Piezoelectric Ceramics

edited by
Ernesto Suaste GoOmez



Piezoelectric Ceramics
Edited by Ernesto Suaste Gémez

Published by Sciyo
Janeza Trdine 9, 51000 Rijeka, Croatia

Copyright © 2010 Sciyo

All chapters are Open Access articles distributed under the Creative Commons Non Commercial Share
Alike Attribution 3.0 license, which permits to copy, distribute, transmit, and adapt the work in any
medium, so long as the original work is properly cited. After this work has been published by Sciyo,
authors have the right to republish it, in whole or part, in any publication of which they are the author,
and to make other personal use of the work. Any republication, referencing or personal use of the work
must explicitly identify the original source.

Statements and opinions expressed in the chapters are these of the individual contributors and

not necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of
information contained in the published articles. The publisher assumes no responsibility for any
damage or injury to persons or property arising out of the use of any materials, instructions, methods
or ideas contained in the book.

Publishing Process Manager Iva Lipovic

Technical Editor Martina Peric

Cover Designer Martina Sirotic

Image Copyright Ho Yeow Hui, 2010. Used under license from Shutterstock.com

First published September 2010
Printed in India

A free online edition of this book is available at www.sciyo.com
Additional hard copies can be obtained from publication@sciyo.com

Piezoelectric Ceramics, Edited by Ernesto Suaste Gomez
p. cm.
ISBN 978-953-307-122-0



SC IYO Co M free online editions of Sciyo
° Books, Journals and Videos can

WHERE KNOWLEDGE IS FREE  be found at www.sciyo.com






Contents

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Chapter 9

Preface VII

Piezoelectric thin film deposition: novel self assembled
island structures and low temperature processes on silicon 1
Sharath Sriram, Madhu Bhaskaran and Arnan Mitchell

Investigation of elevated temperature effects

on multiple layer piezoelectric ultrasonic transducers
with adhesive bondlines by self-heating 23
Zhengbin Wu, Sandy Cochran, Bo Wu and Guoging Xu

Modelling shear lag phenomenon
for adhesively bonded piezo- transducers 41
Suresh Bhalla and Ashok Gupta

Characterization of properties and damage in piezoelectrics 71
Guillermo Rus, Roberto Palma and Javier Suarez

Analysis of mechanical and electrical
damages in piezoelectric ceramics 93
Xinhua Yang, Guowei Zeng and Weizhong Cao

Porous piezoelectric ceramics 111
Elisa Mercadelli, Alessandra Sanson and Carmen Galassi

Genetic identification of parameters the piezoelectric transducers
for digital model of power converter in ultrasonic systems 129
Pawel Fabijanski and Ryszard Lagoda

Lead-free piezoelectric transducers
for microelectronic wirebonding applications 145
K.W. Kwok, T. Lee, S.H. Choy and H.L.W. Chan

Piezoelectric material-based energy harvesting devices:
advances of SSH optimization techniques (1999-2009) 165
Elie Lefeuvre, Mickaél Lallart, Claude Richard and Daniel Guyomar



Vi

Chapter 10

Chapter 11

Chapter 12

Chapter 13

Chapter 14

Electrostrictive polymers as high-performance
electroactive polymers for energy harvesting 185
Pierre-Jean Cottinet, Daniel Guyomar, Benoit Guiffard,
Laurent Lebrun and Chatchai Putson

Ceramic-controlled piezoelectric: development, applications
and potentiality in electrical and biomedical engineering 209
E. Suaste Gomez, C. O. Gonzalez Moran and J. . A. Flores Cuautle

Piezoelectric ceramic applications:

micromixing in biology and medicine 229

Sajin Gheorghe loan, Craciunoiu Florea, Moisin Ana Maria, Dumitru Alina lulia,
Petrescu Daniel, Raluca Gavrila, Sajin Maria and Bunea Alina Cristina

Piezoelectric-ceramic-based microgrippers in micromanipulation 253
Xin Ye and Zhi-jing Zhang

Application of piezoelectric ceramics
in pulsed power technology and engineering 269
Sergey |. Shkuratov, Evgueni F. Talantsev and Jason Baird



Preface

This book reviews the importance and new opportunities for piezoelectric ceramics; to achieve
it, it is necessary to investigate new materials, material combinations, structures, damages
and porosity effects. In this context, it is necessary to know the trend analysis and to examine
recent developments in different fields of applications. These significant aspects are discussed
in the chapters of the book.

Chapter 1 reports on novel synthesis techniques for the deposition of Strontium-doped lead
zirconate titanate piezoelectric thin films on silicon substrates enabling microfabrication of
sensors, actuators and transducers. The thin film deposition was carried out by RF magnetron
sputtering, with conditions optimized based on the outcome required - island-structures (650-
700 °C) or low temperature deposition (300 °C). Furthermore, it exhibits the characterizations
by spectroscopy and high resolution electron microscopy of these coatings. In chapter 2 the
behaviors of lead metaniobate piezoceramic multilayer ultrasonic transducers with various
adhesive bondlines under dynamic drive and self- heating conditions are studied. Inclusive, the
respective effects from the piezoelectric material and adhesive bondlines on the performance
of multilayer ultrasonic transducers are investigated and analyzed. Chapter 3 analyses the
mechanism of force transfer through the bond layer into piezoelectrical patch transducers.
It reviews the existing shear lag models, and presents a step-by-step derivation to integrate
shear lag effect into electro-mechanical impedance formulations, both 1D and 2D. The two
close form solutions are presented and the results are validated experimentally. Chapter 4
exhibits the characterization of mechanical and coupling properties and damage detection
in piezoelectric ceramics. Numerical and experimental techniques to solve the mentioned
problem are given. Besides, the relevant details of finite element formulation and simulation
in piezoelectric ceramics are presented. Chapter 5 shows a damage analysis in piezoelectric
ceramic structures. Starting from the background of this subject, the author explores the basis
of its model proposed. The quantitative relation between the damages and parameters of
microstructures is presented. Finally, these bases were used for the piezoelectric damage
constitutive finite element model for PZT ceramics. Chapter 6 discusses the main processing
routes necessary to obtain PZT-based materials with tailored porosity. The main topics
presented are: the influence of the porosity on the electrical properties of the piezoelectric
ceramics; porous piezoelectric ceramics produced by sacrificial template technique; the
present status on functionally graded piezoelectric ceramics; and porous materials produced
by tape casting technique for the production of multilayer ceramic packages.

Chapter 7 considers a genetic algorithm used for identification of equivalent electrical circuit
RLC parameters in parallel piezoelectric ceramic (sandwich) transducers for ultrasonic
systems. In chapter 8 the use of the bismuth titanate-based and potassium sodium niobate-
based lead-free piezoelectric ceramics as the driving elements of ultrasonic wirebonding
transducers is reported. Moreover, the fabrication and characterization of the ceramics, in
the form of ring, and the wirebonding transducers are presented. Chapter 9 examines the
energy harvesting problems in case of broadband vibration. Principally due to piezoelectrics,
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they operate in resonant mode, with the outcome that only a small part of available energy
can be harvested. Solution presented here addresses this problem based on bistable
electromechanical structures and compared to usual resonators, showing that energy
harvesting is efficiently achievable over a large frequency bandwidth. At last, it discusses the
outlines of future trends, challenges and development perspectives for piezoelectric energy
harvesting. Chapter 10 describes fundamentals of electrostrictive polymer generators for
energy harvesting and theoretical development. Even more practical considerations such as
optimal energy harvesting circuit topologies and materials are described.

Chapter 11 gives a detailed novel device based on piezoelectric PLZT and Barium titanate
ceramic with a platinum wire implanted for biomedical applications. Characterization of
principal properties of this device called ceramic-controlled piezoelectric is included to show
the advantages of this implant. Additionally, the potentiality and versatility for applications
in different fields such as optical, acoustical, mechanical, thermal and electrical are proposed
in several demonstrative experiments. Chapter 12 is focused on surface acoustic waves
propagates on PZT ceramic substrate. At the same time, bio- compatibility studies between
piezoceramic material and biological cell suspension are exposed. Chapter 13 presents the
concept of microgrippers and concise introduction to categories of piezoelectric materials and
micro-force detection technologies used in microgrippers. Also, a more detailed explanation
of the basic structures is given, the corresponding mathematical equations, amplification
mechanisms, among others subjects that describe in depth the behavior of this micro-
structures. Thereby, a practical example, a bimorph piezoelectric ceramic microgripper
integrating microforce detecting and feedback, is developed. Chapter 14 illustrates systematic
studies of applications of ferroelectric materials in pulsed power technology and engineering.
These devices are based on the shock depolarization of ferroelectrics to form a new class of
miniature autonomous pulsed power sources. In this sense, a comparative systematic study is
exposed between depolarization shock wave compression and heating method.

The editor is grateful to all the authors for their excellent contributions, as well as the members
of the International Scientific Advisory Committee and other colleagues who helped to review
the work published in this book.

Editor

Ernesto Suaste Gomez
Centro de Investigacion y de Estudios Avanzados del Instituto Politécnico Nacional
Meéxico



Piezoelectric thin film deposition: novel self-
assembled island structures and low
temperature processes on silicon

Sharath Sriram, Madhu Bhaskaran and Arnan Mitchell
Microplatforms Research Group, RMIT University
Australia

1. Introduction

Lead zirconate titanate Pb(Zr1.yTiy)Os is a material that is known for its high piezoelectric
and ferroelectric properties. Thick and thin films of lead zirconate titanate (PZT) have been
repeatedly used in a variety of piezoelectricity or piezoresistivity based sensors such as bio-
sensing cantilevers (Park et al., 2005a) and pressure sensors (Maluf & Williams, 2004). PZT is
one of many ceramic compounds with a general ABOs representation. Zirconium (Zr) and
titanium (Ti) are B-site dopants of the compound and the ratio of Zr/Ti can alter the film
properties such as the dielectric tenability (Yu et al., 2004). Certain A-site dopants (in place
of a fraction of the lead atoms present in A-site locations) have been found to increase
certain properties and introduce other properties. Examples of these are (i) lanthanum-
doped PZT (PLZT) is known for enhanced electro-optic behaviour (Tunaboylu et al., 1998);
(ii) stannum-doped PZT and niobium-doped PZT (PNZT) are known to exhibit shape
memory behaviour, a property not exhibited by PZT (Yu & Singh, 2000); and (iii) the
compound of interest in this chapter strontium-doped PZT (PSZT) has been reported to
have improved piezoelectric, ferroelectric, dielectric tunability, and pyroelectric (infra-red
radiation sensors by thermal effects) behaviour (Bedoya et al., 2000; Zheng et al., 2002;
Araujo & Eiras, 2003; Yu et al., 2004).

