrde-
veloped to predict theffective electro-elastic propertigss andgss of structured granular
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piezoelectric composites with improved accuracy, by means of a single pgaragiated to
the spatial distribution of imperfectly aligned rod-like PZT particles. The VirRaxticle

Mori Tanaka (VPMT) method is found to have excellent prediction capalsiliixtending
the approach, several newly defined functions are presented taeapéudrop in piezo-
electric composite’s electro-elastic properties as a function of topologicariegiions.

These imperfections are related to longitudinal and lateral interparticlenggsaand the
topology of the chain-like structures themselves. The functions are ¢sdliradetail and
show physically consistent behavior.



Samenvatting

Het hoofddoel van het onderzoek als beschreven in dit prodfischhet verkennen van

nieuwe granulair piezo-elektrische keramiek-polymeer composieten egidtetren van het

effect van topologie, processing en intrinsieke eigenschappen van dielirede componen-

ten, hoofdzakelijk de polymeerfase, aan piezo-, pyro-, en ferikiredehe eigenschappen
van twee- en driefasen composieten.

In hoofdstuk 2 worden de onderzoeksresultaten van functionele coetgrobestaande uit
loodtitanaatdeeltjes (PT) in een epoxy matrix gepresenteerd, die dankaijtdéorese ver-
beterde dielektrische, piezo-elektrische en pyro-elektrische eigamseh vekregen hebben
ten opzichte van soortgelijke 0-3 composieten (dat wil zeggen composiettaabde uit
korrelvormige, niet-verbonden deeltjes in een continue polymeermatrixe Babetering
geldt voor het bereik van 10-50 volumeprocent PT deeltjes. Er is s@onpkdat de mate
waarin de deeltjes geordend zijn (de connectiviteit) en de elektrischeselygopen van de
individuele componenten de voornaamste factoren zijn die de eigenscheap het com-
posiet bénvloeden. Twee parameters die de mate van ordening kunrievideten zijn
de afstand tussen de deeltjes en het percentage van 1-3 connectlaiteiil(zeggen con-
tinue éen-dimensionale vezelachtige connectiviteit van de functionele kerarisetitjes
in een polymeermatrix) worden respectievelijk gebruikt op basis van hgeBmnodel en
het mixed connectivity model. De mate van orde berekend volgens beiddlemokiemt
goed overeen met de toename in piezo-elektrische en pyro-elektrisabeligheid van de
composieten. Hogere keramische volumepercentages resulteren irflnettimele eigen-
schappen. Eris aangetoond dat de elektrische geleidbaarheid vatroedebelangrijkste
factor is die de pyro-electrische eigenschappen van de composiétwiobdt.

In hoofdstuk 3 wordt een nieuw multi-physics eindige elementen model g@meerd

voor kwalitatieve berekening van ketenvorming tijdens dielectroforesgieainelectrische
deeltjes in een vloeibare matrix tussen twee parallelle plaatelectrodes. Deanbeengen

van een elektrisch veld @nteren de deeltjes zich ten opzichte van het opgelegde elektrische
veld, middels een snelle rotatie van de deeltjes gevolgd door een langzateestelan
axiale verplaatsing totdat een keten van aaneengesloten deeltjes iggarkiet voorspel-

lend vermogen van het model is toegelicht aan de hand van een addelgeerde begin
configuraties. De invloed van parameters zoals deeltjesgrootte, "agfietten deeltjes-
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grootteverdeling is bestudeerd om inzicht te verkrijgen in de ideale conditegereist
Zijn om de gewenste structuur te bereiken. In een systeem met deeltjesrgahiNende
grootte zijn het de grote deeltjes die de ketenvorming bepalen. De kwalitetrvantuuron-
twikkeling is onderzocht met behulp van een set van geometrische paranieta nieuwe
topologische parameter, ketenperfectiegraad, die de microstructudeagigenschappen
van het piezo-elektrische composiet verbindt, wordhgeduceerd en doorgerekend voor
de verschillende beginsituaties.

In hoofdstuk 4 wordt het gedrag van deeltiescomposieten onderatschij blootgesteld
worden aan sterke elektrische velden. De ferro-elektrische polareatiek van 0-3 en
quasi 1-3 lood-zirkonaat-titanaat (PZT)-epoxy composieten wordstulieerd. De eigen-
schappen van de composieten wordeivgdueerd en vergeleken met die van bulk keramieken.
Een nieuw analytisch model is ontwikkeld om de eigenschappen van corgposiet een
ketenachtige rangschikking van deeltjes te beschrijven. Dit model neemed piezo-
elektrische als elektro-restrictievéfecten in acht en laat een goede overeenstemming met
experimentele resultaten zien. Héfieet van de afstand tussen deeltjes op eindpolarisatie en
rekeigenschappen is weergegeven. De voorspellingen van het koydeh goed overeen
met de experimentele rekken voor het bestudeerde deeltjescomposieanioe de ho-
eveelheid parallelle connectiviteit als gevolg van een hogere deeltjessiatlhde ketens
leidt tot een grotere rek bij een gegeven elektrisch veld.