Published literature on studies of PSZT material focuses on pellets and powders (Bedoya et
al.,, 2000; Yu et al., 2004). However, the general consensus is that PZT and other doped-PZT
compounds (e.g. PLZT and PNZT) can be deposited as thick or thin films under similar
conditions, whether by sputtering or sol-gel techniques, as the percentage concentration of
A-site dopants is generally very small. To exhibit piezoelectricity, ferroelectricity, and other
properties the films need to be crystalline and not amorphous. The desirable crystalline
phases of these films, termed perovskite, are generally rhombohedral or tetragonal (Randall
etal., 1998; Yu et al., 2004).

RF magnetron sputter deposition of thin films of PZT and its doped variations (such as
PLZT) have been reported in published literature (Kim et al., 1999; Wasa et al., 2004). Most
published literature report deposition at temperatures of 500 °C to 700 °C (Kim et al., 1999;
Wasa et al, 2004), followed in many cases by annealing at temperatures between
1000-1300 °C (Wasa et al., 2004). Such high temperature processing is undesirable when
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working with metal, oxide, and nitride films on silicon, which is typically the case with most
microsystem devices. This increases thermal stress between layers and can deform
microstructures such as cantilevers, bridges, and membranes. Reports in published literature
also discuss the difficulty in controlling orientation by sputtering (Park et al., 2005b).

This chapter reports on novel synthesis techniques for the deposition of piezoelectric thin
films on to silicon substrates, which allows the use of microfabrication in the realisation of
sensors, actuators, and transducers. It demonstrates an intermetallic reaction driven self-
assembly process for formation of islands of piezoelectric and the use of lattice guiding by a
metal layer to perform low temperature deposition of piezoelectric thin films. These
coatings have been characterised extensively by spectroscopy and high resolution electron
microscopy. For the first case, PSZT thin films were deposited on platinum (Pt) coated
silicon substrates as platinum has been the conventional choice for deposition of PZT
compounds. Utilising intermetallic reactions on silicon, preferential deposition sites were
defined for island-structured deposition for optical sensing. The second case focussed on the
challenge of low temperature crystallization of complex oxide thin films. Deposition of such
materials is often carried out at elevated temperatures in excess of 600 °C. This chapter
demonstrates one of the first instances of deposition of preferentially oriented strontium-
doped lead zirconate titanate thin films at a relatively low temperature of 300 °C. This was
achieved by carrying out deposition on gold-coated silicon substrates which exert a guiding
influence on thin film growth due to similarity in lattice parameters.

2. Experimental Details

2.1 Bottom electrode deposition

Silicon (100) substrates were dipped in hydrofluoric acid to remove the native oxide layer.
The desired bottom electrode configuration was deposited by electron beam evaporation (at
room temperature and under vacuum of 1 x 107 Torr). The four bottom electrode
configurations used for this study were (i) platinum thin films with titanium adhesion layer
(Pt 200 nm on Ti 20 nm on Si), (ii) platinum thin films with titanium dioxide adhesion layer
(Pt 200 nm on TiO; 20 nm on Si), (iii) gold thin films with titanium adhesion layer (Au 150
nm on Ti 15 nm on Si), and (iv) gold thin films with titanium adhesion layer and a silicon
dioxide intermediate layer (Au 150 nm on Ti 15 nm on SiO, 200 nm on Si). All bottom
electrode layers for each type of sample were sequentially deposited without breaking
vacuum.

2.2 Thin film deposition

Thin films of strontium-doped lead zirconate titanate (PSZT) of composition
(Pbo.92S10.08)(Z10.65Ti035)O3 (700 nm or 1.6 pm thick) were deposited on metal coated silicon
substrates by RF magnetron sputtering in a 10% oxygen balance argon atmosphere at a
pressure of 10 mTorr (Sriram et al., 2009a) from a 100 mm diameter target of composition
(Pbo.92Sr0.08)(Z10.65Ti035)O3. A 3-inch resistive substrate heater was used, which was
compatible with deposition in an oxygen atmosphere, and samples were placed in direct
contact with the heater. Very accurate control of temperature was achieved using a Model
808 temperature controller programmer (Eurotherm Controls, Inc.). The post-deposition
cooling rate was found to influence the degree of perovskite orientation in the thin films
(Sriram et al., 2006a) and so, a cooling rate of 5 °C/min was chosen.
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2.3 Transmission electron microscopy (TEM) analysis

The transmission electron microscopy (TEM) analysis was carried out at an accelerating
voltage of 200 kV on a JEOL 2010F TEM equipped with a Gatan Imaging Filter (GIF2001)
and an EmiSpec E Vision energy dispersive X-ray analysis (EDX) system. Plan view
specimens for in situ TEM analysis were prepared by mechanically grinding away the
backing silicon from the film, with the aid of a calibrated disc grinder. The specimens were
then ion milled to electron transparency at room temperature using 4 kV argon ions incident
at 5°, with dual beam milling from the back surface of the specimen. A TEM holder with a
programmable heating element, and temperature accuracy of +0.5 °C, was used. Cross-
sectional TEM specimens were prepared by gluing coated samples face-to-face with backing
silicon, using high strength epoxy resin. A core (2.3 mm in diameter) was then ultrasonically
machined with the interface of interest at the centre of the core. The core was then glued into
a brass tube of 3 mm external diameter. This was then sawed into 500 pm thick sections,
ground, and ion milled (Ar* at 3.5-5 keV at 4-7°, with double beam modulation) to produce
electron transparent cross-sectional specimens. Knowing the silicon wafer normal and by
appropriate tilting of the silicon specimen in the transmission electron microscope (TEM), it
was possible to ensure that the film was viewed edge-on.

2.4 Surface enhanced Raman scattering (SERS) measurements

In order to carry out surface enhanced Raman scattering (SERS) measurements, samples
with PSZT thin films were rinsed with isopropyl alcohol, air-dried, and coated with silver.
Silver thin films (thickness of 60 nm) were coated at normal incidence under rotation using
an Emitech K975X thermal evaporator. The samples were then immersed for 10 minutes in
the analyte (10 mM thiophenol diluted in ethanol), subsequently rinsed in pure ethanol, and
air-dried. SERS measurements were carried out using a Jobin Yvon Horiba TRIAX320
spectrometer with a thermoelectrically cooled CCD detector. An objective lens of 50x,
wavelength of 532 nm, and power of 1.1 mW were used. Data was collected in the
backscatter mode with an acquisition time of 10 seconds.

2.5 Secondary ion mass spectrometry (SIMS) analysis

The SIMS analysis was carried out using caesium ions (Cs+) with a primary accelerating
voltage of 7.5 keV and a sampling voltage of 4.5 keV (Cameca 5f dynamic SIMS instrument).
Considering the insulating nature of the film, the sample was biased with an offset voltage
of +50 V to overcome charging effects. In view of the low concentration of strontium in the
PSZT thin film samples, the two major isotopes - 8¢Sr and 88Sr - were studied to confirm the
presence of strontium. The plotted data has been normalized with respect to the caesium
signal measured.

2.6 X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) analysis was carried out using a Scintag X-ray diffractometer
operating with a cobalt X-ray source (at a wavelength of 0.179020 nm). The scans were
carried out for a 20 range of 20° to 60° with steps of 0.02°. The collected data were shifted to
correspond to the copper ka wavelength (0.154056 nm) for comparison with the
International Centre for Diffraction Data powder diffraction pattern files available.



4 Piezoelectric Ceramics

3. Self-Assembled Island Structures

3.1 Island structured dielectric thin films

The deposition of platinum on silicon substrates typically requires the use of an
intermediate adhesion layer. Inert titanium dioxide is commonly used in conjunction with
pure silicon substrates (Pt/TiO./Si) (Bhaskaran et al., 2008), whereas titanium is the
preferred layer for oxidized silicon surfaces (Pt/Ti/SiO./Si) (Kim et al., 1999; Million et al.,
2003; Wasa et al., 2004). These two configurations prevent any reaction of the platinum with
the silicon. However, in the synthesis process that we propose here, it is precisely this metal-
silicon interaction which is the underlying mechanism.

Fabrication began by coating silicon substrates with a 20 nm titanium adhesion layer
followed by 200 nm of platinum using electron beam evaporation. These samples were
subsequently coated with dielectric thin films of strontium-doped lead zirconate titanate
(PSZT) using RF magnetron sputtering.

Epoxy

PSZT islands

Fig. 1. Cross-sectional transmission electron micrograph analysis of PSZT thin films deposited on
Pt/ Ti/Si substrates. The distribution of Pt-Si islands and the preferential growth of PSZT on
these islands can be observed. (Reprinted with permission from Sriram et al., 2009b)

The temperature of deposition initiates a reaction between the platinum and silicon through the
thin titanium layer, resulting in the formation of islands of platinum silicide (Lee et al., 1997;
Firebaugh et al., 1998). The PSZT thin film layer that is subsequently deposited prefers to grow
on these platinum silicide islands. The affinity that PSZT-type films have for growing on metallic
layers, and platinum in particular, has been established in the literature (Kim et al., 1999; Million
et al, 2003; Wasa et al.,, 2004). The ability to form perovskite structured complex oxides on
platinum has been used extensively for deposition processes. The platinum-silicon reaction and
growth of sub-micron PSZT islands with columnar grains is shown in Fig. 1.