In hoofdstuk 5 worden keramische loodtitanaat (PT) deeltjes verweddrnmatrix van het
relatief goed (electrisch) geleidend polyethyleenoxide (PEO) om coniposie créren
die zowel flexibel zijn als een hoge contactgevoeligheid hebben. Hiemogew Pt-PEO
composieten met verschillende PT vulgraden gemaakt die via 'solution castirmtinne
films uitgegoten worden. De dielektrische en piezoelektrische eigensmajp in eerste
instantie bepaald met behulp van conventionele technieken. Voor eerai@cmeting van
de piezoelektrische eigenschappen is echter een nieuw apparaatkefdwikit apparaat
vereist relatief simpele hardware en werkt zonder gebruik van kastbek-in versterkers.
Deze nieuwe techniek is gebaseerd op een numerieke analyse varighegesamplede
data welke tijdens cylische temperatuursveranderingen verkregen ajpyifoelectrische
coefficiént is berekend vanuit de de stroomsterkte die 90 graden uit fase istopgietegde
sinusvormige temperatuurspatroon. 90 graden uit fase met betrekkidg gihusale
temperatuurgolf. Tet nieuwe van deiggoduceerde aanpak is gelegen in de gebruikte pro-
cedure om het signaal te verwerken, waarbij ,na filteren van de etiaseverschil tussen
de pieken voor temperatuur en stroom berekend wordt. Uit dergelijkekdatzen de de
pyroelektrische kentallen van de composietfilms bepaald worden. Een stoling is uit-
gevoerd om hetféect van geleidbaarheid van het matrixpolymeer op polifigiéntie en
uiteindelijke eigenschappen van het composiet te bepalen. Er is geblekeardverbeter-
ing van de elektrische geleidbaarheid van het polymeer leidt tot een segméicerbetering
van het polingsproces. Tevens is ontdekt, dat zowel waardes vpiezeelektrische als
pyroelektrische kentallen toenemen met toenemende PT keramiek concerffBIREO
composieten vertonen superieure pyroelektrische sensitiviteit in veigglifket andere
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composieten met een minder elektrisch geleidende matrix.

In hoofdstuk 6 worden lood zirkonaat titanaat (PZT) deeltjes in eenyepwtrix verw-
erkt in de vorm van 0-3 en quasi 1-3 composieten met verschillende vblgties tussen
10% en 50%. Twee verschillende productieprocessen zijn getest. Aflessn conven-
tionele manier van het aanbrengen van een ketenstruktuur middels diileddeogevolgd
door het laten uitharden van de matrix en poling op hoge temperaturen Hioegnvolt-
age. In de tweede route worden dilelectroforese en poling gelijktijdig erabigktemper-
atuur uitgevoerd, waarna het composiet uitgehard wordt. Dit nieuweepris toegepast
op een niet-uitgeharde thermoharder, op het moment dat de polymeernagtsieeds een
redelijk hoge elektrische geleiding vertoont. Composieten met verschilleadatgrs in
ketenvorming zijn geproduceerd door de grootte van het toegepastiéseled (AC) veld te
variéren. Een significante verbetering in piezoelektrische eigenschappeuasi 1-3 com-
posieten kan worden gerealiseerd door dielektroforese en poling geiijktijote voeren.
De mate van ketenvorming en de functionele eigenschappen van de instituctigreerde
en gepoolde composieten blijken significant te verbeteren ten opzichtestmgureerde
composieten die op een conventionele manier zijn geproduceerd. De kwalitibager-
ing kan vooral toegeschreven worden aan verbetering van de tagehedgkwaliteit van de
ketens.

In hoofdstuk 7 worden drie-fase PZT-lucht-polyurethaan (PU) carigpen onderzocht. Het
hoofddoel van het gebruik van een poreuze PU matrix is om de dieldidrismnstante en
flexibiliteit van de polymeermatrix te verbeteren ten opzichte van de traditionele-fage
composieten, bestaande uit keramische deeltjes in een dichte polymeermadrizanb
wezigheid van deze gasvormige component in de polymeermatrix in de vorngosd
verdeelde bolvormige pdn is een ffectieve manier om de dielektrische permittiviteit te
reduceren. Dit leidt uiteindelijk tot een significante toename in de piezoeletrigltage
constante van de composieten. De unieke combinatie van het aanbremgenmtelijke
ordening van de PZT deeltjes via dielectroforese met behulp van dieletsefeam de PZT
deeltjes en het toevoegen van de gasvormige fase aan de polymeeshalgert in de
hoogst behaalde prestaties van sensoren bestaande uit deeltjesetenpdse tot dusver
gerapporteerd is in de literatuur. @g3; waardes van de nieuw ontwikkelde tri-fase com-
posieten zijn dubbel zo hoog als de di-fase PZT-bulk PU composieten (8&/MMen meer
dan vijf maal degz3 waardes van bulk PZT keramieken (24-28 mXiin