Piezoelectric thin film deposition:
novel self assembled island structures and low temperature processes on silicon 5

3.2 Mechanism of island structuring

Fig. 2. TEM micrographs showing evolution of grains in the Pt/Ti/Si structure: (a) as-
deposited sample, (b) at 500 °C, and (c) at 650 °C. (Reprinted with permission from Sriram et
al., 2009b)

The mechanism responsible for the formation of the platinum-silicon islands was
investigated using in situ heating during plan-view transmission electron microscopy (TEM)
analysis. Silicon substrates coated with a 20 nm titanium adhesion layer and 200 nm of
platinum were used. These samples were mechanically polished to create plan view TEM
specimens. The samples were heated while being observed within the TEM to replicate the
temperature ramp-up before the PSZT sputtering process.
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Platinum

Silicon

o Ramp-up at
650 Cl1 0 °C/min
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/ clusters

Titanium out-
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l with silicon

-Reaction resulting
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Fig. 3. Schematic depicting proposed mechanism for platinum-silicon reaction, based on in
situ plan view TEM analysis, cross-section TEM analysis, and AES. (Reprinted with
permission from Sriram et al., 2009b)

The evolution of the grain structure of platinum was studied by observing a region of the
foil where the platinum layer overlapped with the silicon substrate. Grain growth with
crystallization was apparent in the micrographs (Fig. 2), wherein an initial grain size of
~10 nm in the as-deposited sample increased to ~30 nm at 500 °C and ~50 nm at 650 °C. The
distribution of grain sizes became more random with increasing temperature. Lattice fringes
due to strong crystallization could be observed within individual grains. In the thinner
regions of the specimen the formation of voids was observed, due to the formation of grain
clusters. Each cluster consisted of 15-25 grains. The size and distribution of the clusters
relate to the platinum-silicon islands observed in the cross-sectional micrographs (Fig. 1).
The composition of the island regions was examined by performing energy dispersive X-ray
analysis (EDX), on the cross-section specimens. This analysis revealed that the island regions
were composed of both platinum and silicon, while the regions between the islands had an
upper surface that was rich in titanium and oxygen and a lower region composed mostly of
platinum and silicon.

A possible explanation is as follows. As grain growth in platinum is initiated, outward
diffusion of titanium occurs at the grain boundaries. This titanium is exposed to oxygen in
the sputtering gas mixture and forms a stable oxide of titanium. As temperature increases,
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platinum reacts with silicon to form islands of silicide, with regions of titanium oxide
present in between. This oxide presumably prevents the formation of titanium silicide; and
it is notable that stable titanium silicide is formed at temperatures above 700 °C (Maex & van
Rossum, 1995; Bhaskaran et al., 2007). The presence of all four elements Si, Pt, Ti, and O was
confirmed by using Auger electron spectroscopy (AES), while AES depth profiling verifies
the existence of Pt-Si and surface Ti-O phases (Sriram et al., 2009b). A schematic depiction of
the proposed mechanism is shown in Fig. 3.

15.00 kV| TLD| 3.5 | 5.3 mm |9 726 x
Fig. 4. Scanning electron micrograph depicting the distribution of the self-assembled Pt-Si
islands with preferentially grown PSZT. (Reprinted with permission from Sriram et al.,
2009b)

During the subsequent deposition of PSZT, it appears to preferentially grow on the regions
with platinum, resulting in the final island-structure observed in the film, as shown in Fig. 1.
The distribution and size of the islands depends on two factors that can be identified
intuitively. These are the duration of thermal processing and the thickness of the platinum
layer. The dependence on thermal processing duration was verified using cross-sectional
TEM analysis, which showed that the average island size increased from ~500 nm for a
2 hour process to ~800 nm for a 4 hour process. The distribution of such islands on the
substrate is shown in Fig. 4.

This island-structuring significantly increases the surface roughness of the samples under
study. Analysis of average surface roughness (R.) was carried out using an Ambios XP-2
surface profilometer. The Pt-Ti-Si electrode regions had a measured R, of 24.8 nm and
regions with PSZT deposited on them had R, of 27.1 nm. This represents a significant
increase over the R, values for the continuous PSZT thin films on Pt/TiO,/Si structure of
4.9 nm, with these electrodes registering an average surface roughness lesser than 2.0 nm.



8 Piezoelectric Ceramics

3.3 Surface-enhanced Raman scattering results

The self-assembly of island features on a substrate and their subsequent transfer to thin
films can be used effectively in a wide range of sensing applications. In this section, we
demonstrate that the island structures that we have synthesized in both platinum and PSZT,
have potential for applications in surface-enhanced Raman scattering (SERS) sensors.

SERS is a vibrational spectroscopy technique that allows sensitive detection of chemical
compounds in close proximity to a nanostructured gold, silver or copper surface (Smith,
2008). The scattering efficiency can be enhanced by a factor of 10° or more compared to
normal Raman scattering. The effect is primarily generated by the enhanced electromagnetic
field associated with the localized surface plasmon resonance that occurs around the metal
nanoparticles (Schatz et al., 2006; Stewart et al., 2008). The SERS effect can most readily be
generated on roughened metal surfaces, where the roughness has a characteristic scale of
10-100 nm. Examples of such substrates include electrochemically roughened electrodes
(Fleischmann et al., 1974; Pettinger & Wetzel, 1982) and metal films over nanoparticles
(Goudonnet et al, 1982; Kostrewa et al., 1998). As a first step towards exploiting
nanostructured dielectric films for plasmonic sensors, we have used the island-structured
PSZT films as a platform for fabricating silver SERS substrates.

Four substrate types were employed for these SERS experiments. These were (i) continuous
platinum thin film on silicon (Pt/TiO,/Si), (ii) continuous PSZT thin film deposited on
continuous platinum thin films (PSZT/Pt/TiO,/Si), (iii) self-assembled Pt-Si islands,
starting from the Pt/ Ti/Si substrates and (iv) island-structured PSZT grown preferentially
on the islands of substrates of type (iii).

The thicknesses of these layers were 200nm/20nm for Pt/ TiO, on silicon substrate, while the
PSZT dielectric layers were 750-800 nm, coated under the same conditions used for the
island-structuring process. All four substrates were coated with a thin layer of silver to
enable surface plasmonic activity. Thiophenol was used as the reference analyte, as it is
widely used for SERS validation (Sandroff & Herschbach, 1982; Viets & Hill, 1998; Haynes et
al., 2005; White & Stoddart, 2005; Kostovski et al., 2009).

The SERS spectra that were collected from the continuous platinum film substrates
presented very weak spectral characteristics for thiophenol [Fig. 5(a)]. The peaks expected at
~1000 cm?, ~1080 cm, and ~1580 cm? could barely be resolved. Samples with the
continuous PSZT layer [Fig. 5(b)] showed marginally better performance, albeit still
unusable for SERS measurements.

SERS measurements for the island-structured substrates are shown in Figs. 5(c,d). Strong
spectral signatures are present for the reference thiophenol peaks. A comparison of the
intensities for the platinized substrates highlights that island-structuring [Fig. 5(c)] results in
a 40x enhancement of Raman scattering over the continuous counterpart [Fig. 5(a)]. The
inclusion of the PSZT layer [Fig. 5(d)] further enhances scattering counts by a factor of 2'.
This represents a net 100x enhancement from the continuous metalized substrates to the
island-structured PSZT substrates.
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Fig. 5. SERS spectra collected for 10 mM thiophenol diluted in ethanol are presented. Spectra
shown are for: (a) continuous platinum thin film on silicon; (b) continuous PSZT thin film
deposited on substrate in (a); (c) self-assembled Pt-Si islands; and (d) island-structured PSZT
grown preferentially on islands in (c). The interval between the y-axis markers is 50
counts/s/mW in (a) and (b) and is 150 counts/s/mW in (c) and (d). Scanning electron
micrographs of the respective film surfaces coated with 60 nm of silver are shown as insets,

with scale bars corresponding to 500 nm. (Reprinted with permission from Sriram et al.,
2009b)

4. Low Temperature Deposition on Gold

4.1 PSZT thin films on Au/Ti/Si

Having chosen gold for having lattice spacings close to those of PSZT, thin films deposited
on gold coated silicon substrates, with a titanium adhesion layer, were characterised.
Secondary ion mass spectrometry (SIMS) depth profiling through the film thickness (Fig. 6)
showed that it was compositionally uniform. The SIMS data also highlighted some
dissolution of the titanium into the gold layer, although the peak in the titanium signal
corresponded to the location of the original titanium layer (between the gold layer and the
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silicon substrate). This depth profile was used to explain the results of certain observations
during the transmission electron microscopy analysis. Figure 7 shows a low magnification
cross-sectional view of the multi-layer structure. Energy dispersive X-ray analysis (EDX)
was carried out along the length and through the thickness of the film to detect gross
variations in chemical composition due to second phases or other contaminants; none were
found. The PSZT film was uniform in thickness (~470 nm). The dark band beneath the film
is the gold-titanium-silicon layer (typically ~135 nm thick), from which prismatic ingrowths
into the silicon substrate can be seen.

- PSZT
1000000 4§

L (o]
P Re—— . 7 N 1 N 133Cs1H
0 Pb
- P <) « U AR N (I 133Cs12C
2 ( Ti ——133Cs160
E sssr
I - [ ———133Cs28Si
g 10000 + ———j:-«-——uwxw_,/ ———133Cs48Ti
3 o ———133Cs86Sr
s | ———133Cs88Sr
& ——133Cs90Zr
5 Si
2 133Cs197Au
2 ———133Cs208Pb
S 100 4
o
o

3 781 1560 2344 3139 3932

Etch Time (s)
Fig. 6. Secondary ion mass spectroscopy depth profile through the thin film. (Reprinted with
permission from Sriram et al., 2009c)

Detailed imaging of this interfacial region (Fig. 8) showed an amorphous layer
approximately 4 nm thick. Point analysis with EDX showed that this layer was rich in silicon
and oxygen, most likely SiO; formed by outward diffusion of silicon from the substrate
through the metal layers. This is supported by previous studies on the fast outward
diffusion of silicon through grain boundaries in gold (Sumida and Ikeda, 1991), with this
silicon oxidising in the 10 % oxygen in argon sputtering atmosphere. This is also supported
by the increase in the silicon signal at this interface in the SIMS analysis (also confirming
that this is not a by-product of the specimen preparation ion milling process). The region of
PSZT (~25 nm) closest to this amorphous SiO: layer appeared to be amorphous or at best
poorly crystalline, as it exhibited strong amorphous speckle (right inset of Fig. 8). Weak
lattice fringe contrast was only evident only from regions greater than 30 nm into the PSZT
layer (from the SiO; interfacial layer, as seen in the left inset of Fig. 8).
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Fig. 7. XTEM analyses of a PSZT thin film deposited for a 2 hour sputtering duration: (a)
Bright field diffraction contrast image of the ~470 nm thick PSZT film on a ~130 nm thick
gold layer. Prismatic ingrowths of gold-silicon have formed at the interface of gold to
silicon; (b) HCDF image of the PSZT film highlighting the columnar structure. Note: The
outer region (~100 nm) of the film has been removed during ion-milling. (Reprinted with
permission from Sriram et al., 2009c)

The PSZT thin film exhibited a columnar microstructure (Fig. 7). These columnar grains
were perpendicular to the substrate (out of plane), and were most apparent in the energy
filtered (zero loss) hollow cone dark field (HCDF) image [of a 2 hour PSZT deposition
sample shown in Fig. 7(b)]. Typical columnar grain widths were 30-50 nm, and many grains
appeared to span the full thickness of the film (~470 nm). The contrast due to the
crystallinity was quite weak in the 25 nm thick band of PSZT closest to the gold layer,
confirming the amorphous or poorly crystalline nature of this region (as observed in Fig. 8).
During the initial stages of deposition, the PSZT is deposited onto a substrate covered with
amorphous SiO,, which affected crystallinity. Crystallisation of the PSZT occurs once a
certain thickness of material (~25 nm) has been deposited. Growth stress may contribute to
the onset of crystallisation (Mitchell et al., 2003). X-ray diffraction analysis of these films
showed that the films exhibited preferential [104] orientation (discussed later).

Increasing the deposition duration from 2 to 4 hours increased the columnar grain width
(measured from hollow cone dark field images) from 30-50 nm to ~90 nm (not shown). It
also resulted in an increase in the average surface roughness (R,) from 7.8 nm to 9.5 nm
(Sriram et al., 2006b and Sriram et al., 2007). This was attributed to the development of
marked faceting. Fig. 7(a) shows a cross-section of the relatively flat surface of the film
deposited for 2 hours. The dimension of the weak faceting is similar to that of the columnar
grain width (30-50 nm). For the film deposited for 4 hours, very pronounced prismatic
faceting has occurred (Fig. 9). This is much coarser than seen at the shorter duration and
reflects the grain coarsening taking place in the film in longer duration depositions. The
increase in roughness is a consequence of grain coarsening, which can be attributed to the
variations in growth rates as a function of crystal orientation as well as grain coalescence. At
the growing surface, those grains in orientations promoting faster growth can dominate
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neighbouring grains and eventually isolate them. With continued growth, grains may then
develop prismatic faceting which causes increased surface roughening as the grain width
increases (Mitchell et al., 2003).

Fig. 8. High resolution energy filtered cross-sectional TEM image of the amorphous layer at
the interface of PSZT and gold. (Reprinted with permission from Sriram et al., 2009c)

The eutectic point of gold and silicon is 363 °C, but at the deposition temperature of 300 °C
interdiffusion of gold and silicon (enabled by outward silicon diffusion through gold grain
boundaries) through the 15 nm thin titanium adhesion layer has been observed. This
reaction was verified using secondary ion mass spectroscopy (SIMS) depth profiling (Fig. 6).
The peak titanium concentration occurred between the gold and silicon - being the original
location of the ~15 nm thick titanium layer. On moving through the gold layer towards the
PSZT (a distance of 150 nm), the titanium signal showed a gradual decrease. This indicated
that titanium diffused into the gold. Both titanium and gold diffusion into silicon was also
apparent. The profiles for these two elements were very similar and gradually decreased
over a considerable distance into the silicon. Due to the very different sputtering rates of the
various phases present, it was not possible to meaningfully estimate the depth over which
the gold and titanium diffused into the silicon substrate. However, the cross-sectional TEM
imaging provided an understanding of the origin of the SIMS profile shapes for these
elements.

The gold-(titanium)-silicon reaction can be observed in the form of prismatic crystallites
growing into silicon along the metal-silicon interface. This is shown in Figs. 7 and 9 and in
detail in Fig. 10. EDX analysis confirmed that these crystallites were a reaction product of
gold and silicon - with titanium also present (Sriram et al., 2009c). The remnant of the
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original titanium layer could be seen as a ~10 nm wide band running across the base of the
crystallite in Fig. 10. The crystallites were variable in size, the largest being about 200 nm
into silicon. During SIMS depth profiling (Fig. 6), the floor of the ion milling crater would
break through the main (flat) part of the metal layer into the silicon substrate, and the gold
and titanium signals would be expected to drop abruptly. However, the presence of
prismatic crystallites rich in gold, with traces of titanium, projecting into the silicon
substrate, would cause the signal for these elements to taper off gradually as the depth
profiling progressed, dropping to zero when the profile passed through the apex of the
largest crystallites.

Diffused gold crystallites

Faceted PSZT surface crystals

Fig. 9. Cross-section energy filtered TEM image showing the highly faceted film surface with
crystallites at the gold-silicon interface. (Reprinted with permission from Sriram et al., 2009c¢)

The diffusion of gold into the (100) silicon results in crystallites bounded by the dense (111)
silicon planes (Fig. 10). As expected the angle between these bounding planes and the silicon
(100) surface was found to be 54.7° in Fig. 10, which is oriented with the electron beam
parallel to silicon [110]. The resulting crystallites varied in size and the density of such
crystallites was much higher in longer duration deposition (4 h) specimen. Such diffusion or
dissolution of gold into silicon-based materials through titanium has been observed (Wenzel
et al., 1998) and can be related to the high reactivity of titanium with silicon (TiSiy
compounds are formed even at slightly elevated temperatures) and the thickness (15 nm) of
the titanium layer. It has also been concluded that the titanium layer needs to have a
sufficient thickness, depending on process temperature and duration, in order to serve as a
barrier to prevent the gold-silicon reaction (Kanamori and Sudo, 1982), rather than serve
only as an adhesion layer.
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Si

Fig. 10. Cross-sectional energy filtered TEM image of a crystallite bounded by dense (111)
silicon planes. The angle between the silicon (100) surface and the crystallite edge is 54.7°
being the silicon (100)"(111) interplanar angle. Note: The electron beam is parallel to silicon
[110]. (Reprinted with permission from Sriram et al., 2009c)

4.2 PSZT thin films on Au/Ti/SiO./Si

To overcome the gold-silicon interdiffusion observed in the initial samples, an intermediate
silicon dioxide (SiO,, 200 nm thick) layer was introduced between the metal layers and
silicon, and PSZT deposition was carried out at 300 °C. The silicon dioxide layer included
between the metal layers and the silicon substrate prevents metal-silicon reactions, and
uniform thin film layers can be observed in the cross-sectional transmission electron
micrograph [Fig. 11(a)]. The resulting PSZT films had a nanocolumnar grain structure. The
PSZT deposition temperature initiates crystal growth in the gold layer (which was
nanocrystalline when deposited), resulting in significant changes to the texture of gold
[Fig. 11(b)]. In the absence of gold-silicon interactions, the gold layer is able to reorient so
that the most densely packed planes (111) are parallel to the surface, and thus the surface
energy is minimized. The formation of the amorphous layer is also prevented. As a result,
the highly textured gold layer was able exert a strong guiding effect on the subsequently
deposited PSZT thin films (Fig. 12), which developed a pronounced (104) texture (discussed
later). This guiding effect results in the (104) PSZT planes being aligned parallel to (111) gold
planes (Fig. 13); this is a feature at different points along the interface interspersed with
regions of random orientation.
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SiO:

Ti-rich
layer

(b)

Fig. 11. Cross-sectional transmission electron microscopy results: (a) uniform thin film layers
can be observed in the cross-sectional transmission electron micrograph and (b) grain
growth in gold with preferential (111) texturing (lattice spacing of 0.236 nm). (Reprinted
with permission from Sriram et al., 2010)
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Fig. 12. X-ray diffraction results indicating preferential orientation in the gold and PSZT
layers: (a) PSZT on Au/Ti/Si and (b) PSZT on Au/Ti/SiO,/Si. (Reprinted with permission
from Sriram et al., 2010)

The ratio of the relative intensities of the (111) and (200) gold X-ray diffraction peaks was
~100 after PSZT deposition at 300 °C on a sample with the buffer layer of silicon dioxide
[Fig. 12(b)]; this corresponds to an increase in preferential orientation in the gold layer by a
factor of 6 (compared to a sample without the silicon dioxide layer) [Fig. 12(a)].