In hoofdstuk 8 worden PT-polyetherimide (PEI) composieten gepresreldés veelbelovende
kandidaten voor sensortoepassingen bij hoge temperatuur. Bij PAQIDRA composieten,
geproduceerd met behulp van ’solution casting’, zijn stabiele dielektrisnh@ezoelek-
trische eigenschappen waargenomen over het temperatuurbereianmen&mperatuur tot
175 °C. Dielektroforese is toegepast om ketenachtige deeltjesconfiguratialigeren,
gevolgd door het uitharden van de matrix om vrijstaande films te laten vormervolV
gens wordt er gepoold bij hoge voltages en temperaturen boven deeyigangstemper-
atuur van de partieel gridiseerde matrix. De relatief hoge elektrische geleidbaarheid en
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permittiviteit van de partieel gmidiseerde ODPAODA polymeermatrix leidt tot een hoge
poling dficiéntie. De composieten worden daarna verhit om volledigngkseerde films te
vormen en hun piezoelektrische en pyroelektrische eigenschappen te bijdiege tem-
peraturen. Na volledige imidisatie bij 300 sluiten de imide-ringen volledig, wat resulteert
in een thermisch stabiel polymeer met zeer een zeer laag dielektrisch vetligiszbelec-
trische sensitiviteit behoudt tot 17€.

In de appendix wordt hetfkect van topologische imperfecties op de elektromechanische
eigenschappen van gestructureerde deeltjescomposieten beschEsmemieuwe meth-
ode, gebaseerd op de Mori-Tanaka methode met Eshelby tensors igaoelpktrische
composieten, is ontwikkeld om ddfectieve elektro-elastische eigenschappkp.en gs3
van gestructureerde piezoelektrische deeltjiescomposieten te kunmspelten, met een
hogere precisie door middel van een enkele parameter gerelateerel rmamttlijke verdel-
ing van imperfect uitgelijnde staafachtige PZT deeltjes. Er is geconstataemtidvir-
tual Particle Mori Tanaka (VPMT) methode uitstekende voorspellendesipappen bezit.
Uitbreiding van deze aanpak, met behulp van verschillende nieuw giegeéla functies,
heeft aangetoond dat de afname in elektro-elastische eigenschapperexzoelektrische
composieten als functie van topologische imperfecties succesvol vasididen gelegd.
Deze imperfecties zijn gerelateerd aan de longitudinale en laterale afstaad tesdeeltjes
en de topologie van de ketenachtige structuur zelf. De functies wordeztdil gevalueerd
en tonen fysiek consistent gedrag.
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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 inositegpwith a
significant amount of microstructural imperfections, making it hard to ptédr efective
electromechanical properties using existing analytical moddls3[L, 146. As the current
models do not incorporate microstructural imperfections they generaliesttmate the
effective electromechanical properties. Better predictions may be obtaineirgynumer-

ical schemes, such as the self-consistent and generalized selftenhsishemes or finite
element modelingl[46], but these are time consuming and computationally expensive due
to the large amount of iterations involved. In this chapter a novel computhtizetaod is
proposed to predict the electromechanical properties of structureo-paymer compos-

ite materials with improved accuracy, taking into account several (quantibedlogical
imperfections in the arrangement of the piezo electric particles. The metheddatlly
based on the established Mori-Tanaka model (MT) reformulated by Bestegl47] and
adopted by Dunn and Tayd48 who expanded the Eshelby tensor to incorporate piezo-
electric behavior. The Mori-Tanaka theory considers a single inclusian infinite matrix
aligned in a specified direction and has been proven to be an accuratffesioye model

for the homogenization of particulate composites. For this study a numermabamation

for the Eshelby tensor is used which has been extensively descride@dkaated in a FEM
analysis by Andrews et al1pZ].
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A.2 Theory

A.2.1 Piezoelectric constitutive equations

The constitutive equations for a linearly piezoelectric material are defsied a

61] = Cl_'jmngmn - em_'jEn (Al)

1 mn— mn

D =e,k,, +k,E, (A.2)

wherecij, Cijmn, €mn, &nij, En, Di andkiy are defined as the stress, the elastic moduli (for
a constant electric field), the elastic strain, the piezoelectric stress moduti ¢fonstant
strain or constant electric field), the electric field, the electric displacemeriha dielectric
moduli (for constant strain), respectively. The piezoelectric stresfficient can be related
to the elastic and piezoelectric strain fft@ent, dmp, using the following equation:

enij - Cijmndmn ( A3)

In this casegnij can be reduced te; because of the symmetry present in the piezoelectric
material. The independent variables, the strain and the electric field, exphessed with
the following equations:

(A.4)

B, =0, (A.5)

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

i (A.6)

i (A7)

Equations 1-7 define the static theory of piezoelectricity. In the modeling abelectric
materials it is considered more convenient to rewrite the equations suchdtedagtic and
electric variables are combined. This notation was proposed by Barmkticihe [149
and is identical to conventional (Einstein) indicial notation with the exceptionldmaer
case subscripts range from 1-3 and capitalized subscripts rangelfigmvith repeated
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capitalized subscripts summed over 1-4. The stress and electric displdcEmeran be
presented as:

o, J=12,3
% =1p,  y-s
P - (A.8)
The combination of the elastic strain and electric fi&lgy,, can be expressed as:
B {em M =123
Mn — _
B,  M=4 (A.9)
The electro-elastic modulki;un, can be written as:
Cijmn, J7M = 192’3
e,”'/'» J :],2,3,M =4
Ep = '
Cons J=4,M =1,2,3
) J.M=4
Kins ’ (A.10)