The pronounced (111) orientation in the gold layer improves the preferential orientation of the
PSZT thin film - the ratio of the X-ray diffraction relative intensities of the two major peaks
corresponding to (004) and (104) PSZT orientations increased from 1.57 to 8.52 with the
inclusion of the silicon dioxide layer (Fig. 12). All PSZT thin film peaks were shifted from
expected peak positions, while substrate (gold and silicon) peaks were exactly at expected
peak positions. The PSZT rhombohedral unit cell parameters a and ¢ were both about 5.29%
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larger than expected. This diffraction analysis also showed that the unit cells of the PSZT thin
films have a 16% greater volume than theoretically expected (Bhaskaran et al., 2008).
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Fig. 13. The preferentially oriented gold layer appears to have a guiding effect on the PSZT
thin film and this high resolution transmission electron micrograph shows the (104) planes
of PSZT (with lattice spacing of 0.305 nm) preferentially aligning parallel to the (111) gold
planes. (Reprinted with permission from Sriram et al., 2010)

Crystal structure simulations carried out using these modified unit cell parameters highlight
the small lattice mismatches between the gold (111) and PSZT (104) planes as depicted in
Fig. 14. From the overlap of atoms of these planes it can be concluded that gold can exert a
guiding effect on PSZT. The simulation for gold was based on a lattice constant a of
0.236 nm and that for PSZT was based on the modified rhombohedral unit cell parameters
a of 0.604 nm and c of 1.508 nm.

Based on the lattice spacing parameters (Sriram et al., 2010), a guiding effect by gold (111) on
PSZT (202) might have been expected. According to the powder diffraction reference,s the PSZT
(104) is five times more intense than the (202) orientation, indicating that the former is the
preferred equilibrium state. This is the most likely reason for the observed guiding effect of gold
(111) on PSZT (104). It should also be noted that the proximity of the d-spacings of the gold (111)
and PSZT (202) peaks thwarts structural comparison using XRD, with no related guiding effects
observed in the XTEM results. Importantly, the crystal structure simulations presented in Fig. 14
verifies the atomic overlap and the ability of gold (111) to exert a guiding effect on PSZT (104).

§ Powder Diffraction Pattern Files, International Centre for Diffraction Data (ICDD, formerly the Joint
Committee for Powder Diffraction Studies), Newtown Square, PA 19073, Card 04-002-5985.
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Fig. 14. Crystal structure simulation showing the superposition of the gold (111) plane on
the PSZT (104) plane. From the overlap of atoms of these planes it can be concluded that
gold can exert a guiding effect on PSZT. (Reprinted with permission from Sriram et al., 2010)

5. Conclusion

Extensive materials characterisation of PSZT thin films deposited on platinum and gold
coated silicon substrates has been performed. The focus has been on silicon substrate based
studies, in order to enable future incorporation of PSZT thin films in silicon-based devices.
Spectroscopy and microscopy techniques were used, often in combination, to study the
microstructure of the deposited thin films.

A synthesis process for realizing island-structured textures was proposed by inciting a
reaction between the silicon substrate and the platinum thin film layer deposited on it. This
process results in a distribution of sub-micron and nanoscale islands of platinum silicide,
with the process scalability dependent on thermal duration and metal thickness parameters.
A mechanism for this structuring process is proposed, combining results from microscopy
and spectroscopy analyses. The ability of these textures to serve as SERS-active media is
demonstrated, with 100x enhancement of detection sensitivity demonstrated for thiophenol
as compared to the planar substrates. Further enhancement of the SERS sensitivity could be
expected by optimising the silicide island morphology through control of the annealing
conditions and through engineering of the nano-scale column structure of the complex oxide
to best accommodate a specific analyte.

A combination of transmission electron microscopy and X-ray diffraction has been used to
show that gold exerts a guiding effect on the RF magnetron sputter deposited PSZT thin
films. PSZT thin films deposited on gold-coated silicon substrates using titanium as an
adhesion layer showed presence of inter-diffusion. PSZT films exhibited a uniform
composition through their thickness. A silicon-rich amorphous layer was formed at the
interface of the PSZT thin films and gold, and was most likely to be silicon dioxide.
Prismatic crystallites of a gold-silicon compound developed at the interface of the metal
layers and the silicon substrate. This was caused by gold diffusing through the underlying
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titanium metal layer; the crystallites being bounded by the dense (111) silicon planes. On the
introduction of a silicon dioxide barrier layer, the resulting films have a nanocolumnar grain
structure with strong preferential orientation. This is one of the first instances of low
temperature deposition of preferentially oriented piezoelectric thin films, with this
deposition on silicon making the process favourable to microfabrication processes. This has
the potential for enabling incorporation of complex functional oxides into devices with
processing at a relatively lower temperature of 300 °C, allowing more versatile device
designs and fabrication schemes. The guiding effect of (111) Au on (104) PSZT was observed
by high resolution transmission electron microscopy and verified using crystal structure
simulations.

These results pave the way for the next generation of high performance piezoelectric thin
film devices on silicon.
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1. Introduction

Ultrasound is referred to as sound signal with frequencies above the upper limit of human
audible range, i.e. 20 kHz. The modern study and usage of ultrasound is believed to
originate from the underwater detection of Paul Langevin in 1917 (Mason, 1976). Since then,
ultrasound has taken an important role in a broad variety of applications including
underwater sonar (Foote, 2008), non-destructive testing (NDT) and evaluation (Thompson,
1985), biomedical diagnosis and therapy (Duck, 1998), and process industry (Hoyle, 1994),
and so on.

The generation of ultrasound waves for the first time by electromechanical transduction was
based on the piezoelectric effect, which was discovered by Pierre and Jacques Curie in 1880
(Ballato, 1995). With the piezoelectric effect, mechanical energy and electrical energy can be
converted into each other. As one of the most commonly used mechanisms, the piezoelectric
effect has been intensively put into practical applications to produce ultrasound with
piezoelectric transducers. Such transducers have a great flexibility of either piezoelectric
materials or structural modes. In the 20th century, metal oxide-based piezoelectric ceramics
(Jaffe et al., 1971) and other man-made materials including single crystals (Ritter et al., 2000),
polymers (Fukada, 2000), composites (Akdogan et al., 2005) and thin films (Lakin, 2005)
have enabled designers to employ the piezoelectric effect in increasingly wide applications
based on their specific properties.

As one of the important structural types, multiple layer or stacked transducers have been
widely used for their specific benefits (Cochran & Hayward, 1999). In these multiple layer
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piezoelectric ultrasonic transducers, layers are connected mechanically in series and
electrically in parallel, which can generate high strain through the establishment of high
electric fields at relatively low operating voltages with their lower electrical impedance
compared to single layer structure. Fig. 1 is the schematic diagram of an adhesively-bonded
three-layer piezoelectric ultrasonic transducer.

Bondlines
Polarization I
directions ,
R Conductive
wires

== )

Fig. 1. Schematic diagram of a three-layer piezoelectric ultrasonic transducer

Fundamental work on multilayer structures has been carried out by several researchers
(Sittig, 1967; Hossack & Auld, 1993). The applications of multilayer structures have also
been investigated in the area of medical ultrasound imaging. Multilayer piezoelectric
ceramic structures for 2D array transducers were reported in 1994 (Goldberg & Smith, 1994).
It was found that the stacked structure has a better electrical impedance match and signal
noise ratio (SNR) than the single layer. A multilayer PZT/polymer composite hybrid array
was investigated in 1999 and it was concluded that the multilayer structure improved SNR
and bandwidth (Mills & Smith, 1999). Cofired resonators with the layer number, N, up to 20
was reported in 1996 (Greenstein & Kumar, 1996). It was found the magnitude of the
electrical impedance followed the relation 1/N of single layer, and the coupling coefficient
k¢ remained relatively constant below 15 layers. Systematic studies of multilayer ultrasonic
transducers with piezocomposites for low frequency applications have been carried out
with investigating various prototypes and simulations (Cochran & Hayward, 1999; Cochran
et al., 1997; Cochran et al., 1998). In these work, the authors highlighted the advantages and
the fabrication difficulties of the multilayer composite structures in specific low frequency
applications, one of the difficulties being the bondlines. Multilayer ultrasonic transducers
with non-uniform layer thicknesses have been studied with theoretical optimisation to
improve their bandwidth (Abrar & Cochran, 2007).

Excited by high electric field signals at their resonant frequencies, various losses in
piezoelectric materials resulting in heat and temperature increase normally limit the
practical applications of multilayer devices (Yao et al., 2000). In practical high power
operation, the dominant type of transducers are mass-spring-mass models, i.e.
Langevin/Tonpilz transducers. These structures are free of adhesive bondlines subjected to
tensile stress because adhesive bonds have low thermal conductivity, low Qn, value, and low
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maximum operating temperature. Different aspects such as loss effect, temperature rise, and
self-heating mechanisms of piezoelectric devices have been studied on this topic, both on
practical experiments (Robertson & Cochran, 2002; Dubus et al., 2002; Wehrsdorfer et al.,
1995; Zheng et al., 1996) and theoretical analyses (Wang et al., 1996; Flint et al., 1995; Ye &
Sun, 1997). Heat generation in various types of multilayer PZT-based actuators was reported
in 1996 and a simplified analytic method to evaluate the temperature rise was also
developed (Zheng et al., 1996). The phenomenology of mechanical, piezoelectric and
dielectric losses was analyzed in 2001 (Uchino & Hirose, 2001). It was also reported that how
to measure these losses separately. A nonequilibrium thermodynamic model was developed
in 2004, which couples irreversible mechanical, electric, and thermal processes, all
contributing to dissipation (Xia & Hanagud, 2004). It was verified that the dissipation
nonlinearly depends on operating frequency, related to characteristic relaxation of
irreversible processes. Generally, however, it is still difficult to accurately simulate the
thermal property of multilayer piezoelectric devices for their complicated structural and
material behaviors under dynamic excitation conditions. Experimental investigations into
the dynamic and thermal properties of several Langevin/Tonpilz structures have been
conducted from different aspects (Ochi et al., 1985; Yao et al., 2000; Zheng et al., 1996; Dubus
et al., 2002; Pritchard et al., 2004). For such typical multilayer piezoelectric devices, the
frequency bandwidth under high level dynamic conditions is seriously limited. This
disadvantage of traditional structures may be overcome to use a multilayer piezoelectric
composite structure. But it has been found that this is infeasible for its practical manufacture
procedure issues (Robertson & Cochran, 2002).

To solve this problem, therefore, adhesively-bonded multilayer ultrasonic transducers have
been suggested to be used for high power applications at relatively low frequencies. It is
desired to investigate the thermal and mechanical behaviors of bondlines with newly
developed adhesives in multilayer transducers under dynamic drive and self-heating
conditions.

In this chapter, the behaviour of multilayer piezoelectric ultrasonic transducers with two
typical adhesive bondlines under self-heating conditions is to be studied. The material
characteristics of high Curie temperature piezoelectric cermaic, which was used to
manufacture the multilayer structures, under different temperatures will be investigated.
The effects of self-heating on temperature rise and mechanical output characteristics of
adhesively-bonded multilayer ultrasonic transducers under various dynamic drive
conditions are to be reported. Further investigation is also to be presented into the loss
characteristics derived from measured time-temperature behaviour of multilayer
piezoelectric ultrasonic transducers with adhesive bondlines, corresponding to stable
temperature rises. In particular, the effect of the resultant higher temperature on the
complete structures including the piezoelectric material and the adhesive bondlines will be
considered. Various drive electric fields and the corresponding temperatures at resonant
frequency will be reported too.
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2. Material and Experimental Characterizations

Ultrasonic transducers and other smart devices made from piezoelectric materials operated
under self-heating or elevated temperature desire high Curie temperature piezoelectric
materials. Lead metaniobate piezoelectric ceramic (PZ35, Ferroperm Piezoceramics A/S,
Hejreskovvej 18A, DK-3490 Kvistgard, Denmark) has a higher Curie temperature around
500 °C and therefore is approriate to elevated temperature applications. It also has very low
width vibration mode. Its high loss properties compared to lead zirconate titanate (PZT)
piezoceramic allow it to be manufactured into broadband ultrasonic transducers.

Two two-part epoxy adhesives were selected to bond multilayer structures here,
RX771/HY1300 and silver-loaded epoxy. RX771/HY1300 (Robnor Resins Ltd, Swindon, UK)
has commonly been used as the polymer in piezocomposite materials. It has low viscosity of
0.6-1.2 Pa s at 25°C prior to curing and is able to produce bondlines with thickness in the
range of several microns (Wu el al., 2005). Silver-loaded epoxy (Part No. 186-3616, RS
Components Ltd, Corby, UK) is a highly viscous gray paste before curing, and often used to
establish electrical contacts in electronic devices. The glass transition temperature T, of
RX771/HY1300 is 60 °C after cured while silver-loaded epoxy has a maximum useful
temperature of 150 °C after set, which offers a potential to overcome the disbond issue of
multilayer structures resulted from the weak thermal characteristics of epoxy adhesive
bondlines under elevated temperature.

The electrical impedance characteristics of the piezoelectric ultrasonic transducers were
measured by Impedance Analyzer HP4192A (Agilent, Winnersh Triangle, Wokingham,
Berkshire, UK). The surface displacement of the transducers was measured with a laser
vibrometer system (Laser Vibrometer Controller OFV-2700-2 and Differential Fiber Optic
Unit OFV-512, Polytec GmbH, Waldbronn, Germany).

3. Effects of Elevated Temperature on Piezoelectric Material Parameters

In oder to predict the effects of self-heating or elevated temperature on the multilayer
piezoelectric transducers made from it, it is fundamentally crucial to consider its material
constant variations with increased temperature beforehand.

For the characterization of piezoelectric materials, the standard method is normally used to
analyze the electrical impedance resonant characteristics (ANSI/IEEE, 1987). The
Piezoelectric Resonance Analysis Program (PRAP, TASI Technical Software Inc., Kingston,
Ontario, Canada) offers a quick convergent fitting and analysis process and a more accurate
characterization of lossy piezoelectric materials such as lead metaniobate or piezoelectric
polymers (Kwok et al., 1997). Elevated temperature may enhance the loss mechanisms of
piezoelectric materials (Sherrit et al, 1999). Here the behaviour of lead metaniobate
piezoelectric ceramic from ambient temperature to higher temperatures was investigated.
Material parameters were precisely calculated by theoretical fitting and analysis with PRAP.

A lead metaniobate disc under thickness extensional vibration mode was studied here. The
diameter and thickness are 12 mm and 0.7 mm respectively. When the measurements going
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on, the lead metaniobate sample was put inside a temperature-controllable oven and
connected outside with the HP4192A Impedance Analyzer through a short braided coax
cable, which has 50 Ohm impedance and low attenuation over the studied frequency
domain. A digital thermocouple meter was used to record the inside temperature of the
oven. The electrical impedance resonant characteristics of the lead metaniobate sample were
measured at 25 °C, 40 °C, 60 °C, 80 °C, and 100 °C, respectively.

The basic theoretical model of the PRAP analysis package was developed (Smits, 1976;
Sherrit et al, 1992). The initial value of the elastic stiffness constant under constant
displacement Cs3P* is calculated from Equations (1) and (2).

f :fp(l—iw)‘”2 M)
Cyy =4pt’f,’ @)

Here f, is the frequency where the real part of fZ(f) has a maximum, p and ¢ are the density
and thickness of the sample respectively, w is the ratio of the frequency difference between
where the imaginary part of fZ(f) has the minimum and the maximum to f,, and * represents
complex variants.

The imaginary part of all the material parameters represents the respective loss. Two
arbitrary points at frequencies either side of f, along with the initial value for the elastic
constant Cz3P* are used to calculate the electromechanical coupling constant K;* and the
permittivity under constant strain £335* of the sample following Equation (3)
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where, f and A are frequency and the sample electrode area respectively. The obtained
values K/*, £335* and f,* can be used to calculated a new C3P* following the relationship of
Equation (3). The process continues iteratively until the calculated results becoming
convergent. The complex piezoelectric constant e33* can be calculated from Equation (4).

o *) ~D* _§*
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PRAP was used to fit and analyze the measured electrical impedance resonant
characteristics. The magnitude and phase of the measured data and fitted results at 25 °C, 60
°C, and 100 °C are shown in Fig. 2. From Fig. 2, it is found that there is a good agreement
between the fitted results and measured data.
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Fig. 2. Magnitude (a, ¢, and e) and phase (b, d, and f) impedance resonant characteristics of
lead metaniobate at 25 °C (a and b), 60 °C (c and d), and 100 °C (e and f) (circle represents
measured value, and solid line calculated data.)

Frequency, MHz

Temperature 25°C  |40°C [60°C |80°C 100 °C
f»» MHz 2.19 2.16 213 2.10 2.07
Imag(f) 0.0543 [0.0585 |0.0643 |0.0708 [0.0766
Cs3P, 1010 N/m? | 5.00 4.89 477 4.61 4.48
Imag(C) 0.248 0.266 0.288 0.311 0.332
K 0.296 0.297 0.300 0.302 0.304
Imag(K) 0.00678 [ 0.00416 | 0.00216 | 0.00160 | 0.00188
€533, 109 F/m 2.40 2.44 2.50 2.56 2.62
Imag(e) -0.0326 |-0.0505 |[-0.0400 |-0.0504 |-0.0548
e33, C/m? 3.248 3.247 [3.278 3.283 3.298
Imag(e) 0.133 0.100 0.096 0.095 0.108

Table 1. Some material parameters of lead metaniobate at various temperatures

Table 1 shows the analyzed material property data at 25 °C, 40 °C, 60 °C, 80 °C, and 100 °C,
respectively. The loss component of each parameter is represented by the imaginary part
value. Increasing the temperature from 25 °C to 100 °C alters f, by more than 5% from 2.19
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MHz to 2.07 MHz. Furthermore, Imag(f), which reflects the elastic damping characteristic,
becomes greater with the higher temperatures. These are also reflected by the data in Fig. 2.
Because the thermal expansion effect of piezoelectric ceramics in the temperature range
studied here is negligible (Takahashi et al., 1974), the shift of f, is attributed to the thermal
variation of sound velocity of lead metaniobate. This hypothesis is supported by the 10%
reduction of CzP over the same temperature range. The sound velocity of lead metaniobate
is a function of the elastic stiffness coefficient and density. Whilst the density was found to
be temperature invariant, it can be seen from Table 1 that Cs3P has a value of 5.00%1010 N/m?
at 25 °C but only 4.48x1010 N/m?2 at 100 °C. Increased temperature also caused increasing
Imag(C). The sound velocity and the elastic damping changes are thought to result from the
characteristic variation of the sound wave propagation in the material at various
temperatures. The analyzed elastic constants of lead metaniobate presented here have a
different trend from those reported data of PZT ceramics (Sherrit et al., 1999), wherein the
elastic compliance coefficients shifted downwards under higher temperatures. However the
dielectric behaviour follows similar trends to that reported for PZT (Sherrit et al., 1999) and
the authors observed that 335 increases by 7% from 2.40x10° F/m to 2.62x10° F/m as
temperature increases from 25 °C to 100 °C. K; and e3; have changes less than 3% with the
elevating temperature.