The above expressions yield the following equation that fully describesdhstitutive
eguations as:

M (A.11)

An essential footnote to Eqg. 11 is that the entries are not conventional$sarsd expression
of these equations in fierent coordinate systems requires separate transformation of each
individual tensor. The factors themselves are represented by theifudjdgnsors:

Z;J =[o, 0y 03 0, O3 Oy | D, D, Ds] (A_12)

/tmz 2[811 €y &3 Y Y3 T l E E E3] (A_]_3)
EiJMn = |:Cijm" e:”j :|

eimn _’(in (A14)

whereCijmn, &nij, andkin are the elastic dfiness matrix, the piezoelectric stress constant ma-
trix and the permittivity matrix, respectively. Fully written, the constitutive matrixagepn
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is defined as:
[o,] [Ci G, C3 O 0 0 0 0 e |[&]
Op ¢, C, C; O 0 0 0 0 € || €2
O3 Gy G C3 O 0 0 0 0 ey || &y
o o o o ¢, 0 O 0 e 0 || ¥
o,=l0 0 0 0 C45 0 ¢ O 0 || 75
o, 0O 0 0 0 0 C O 0 0 || 7.
D, 0 0 0 0 ¢ 0 -x O 0 :
D, 0 0 0 ¢ O O 0 -x, O )
1D | |& e, e O 0 0 0 0 x| E | (A.15)

The full constitutive matrix is orthotropic and the contracted Voigt notation ésluin this
case the 3-axis of the patrticles is the principle direction of polarization.olildibe noted
that for the matrix to be reduced to the form shown in Eq. 15, it is assumeththptezo-
electric material is tetragonal and has symmetry 4mm, known as di-tetragaaahipgl.
Key parameters such as the piezoelectric chargéicmmts,dnn, the piezoelectric voltage
codficients,gmn, and the energyficiency,Qmn, can be obtained using:

_ .

dmn - eniicifmn (A 16)
8w = -

Ko (A.17)

an = dmn 8n (A 18)

These parameters are also referred to as performance parameterthsincan be used
to characterize a piezoelectric (composite) material and provide useduiriafion on the
material’s capabilities. Another important parameter for piezoelectric materthks jgezo-
electric coupling cofiicient, kjj, which can be extracted from the electro-elastic matrix us-

ing:

E
_ dij CJ.'i
i T

Ei (A.19)

A.2.2 Homogenization of 0-3 composites

To approximate the full set of electro-elastic properties of a 0-3 compodite signifi-
cant accuracy, the Mori-Tanaka method (MT) can be applied to homagérezdtective
properties. It is assumed that the particles are aligned in the poling directibtihat the
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inter-particle distance is large. By itself, the MT method cannot be useddaoglectric
composites, which was addressed by Dunn and Ta¥ vho derived the following rela-
tion for the dfective electro-elastic modulugg, of a particulate electroactive composite.

N
E =E+)Y c,(E,—E)A,
=2 (A.20)

whereE;, ¢;, N andA, are the electro-elastic moduli of th& phase, the volume fraction

of ther™™ phase, the total number of phases (including the matrix material) and theneonce
tration tensor for the'™ phase, respectively. The first phase is the matrix phase and it is
denoted with subscript 1. Of all available methods that have relatively sborputation
times, the MT method has proven to give the most accurate re$0BsI9-151. The MT
method uses a concentration tensor which is represented by:

N -1
A = A" [cll + ZcrAj’”}
r=2

Adis the dilute concentration tensor which is expressed as:

(A.21)

dil _ -1 — -
A" =[1+S E\E ~E)] (A.22)

where§ is the Eshelby or constraint tensor for tH8 phase. The Eshelby tensor is a
function of the geometry of the ellipsoidal particle or inclusion with semi-axésamd c,
and the electro-elastic properti€s, of the matrix phase.

S, = f(E,a’,b’,c") (A.23)

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

Spherical particle ¢ = pH” = (A.24)
Long cylinders a" = br < Cr (1 < C’, < 100) (A.25)
Continuous fibre (g = br’ c’ — OO (A 26)

A numerical approximation of the constraint and Eshelby tensors is pabwgé&ndrews

et al. [LOZ.

To approximate theféective properties of composites with randomly oriented particles the
MT method can be applied in combination with the rule of mixtures. The first stegad-to
culate the ffective electro-elastic properties for composites with aligned slender aglathdr
particles, oriented in discretized Euler rotations, which replicate all posditdetions. It
should be noted that the poling axis remains in the 3-direction for all theseasite@ The



Chapter A. Hect of topological imperfections on electromechanical properties of
148 composites

previously discussed Eshelby tensor can be rotated with tensor tnawasgion laws which
allows the generation of electro-elastic properties for composites with slegliledrical
particles with diterent orientations. Because the electro-elastic Eshelby tensor is an exten
sion of the Voigt notation and essentially not a true tensor the transformatisrcinnot be
applied directly. Therefore, the transformation laws should first be apmi¢he separate
parts of the tensor before it is recompiled in the Voigt extension. The moddiwg acom-
posites with randomly oriented particles using the rule of mixtures is elaboratedre
detail by Andrews et al.]02.