4. Self-heating Effects

Now that the stable elevated temperature effects on the piezoelectric material properties
have been studied, in this section, the effects of self-heating and resulted stable temperature
rise on multilayer piezoelectric transducers with adhesive bondlines are to be investigated.
Two two-layer lead metaniobate transducers bonded with RX771/HY1300 and silver-loaded
epoxy respectively were prepared. Each active layer of two-layer thickness extensional
mode transducers has a lateral dimension of 20 mm square and thickness of 1.55 mm. After
fabrication, the bondlines of RX771/HY1300 and silver-loaded epoxy have mean thicknesses
of 10.4 pm and 104 pm respectively, which were determined by an acoustical fitting process
(Wu et al, 2003). A single-layer lead metaniobate transducer with the same lateral
dimensions as the two layer transducers and the thickness of 1.49 mm was also prepared
and tested. The thickness extensional vibration mode single layer transducer was used to
compare to the multilayer structures, which is able to be used to justify various loss effects
from the piezoelectric material and adhesive bondlines on the multilayer transducers.

A thermocouple was mounted near the centre of one major working surface of those
samples, as shown in Fig. 3, to measure its surface temperature, which connected to a digital
meter (0.1 °C resolution). The effect of this thermocouple on the transducer is considered to
have been very minor and is neglected here. In each experiment, a stable temperature value
was recorded two minutes after the electrical signal was applied.
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ayer lead metaniobate transducer

Fig. 3. Prototype of a two-

The surface displacement frequency response of the two multilayer transducers at ambient
temperature was measured. The normalized surface displacement responses in frequency
domain were obtained by the absolute displacement values dividing the maximum, 233 nm,
of the two transducers under 50-cycle tone burst sinusoidal driving signal at fixed 200 V
peak-peak level without self-heating, which are shown in Fig. 4. The thickness extension
within the frequency domain between 400 and 500 kHz is the dominant vibration mode for
the both transducers, while the much lower peaks around 330 kHz represent the width-
vibrational modes. Those around 1.45 MHz are the third harmonies of the thickness
extension vibration mode of the multilayer transducers. Therefore the latter two vibration
modes in the frequency range up to 1.8 MHz can simply be ignored. The multilayer
transducer with silver-loaded epoxy bondline has the lower thickness extensional vibration
mode resonant frequency, 419 kHz, than the one with RX771/HY1300, 496 kHz for their
different bondlines and longitudinal ultrasound signal propagation time along the thickness
direction.

0.75 4

0.5

Normalized displacement

0.25

Frequency, MHz

Fig. 4. Surface displacement frequency spectrum of the two-layer lead metaniobate
transducers bonded with RX771/HY1300 (solid line and cross) and silver-loaded epoxy
(dashed line and circle), respectively
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For a working ultrasonic transducer, the total electrical power supplied by the driver Pr can
be calculated as equation (5).

E-t.)
_Et) Y, 5)

R

E

PT

Here E is root of mean square (RMS) value of applied electric field, t¢ is the transducer
thickness under applied electric field, # is the driving duty cycle, and Rg the transducer’s
electrical resistance.

For the transducers studied here, operating in air, the radiated acoustic power is
approximately zero because of the mismatch of acoustic impedance. Therefore Pr is equal to
the sum of the power losses, which comprise mechanical power loss, Py, and dielectric
power loss, Pp, resulting in heating and temperature rises. The power losses are a function
of the stable temperature rise in Kelvin of the piezoelectric transducers under constant
(zero) stress condition, 6T, and the effective heat transfer constant, ky. Their relationships are
shown as equation (6).

PT:PM""PD:kH'éT (6)

Here, 6T=T-Tx. T is the equilibrium temperature at the surface of the transducer, T4 the
ambient temperature. At resonance the power dissipation of a transducer is thought to be
primarily due to the mechanical loss (Sherrit, 2001). Under free load conditions, the
relationships between Py, the mechanical loss resistance Ry, the RMS displacement of the
working surface, d, the driving frequency, f, and # is described as equation (7).

P, =R, -(27f-d) 7 @)

All the transducers reported in this chapter were tested in air by tone burst sinusoidal
signals with different duty cycles. The drive frequencies of all the transducers were their
measured resonant frequencies under longitudinal thickness extensional vibration mode
without self-heating. The detailed excitation conditions are listed in Table 2.

Frequency |Lower duty Higher duty
(kHz) cycle cycle
Cycle [Duty Cycle |Duty
number |cycle  |number [cycle
Two-layer transducer (496 50 1.0% 1000 20%
with RX771/HY1300
Two-layer transducer (419 50 1.2% 1000 24%
with silver-loaded
epoxy
Single-layer transducer|1021 100 1.0% 2000 20%

Table 2. Excitation conditions for the lead metaniobate transducers
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Excited by low duty cycles at resonance, the measured temperature and resonant frequency
of all the transducers remain almost unchanged due to the low power and limited
amplitude electric field. As shown in Fig. 5, under no more than 1.2% duty cycle excitation,
the resonant displacement of all the transducers has a nearly linear relationship with the
driving electric field within the range up to around 160 V mm. According to the
relationships shown in equations (5) and (7), this indicates that the mechanical power loss is
approximately proportional to the low amplitude driving power. It is also found that the
displacement responses of the two layer transducers are approximately twice that of the
single layer at a given electric field level indicating that under low power and ambient
temperature conditions, the adhesive bondlines support the resonant vibration of multilayer
structures very well.

n
o
(=]

D\

\\
X
\

!
|

-
o
o

\
\u

Displacement, nm

| E— / -
B

—

20 60 100 140 180
Electric field, Vemm

o
=]

0

Fig. 5. Measured displacement amplitude under various driving electric fields of the
transducers (solid marks and thick lines, high duty cycle; hollow marks and thin lines, low
duty cycle; circle, single layer transducer; triangle, two-layer transducer bonded with
RX771/HY1300; square, two-layer transducer bonded with silver-loaded epoxy)
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Fig. 6. Measured temperature characteristics under various driving electric fields of the
transducers (solid marks and thick lines, high duty cycle; hollow marks and thin lines, low
duty cycle; circle, single layer transducer; triangle, two-layer transducer bonded with
RX771/HY1300; square, two-layer transducer bonded with silver-loaded epoxy)

With the duty cycle increased to above 20%, as shown in Fig. 6, the temperature of the
transducers rises from ambient to around 50 °C with electric field increasing from below 30
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Vmm to above 150 V mm. According to equation (6), the elevated temperature is
resulted from the higher excitation and power losses. For the single layer ceramic sample, as
shown in Fig. 5, the displacement response presents a decreased gradient with the high duty
cycle excitation electric field increasing from approximately 50 V. mm? to 155 V mm-1,
indicating that, at a given electric field, the displacement at high duty cycle is lower than at
low duty cycle excitation. This is attributed to the variation of electrical impedance
frequency characteristics of this ceramic with the elevated temperature resulting from high
duty cycle driving as presented in the previous section. The peak displacement of the two-
layer transducer with silver-loaded epoxy under high duty cycle excitation corresponds to
an electric field of 86.5 V mm-. Above this value, the displacement decreases with the
increased electric field and resulting in higher temperature above 38.8 °C, which is due to
the reduced elastic coefficient of the bondline. For the two layer transducer with
RX771/HY1300, although its surface displacement increases with increasing electric field in
the whole range covered in the present investigation, the value is reduced and is less than
twice that of the single layer transducer under high duty cycle drive conditions. This is
attributed to the lower elastic coefficient of RX771/HY1300 with increasing temperature,
below its T, and higher excitation amplitudes and power losses (Wu & Cochran, 2008).

5. Loss Characteristics of Self-heating

In the previous section, the self-heating effects on the performance of multilayer
piezoelectric ultrasonic transducers with adhesive bondlines have been investigated. In this
section, further study is to be carried out to analyze the loss characteristics of self-heating.

The time-temperature characteristics of the single and two layer transducers, which have
been introduced in the previous section, at resonances under different drive electric fields
were measured and shown in Fig. 7. As shown in Fig. 7, the temperature rise of all
transducers became stable less than five minutes after excitations applied. The stable
temperature rise increases with the enhanced electric fields for all the piezoelectric
ultrasonic transducers. The time-temperature behaviour of a piezoelectric device can be
described by Equation (8) (Zheng et al., 1996)

AT(t)=0T(1—-e™"'*) ®)

where AT(t;) is the temperature rise of the piezoelectric device at the instantaneous time f,
and o the time constant. Using Equation (8), the theoretical exponential time-temperature
characteristics of all the transducers under different electric fields were calculated with
measured 6T and fitted a and shown in Fig. 7. Generally, the experimental results agree the
theoretical data well but it is also found that the measured results rise steeper than theory at
the beginning of the experiments. This indicates that more than one time constants are
involved in the self-heating processes. Further accurate characterization of the whole self-
heating process is proposed to be studied in the future work.



34 Piezoelectric Ceramics

The stable temperature rise 0T, which is the function of loss, can be approximately expressed
as equation (9) (Zheng et al., 1996).

7o unv.
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Here u the total loss of the actuator per unit volume and driving cycle, and v. the active
volume of the actuator. A; and k(T) are the total surface area of the device and the overall
heat transfer coefficient respectively.