A.2.3 Homogenization of 1-3 composites

In this section a new method is presented for the prediction of fieet&ve properties of
structured piezoelectric composite materials, also referred to as (quastpiposites,
with the piezoelectric charge constatyt and the composite permittivity, in particular
since they can be used to determine the piezoelectric voltagiécteat,gs3, and the energy
efficiency, Q using (Eq. 16). The theory behind the model will be elucidatddaarex-
perimental validation is performed to demonstrate the models capabilities. Coltiomisa
of particles and itsféect on the properties of the ceramic-polymer composite materials has
been described by Bowen et 83 and Van den Ende et all{,152 153 who showed that
columnisation can significantly improve théextive electro-elastic properties of PCMs in
the poling direction. They proposed models for the prediction of the compesitaittivity

and thedss, respectively. Bowen’s model for the permittivity assumes perfectly sthpkr-
ticles with a discrete inter-particle spacing in the poling direction, also reféoras axial
particle misalignment. Van den Ende’s model for the andgzs expands on this by addi-
tionally taking angular misalignment of the cylindrical particles into accountsé&neodels
give good preliminary prediction results for 1-3 composites with a limited amaduin-o
perfections and act as the upper limit for the newly developed model in veudhional
topological imperfections will cause a further reduction of the compositejsgsties. Ben-
veniste [L47] concluded that the MT method already takes particle interaction into account
up to a certain extent which implies that it can be used for homogenizatiomydasites
where particle interaction is present even though an infinite particle spacigsumed
initially. In the current approach the MT method with Eshelby tensors is usee tw
succession to determine the properties of composites with columnised paryickdein-

ing a column as a single virtual particle (VP) which is in essence a composite iwrits o
right [152. The particulate columns or chains have a high aspect ratio and thesgabpo
method originates from the fact that for these high aspect ratios the \@fltresscomposite
performance parameters as a function of the particle volume fraction rgent@vards a
common limit [L0Z. 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 itssia&d
that the particles in the column are close to each other within a section that captbesd

by a rectangle and that the formed chains or columns have an aspecf attleast 20, but
preferably 100 and up because the numerical error is smaller for higipexct 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 particleneoftaction
within the rectangle, increasing calculation accuracy. A schematic repatie® of a VP is
shown in Fig.A.1.

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

The dfective composite properties depend on several non-linear functibic) are mainly
influenced by the volume fraction and aspect ratio of the piezoceramie ph@3 151
155. In order to correct for the high VP volume fractiobq0, 156 and incorporate colum-
nisation and imperfections through manipulation of the volume fraction of the & Rdiel
Virtual Particle Maori-Tanaka (VPMT) method is proposed. The VPMT metisalderiva-
tive of a non-dilute MT method proposed by Schjgdt-Thomsen and R¥@ jvhere an
intermediate step with a comparison medium is used to account for high volurtierfrde-
viations. For structured composites this comparison medium is defined astigiogphase
particulate piezoelectric composite with the same initial phases as the basic demplos
volume fraction,cyp, of this composite can be adjusted to account for the high-volume
fraction error and non-linear conversioffexts when using the VP with the MT method
in a similar way that Schjgdt-Thomsen and Pyrz determine the non-dilute solafidimef
MT method. The method employs an intermediate value for the dilute concentratemr,te
Adl . which captures the homogenized properties of a VP.

A" =[1+5,EE,~E,)]

(A.27)

wherel is the identity tensorS, is the Eshelby or constraint tensor for the piezoelectric
phase En, is the electro-elastic tensor of the matrix dfglis the electro-elastic tensor of

the piezoelectric materialAd“r,Cm is used in the MT method to calculate the comparison
medium’s electro-elastic tensirm with cyp. In the successive step, the dilute concentra-
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tion tensor of the VPAY!, \p, is calculated withE., instead ofE, forming:

cm cm

. _ -1
Aty <[ 14828, - E, )] (n28)
whereSyp is the constraint tensor for the virtual particle. is used with a the VP’s aspec
ratio and a corrected composite volume fractiofsvr, which is expressed as a function of
the piezoelectric material’s initial volume fraction in the \&®,p, and its original volume
fraction, cp.

Cvp (A.29)

The volume fraction that is used in the second step of the VPMT method is lduager
the original volume fraction because there is also matrix material included in th€hg
method distinguishes itself from the non-dilute MT method through the chartbe pfirti-
cle geometry and volume fraction by means of a VP which accounts for tirefonaation.
The bounds foryp are 0<cyp< myp . Forcyp = c®yp= 1 the chains in the composite are
uninterrupted and perfectly oriented and the results should coincide witleshés of the
MT method when the particle geometry is taken to be a continuous wire.

A.2.4 Experimental determination of cyp

The value ofcyp can be determined experimentally by comparing test results of 0-3 and
1-3 composites and selecting a value ¢gp that captures the fierences in performance.
The accuracy of the prediction of the electro-elastic properties of thetsted composite
relyies on an accurate determination of the properties of the 0-3 compasitienionstrate
the prediction capabilities of the newly proposed method is given by fitting thenefhod

to the experimental results of measudagdand permittivity of 0-3 composite samples pub-
lished [L52. 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 feztige of the
composites’ constituents change due processing of the material. Pienaxseiraparticular
experience significant changes in piezoelectric and dielectric propestties ground after
sintering L57~16( which results in changes of thé&ective electromechanical properties of
the composite in which they are embeddededent particle-matrix interactiorl$1-163,

and diferent processing behavidrg4, 165. Because the piezoceramic powder is too small
to conduct reliable property measurements and because the particleigieaqe are not
uniform the material properties were altered in such a way that the MT metlkddpon is
accurate. Since the MT method is considered to be very reliable it is exghatdte result

in this case is similar to the result that would have been calculated had the ritgriaha
properties been available. Fig.2 shows the experimentadks andgss results of 0-3 and
1-3 samples as a function of the volume fraction PZT granulate, as well &sghediction

of the MT method and the calculated prediction of the newly proposed methcéveral
values ofcyp.
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Figure A.2: Test results for measurel; andgss for structured and random with the predicted values of the
VPMT method, indicated with a value fayp, the MT method, structured composite test results (STR), and
random composite test results (RTR). Material parameters were bage&dT-5A and fully cured polyurethane
resin (Crystal Clear 202). Material properties as defined in the Com8tdrial database.

It is shown that when the MT method is applied well, the newly proposed methodield
exceptionally well matching predictions for structured composites, hemgrsfar coyp =
0.06. The consistency of the analysis is demonstrated by the optjmaditaalue is the
same fordsz andgss. The fit value of ¢p of 0.06 is considerably lower than the value
of cyp = 0.5, which was approximately the initial volume fraction in the VP whe¥e=
0.55. Clearly the actual spatial arrangement of the particles deviatescagtiififrom an
equi-spaced perfectly aligned arrangement. Tieas derived here can serve as a simple
yetinformative figure of merit to gauge the quality of real dielectrophca#iyior otherwise
structured PZT-polymer composites.

A.3 Theoretical predictions using imperfection parameters

While thecyp parameter gives an attractive single parameter to covefithet®of all topo-
logical imperfections, it is desirable to analyze tifiieets of specific types of imperfections
in more detail. Topological defects can be distinguished at a level of a sitrgled or chain
of quasi-aligned particles and at the level of aggregated chains . Wilesew be analyzed
separately.

A.3.1 Single chain imperfections

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



Chapter A. Hect of topological imperfections on electromechanical properties of
152 composites

Angular misalignment

The misalignment of particles with respect to the direction of the applied eleeldctuses

the dfective properties of the composite in the field direction to be reduced. Thigeisod

the fact that the particles are poled in the field direction. A misalignment of thielpa

will cause the &ective particle length in the poling direction to be reduced, therefore the
particle aspect ratio as experienced by the composite is smaller as well fiétis ef the
average orientation angle of chains of particles and the average oriargatjt of particles
within the chains have been described by Van den Ende et al., as seenf3Hit52].

Figure A.3: Schematic of a cross section of aligned cylindrical particles including thelgadimensions, w,
AR and average orientation angtg152,.

The dfective AR of particles is expressed by Van den Ende et al. as:

AR, =1+sin(0)(AR 1) (A.30)

The dfective AR of chains is expressed in a similar way.

AR

chain _eff

=1+sin(@

chain

)(ARclzain _1) (A31)

The dfective aspect ratios can directly be used with the VPMT method, leading to a de-
crease in ffective properties when misorientation is added, as is to be expected\(B)g.

In the figure it can be seen that the calculated results for the VPMT methddveer than
those of the MT method For structured composites as long as the misorientatierisang
less than 100 the conventional MT model describes the properties aelgguzor higher
misorientation angles the MT method rather over-estimates the properties.

Axial misfit

The average axial misfitys , as shown in Fig.A.5, can directly be used with the VPMT
method or alternatively be translated into d@icéency factor foicy p which allows for cross-
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Figure A.4: Effects of particle misorientation on tltl; and« for the VPMT method compared to the MT
model forAR=5, ¢, = 0.1 andcyp = 0.55

ing the AR-limit boundary by reducing,p to mimic the increase of the inter-particle spac-
ing.

‘_

T s

Sle o

Figure A.5: Schematic representation of the vertical inter-particle spacing definitiahéd/PMT model.

A decrease of the volume fraction due to an increase in particle spacing adlltteex-
ponentially decayingféective properties]02 152 153. The axial misfit is averaged over
the inter-particle spacing between vertically adjacent particles. The gedpinction to
describe this is:

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

In Fig. A.6 it is shown that multiplyingeyp by 7ips drives the @ective properties towards
those of the MT model, which is as expected since the MT model assumes #&e isyiiac-
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ing between particles.
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Figure A.6: Comparison ofls3 anck of the composite between the VPMT method and analytical models for
varying vertical inter-particle spacing with = 0.1, AR= 5,cyp = 0.55%;ps.

The simulations on thefiect of axial misfit were made for AR 5. Reducing the aspect
ratio decreases the initial values of the VPMT and MT methods for zerargpaad the
value for which the VPMT method attains the same value as the MT method ancevsze v
which is also found in the literatur&38,102, 151-153.

Lateral misalignment

Another imperfection that can be defined is the average lateral misaligniggittetween

the ends of adjacent particles in a chain. This parameter will have a I@egtia particular

for particles with a small aspect ratio, the reason being that the force niayamel dfi-
ciently through the particle but can partly bypass it through the matrix. Fge lparticles
however, the influence will be less since the force can travel from arteje to another by
means of shear and a higher matrix loading in the vicinity of the particle edgesing a
larger portion of the strain energy to travel through the particle insteace@dfacent ma-
trix. The average lateral misalignment is defined as the average of latgeiaks between
the ends of adjacent particles within a chain (FAg7). It is assumed that the adjacent par-
ticles are part of the same chain. To be part of a chain at least one enghaticle should
have a lateral misalignment that is smaller than the particle width.

The average lateral misalignment is incorporated in the VPMT model by usiogiéfine

an dficiency factor that gauges how longitudinal stress is transferred bepegtcles. For

this case the dfinesses of the composites constituents are deemed unimportant since the
force through the thickness of the composite will have fiimigy for the stifest path and
these ffects are taken into account intrinsically by the MT method. It can be imaginéd tha
if the particles are perfectly stacked the load path will travel uninterruptedd the chain.

If edge misalignment is introduced, it is logical that an increased amounteofewill be

lost to the matrix in order to transfer the load from one particle to another. aiffeunt
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Figure A.7: Schematic representation of the lateral misalignment definition for the ViPkEhod.

of energy that is lost will be a function of the particle aspect ratio. Theiency function
describes the change iffective properties, such that its impact is low for high aspect ratios
and vice versa. It also includes factors that describe the drop in tferpance parameters
due to increased lateral spacing and hindered stress propagatioproposed expression
that complies with these demands is:

N =1- [sin [atan [LD[I + L7 JAR_l ]
lVS + d art d art
p ’ (A.33)

cvp is multiplied with the diciency factor to obtain a newyp value. Even though the
actual behavior is highly non-linear the approximation was found to bevelaticcurate
for lateral spacings that are smaller than twice the particle thickness. A&and Fig.
A.9 show the decay of thesz and dielectric constant for fllerent particle aspect ratios. As
shown the &ect of the lateral displacement is significant and more so for shortes fiber

A.3.2 Aggregated chain imperfections

The imperfections that occur in single chains also occur in situations wheesaigjle chains
in a structured composite have agglomerated into multi-chains or columns \adye¢hat is

found commonly for high volume fractions. Additionally such aggregateéstehow two
additional topological imperfections: particle overlap and the bridging p$ dpy particles.
Even though these imperfections may occur in single chains as well, for tielexeti-

cally structured composites such forms of topological imperfections areelynlijven the
physical force field causing the alignment of the particles.
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Figure A.8: Effects of lateral misalignment on the composifgandx for a particle width of fum. AR=5, ¢,
=0.1,cyp = 0.55.
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Figure A.9: Effects of lateral misalignment on the composl{e andx for a particle width of Jum. AR= 20,
Cp = 0.1,cvp = 0.55* 4.

Overlap

Particles that overlap cause the surrounding stress-field to be augraantéaerefore the
strain in each involved particle changes. Because the connection betveeparticles is
through matrix material more energy will be absorbed by the matrix resultingsrstesin

in the particles and lowelfkective composite properties. The average overlap lehgtls
defined as the average fraction of the mean particle length that overlapanyitidjacent
particles (Fig.A.10).

In addition to the average overlap length, tlfidcgency function for the overlap should con-
tain a factor that describes the energy transfer as a function of the rhatigfieesses. If the
matrix material is considerably lessftihan the piezoelectric material, the piezoelectric
material will attract a large portion of stress. However, if the materials hapeoaimately
the same sfiness 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 VPMTadeth

without alterations in the load path and without being diverted to the piezdelpetrti-
cles. The force transfer between particles in a matrix with larferdinces in sfiness and
dependency on patrticle shape and spacing is highly non-linear. Intordeorporate the
energy loss in anfciency function, the expected physical behavior should be broken dow
into comprehensible steps. Consider an uninterrupted (ideal) chain witlylagaarticle
that has twice the thickness of other particles and a matrix material with negligibiess.
In the thicker particle the strain will be half that of the rest of the chain. Thta twtput
of this section remains the same since the strain is halved, but the area isddolilbie
particle is split into two equal parts across its length and gradually moved omythe
chain it can be imagined that the strain in the particle in the chain will increasthanthe
strain in the separated particle will decrease. Because the matrix defositystiea force
will be distributed equally over the parts of the split particle for zero latgrat®sg and it
will be only on the in-chain patrticle for a large lateral spacing. This is duedanthtrix
deforming freely causing the strain to be dissipated before it reachespheased particle.
Because the longitudinal strain in a piezoelectric particle is commonly small witbece®
the particle’s dimensions, it is expected that the force that is transfertied separated par-
ticle diminishes quickly for increased lateral distance. When the matrix matestffes,

it will absorb more energy upon deformation, but its ability to transfer féretsveen lat-
erally spaced particles becomes more prevalent. The energy that is msghloverlap is
proposed to be captured with the followinflieiency factor:

[, Y
770[ = ]‘_ “ —
l + l()lat Yp

(A.34)

The three parameters that influence the overldigiency function show dierent kinds
of behavior as shown in FigsA.11 andA.12 andA.13. Contrary to other imperfection
parameters the particle overlap does not converge toward the MT raaolstsis assumed
that there still are columns present in the material. Since the prop@isadrey function
does not converge towards the MT model, it is moif@dlilt to fine tune the function and to
assess if the impact has the right magnitude. It can however be con¢hatete function
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is very versatile and therefore iffers good prospects for fine tuning capabilities.
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Figure A.11: Effect of particle overlap on the composiig andk as a function of overlap lengtthR = 5, c;
=0.1,cyp=0.55 *77r|, Ym/Yp = O.l,|0|al = O3ym
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Figure A.12: Effect of particle overlap on the compositg andk as a function of lateral distancAR=5, c,=
0.1,cyp = 0.55 *Tlol. Yrr/Yp = 0.1,|o| = 03,um

Gapbridging

The average gap-bridging length, is defined as the average fraction of the mean particle
aspect ratio that is adjacent to a vertical gap between two stacked paatideserlapping
both particles’ ends (FigA.14).

The gap-bridging fect is a positive #ect which increases thefective properties of the
VP. The spacing between the bridged particles is considered to be axi&igmisent. The
gap-bridging function converges to its neutral point (which is 1) for gddateral spacing
and high matrix sftness. The ficiency function for the gap-bridging parameter contains
the average fraction of the mean particle length that is bridging agape average lateral
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Figure A.13: Effect of particle overlap on the compositg andx as a function ofY,y/Y, ratio. AR=5, ¢, =
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Figure A.14: Schematic representation of particle gap-bridging definition for the VPMihod.

distance of the particle from the gdp:, the average number of bridges per particig,
and the stinessess of the composites constitueMgsand Yy, for reasons mentioned in
the previous section on particle overlap. It is proposed to usdéhaieacy function similar
to the function that was used for the particle overlap. The gap-bridgictgrfa, that is
proposed is:

l
=1+—2——" |n
Ty 141, Y, +Y, "

(A.35)

Since the formula is quite similar to that for particle overlap only theats of the number
of bridges per particle and the bridged length are shown in FRdL5 to illustrate that
it is a beneficial function and that an optimum can be found for certain catbis of
parameters in which the energy is distributed mdfeiently over the piezoelectric phase.
The impact of gap-bridging has not been researched thoroughlyafticglate compos-
ites and as for the other imperfections more research is needed to cheeXitity of
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the proposed féciency function. It can however be stated that the trends are as desired
The gap-bridging ficiency function showed trends similar to that of the overlap function
and therefore it has the samdiiulties with assessment of the magnitude of the impact
and fine tuning capabilities. However, the gap-bridging function is veryatide and €fer

good prospects for fine tuning when more insight is gained in the mechagtiiiscbthis
imperfection.

Overall Imperfection parameter

The dficiency parameters defined in the previous sections are all multiplicationddotor
adjust the ¢p value and therefore they can be combined using the following equation for a
correction factor that takes into account multiple topological imperfections.

n = nips *nlat *nul *nb (A36)

The imperfection volume fractiomimp, is subsequently expressed as:

Comp = C\(/)P *n (A.37)

The imperfection volume fraction is used in the calculation as input for the VRiddel
instead oty p and shows a lot of potential to obtain accurate property predictions.afiger
of n is theoretically & n < 1. For empirically optimized dielectrophoretically structured
composites the imperfection factor is about A.87,152 153 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 comEowiiid im-
perfections was proposed. The model has the MT model as a lower bodriticoincides
with the MT method for high aspect ratios, complying with the desired behaviichy
ranges between the dilute limit and the saturated limificiency functions were proposed
for angular, axial, and lateral misalignment and particle overlap. Angulaligysnent is
taken into account in a very direct manner and it has the largest impacec#relstive
properties, yielding a 10 % decrease in performance parameters fodegr& misalign-
ment angle. Axial misfit causes the performance of the composite to cent@vgrds the
results of the dilute MT model rapidly depending mainly on the particle asptct fEhe
other imperfection parameterdfieiency functions have a moderate influence but together
they can reduce thefective composite properties by a further to 20 %. The only beneficial
topological defect leading to an increase in properties over a perféaittisred composite

is particle gap-bridging which shows an optimum value for which the strairggng most
efficiently distributed over the surrounding piezoelectric particles. Howdvergdtects of
gap-bridging are low compared to the influence of other, clearly detrimeyaedmeters.
Taking realistic degrees of topological imperfections in quasi 1-3 comgasitepredicted
that the &ective dielectric and piezoelectric properties of currently producesiqua PZT
polymer composites are 20-50 % of the values for perfectly aligned angdparticulate
composites.
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