The time constant o in Equation (8) is defined as
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where v is the total volume of the device. c is the specific heat capacity of the actuator. In the
present work, because the volume of the relatively thin bondlines was negligible compared
to the piezoelectric material and no other material was present, v, = v then the function
below is built up by dividing Equation (9) to Equation (10)

or _Jfn.
a_p p

(11)

where the loss constant fp = u/c. Since c¢ is a constant for each specific material, g is
proportional to u and is used to characterize the loss of drive signal in the piezoelectric
devices, here relating only to the relevant piezoceramic used in this work. Using Equation
(11), with measured 0T, fitted o, density of lead metaniobate p, and driving signal frequency
f, and duty cycle 7, the loss constant f of the piezoelectric ultrasonic transducers is
calculated to characterize their loss. The temperature and the normalized loss constant for
each transducer versus surface displacement are shown in Fig 8. The normalized loss
constant is calculated by loss constant f over the maximum of all the transducers under
different drives. It is found that the normalized loss constant corresponds well with the
temperature for all transducers as shown in Fig.8.
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Fig. 7. Comparison of time-temperature characteristics of the single-layer (a) and two-layer
transducers bonded with RX771/HY1300 (b) and with silver-loaded epoxy (c). Experimental
results under various electric fields are shown (markers) along with theoretically fitted data
(solid lines). [(a) cross, 50.1 V mm; rectangle, 103.4 V mm-; triangle, 156.4 V mm?; and
circle, 183.2 V-mm-1; (b) cross, 43.2 V- mm-; rectangle, 92.4 V- mm-; triangle, 191.8 V- mm-1;
and circle, 233.9 V-mm; (c) cross, 45.7 V-mm; rectangle, 97.0 V- mm; triangle, 198.0
V mm-; and circle, 249.2 V. mm-1]
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Under resonant drive conditions, the total loss is primarily due to the mechanical losses,
although the ferroelectric hysteresis loss may become dominant under off-resonance drive
conditions (Uchino & Hirose, 2001). For the single-layer transducer and the transducer
bonded with RX771/HY1300, the normalized loss constant and the temperature are
increased with the enhanced surface displacement in the temperature range below 60 °C, i.e.
Ty of RX771/HY1300. The total loss and the temperature variation of these transducers are
positive functions of the mechanical loss, related directly with the surface displacement.
However, for the two-layer transducer with silver-loaded epoxy, the curves have turning
points where the normalized loss constant and temperature are 0.47 and 41.6 °C,
respectively. Above these values, the surface displacement (mechanical loss) drops down
although the total loss and temperature are still increasing. The temperature has significantly
affected the mechanical properties and the resonant frequency of this transducer. When the
temperature above 41.6 °C, the transducer started to shift to off-resonance condition and the
total loss characteristics started to vary off from resonance condition, which the authors believe
this is because the silver-loaded bondline starts to soften though it can still bond the
piezoceramics at even higher temperature (Wu & Cochran, 2010).

6. Conclusion

In this chapter, the behaviour of adhesively-bonded multilayer piezoelectric ultrasonic
transducers with two typical adhesives has been investigated under self-heating conditions.
The material characteristic variation of high Curie temperature lead metaniobate
piezoelectric cermaic, used to manufacture the multilayer structures, with different
temperature were studied. The temperature rise and mechanical output characteristics of
adhesively-bonded multilayer ultrasonic transducers resulted from self-heating under
dynamic drive conditions were presented. Investigation has also been carried out into the
loss characteristics derived from measured time-temperature behaviour of multilayer
piezoelectric ultrasonic transducers with adhesive bondlines. It is concluded that elevated
temperature changes the characteristics of the piezoelectric material in the same way, the
dramatically different effects of self-heating and the elevated temperature on the
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performances of the multilayer transducers are still presented with the respective effects on
the elastic characteristics of each adhesive bondline, and in turn the resonant characteristics
of the whole structure to different degrees.

7. Acknowledgement

Zhengbin Wu was sponsored by a University of Paisley (University of the West of Scotland)
Studentship and Sandy Cochran was supported by a UK EPSRC Advanced Fellowship
during the period of the work described in this chapter. Zhengbin Wu is also supported by
the National Natural Science Foundation of China (NSFC, No. 10804075) and Shenzhen
Science and Technology Research and Development Foundation 2008 (Approval no. 343).

8. References

Abrar, A. & Cochran, S. (2007). Mathematical optimization of multilayer piezoelectric
devices with nonuniform layers by simulated annealing. IEEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Control, Vol. 54, No. 10, October 2007, pp.
1920-1929, ISSN 0885-3010

Akdogan, E. K.; Allahverdi, M. & Safari, A. (2005). Piezoelectric composites for sensor and
actuator applications. IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency
Control, Vol. 52, No. 5, May 2005, pp. 746-775, ISSN 0885-3010

ANSI/IEEE Std 176-1987 (1987). IEEE Standard on Piezoelectricity, IEEE, New York

Ballato, A. (1995). Piezoelectricity: old effect, new thrusts. IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, Vol. 42, No. 5, September 1995, pp. 916-926,
ISSN 0885-3010

Cochran, A.; Reynolds, P. & Hayward, G. (1997). Multilayer piezocomposite transducers for
applications of low frequency ultrasound, Proceedings of IEEE International
Ultrasonics Symposium, pp. 1013-1016, ISBN 0-7803-4153-8, Toronto, Canada,
October 1997, IEEE, New York

Cochran, A.; Reynolds, P. & Hayward, G. (1998). Progress in stacked piezocomposite
ultrasonic transducers for low frequency applications. Ultrasonics, Vol. 36, No. 10,
October 1998, pp. 969-977, ISSN 0041-624X

Cochran, A. and Hayward, G. (1999). Multilayer piezocomposite ultrasonic transducers
operating below 50 kHz, Proceedings of IEEE International Ultrasonics Symposium, pp.
953-956, ISSN 1051-0117, Nevada, USA, October 1999, IEEE, New York

Dubus B.; Haw, G, Granger, C. & Ledez, O. (2002). Characterization of multilayered
piezoelectric ceramics for high power transducers. Ultrasonics, Vol. 40, No. 1-8, May
2002, pp. 903-906, ISSN 0041-624X

Duck, F. A,; Baker, A. C. & Starritt, H. C. (1998). Ultrasound in Medicine, Institute of Physics
Publishing, ISBN 0-75-030593-8, London

Flint, E.; Liang, C. & Rogers, C. A. (1995). Electromechanical analysis of piezoelectric stack
active member power consumption. Journal of Intelligent Material Systems and
Structures, Vol. 6, No. 1, January 1995, pp. 117-124, ISSN 1045-389X

Foote, K. G. (2008). Underwater acoustic technology: review of some recent developments,
Proceedings of Oceans 2008 Conference, pp. 1327-1332, ISSN 0197-7385, Quebec,
Canada, September 2008, IEEE, New York



38 Piezoelectric Ceramics

Fukada, E. (2000). History and recent progress in piezoelectric polymers. IEEE Transactions
on Ultrasonics, Ferroelectrics, and Frequency Control, Vol. 47, No. 6, November 2000,
pp- 1277-1290, ISSN 0885-3010

Goldberg, R. L. & Smith, S. W. (1994). Multilayer piezoelectric ceramics for two-dimensional
array transducers. IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency
Control, Vol. 41, No. 5, September 1994, pp. 761-771, ISSN 0885-3010

Greenstein, M. & Kumar, U. (1996). Multilayer piezoelectric resonators for medical
ultrasound transducers. IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency
Control, Vol. 43, No. 4, July 1996, pp. 620-622, ISSN 0885-3010

Hossack, J. A. & Auld, B. A. (1993). Improving the characteristics of a transducer using
multiple piezoelectric layers. IEEE Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control, Vol. 40, No. 2, March 1993, pp. 131-139, ISSN 0885-3010

Hoyle, B. S. & Luke, S. P. (1994). Ultrasound in the process industries. Engineering Science
and Education Journal, Vol. 3, No. 3, June 1994, pp. 119-122, ISSN 0963-7346

Jaffe, B.; Cook, W. R. & Jaffe, H. (1971). Piezoelectric Ceramics, Academic Press Inc., ISBN 0-
12-379550-8, London

Kwok, K. W.; Chan, H. L. W. & Choy, C. L. (1997). Evaluation of the material parameters of
piezoelectric materials by various methods. IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, Vol. 44, No. 4, July 1997, pp. 733-742, ISSN
0885-3010

Lakin, K. M. (2005). Thin film resonator technology. IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, Vol. 52, No. 5, May 2005, pp. 707-716, ISSN
0885-3010

Mason, W. P. (1976). Sonics and ultrasonics: early history and applications. IEEE Transactions
on Sonics and Ultrasonics, Vol. SU-23, No. 4, July 1976, pp. 224-232, ISSN 0018-9537

Mills, D. M. & Smith, S. W. (1999). Multi-layered PZT/polymer composites to increase
signal-to-noise ratio and resolution for medical ultrasound transducers. IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, Vol. 46, No. 4, July
1999, pp. 961-971, ISSN 0885-3010

Ochi, A.; Takahashi, S. & Tagami, S. (1985). Temperature characteristics for multilayer
piezoelectric ceramic actuator. Japanese Journal of Applied Physics, Vol. 24,
Supplement 24-3, 1985, pp. 209-212, ISSN 0021-4922

Pritchard, J.; Ramesh, R. & Bowen, C.R. (2004). Time-temperature profiles of multi-layer
actuators, Sensors and Actuators A: Physical, Vol. 115, No. 1, September 2004, pp. 140-
145, ISSN 0924-4247

Ritter, T.; Geng, X.; Shung, K. K.; Lopath, P. D.; Park, S-E. & Shrout, T. R. (2000). Single
crystal PZN/PT-polymer composites for ultrasound transducer applications. IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control, Vol. 47, No. 4, July
2000, pp. 792-800, ISSN 0885-3010

Robertson, D. & Cochran, S. (2002). Experimental investigation of alternative pre-stress
components for a 3-1 connectivity multilayer piezoelectric-polymer composite
ultrasonic transducer. Ultrasonics, Vol. 40, No. 1-8, May 2002, pp. 913-919, ISSN
0041-624X

Sherrit, S.; Wiederick, H. D. & Mukherjee, B. K. (1992). Non-iterative evaluation of the real
and imaginary material constants of piezoelectric resonators. Ferroelectrics, Vol. 134,
No. 1-4, September 1992, 134, pp. 111-119, ISSN 0015-0193



Investigation of elevated temperature effects
on multiple layer piezoelectric ultrasonic transducers with adhesive bondlines by self-heating 39

Sherrit, S.; Yang, G.; Wiederick, H. D. & Mukherjee, B. K. (1999). Temperature dependence
of the dielectric, elastic and piezoelectric material constants of lead zirconate
titanate ceramics, Proceedings of International Conference on Smart Material, Structures
and Systems, pp. 121-126, Bangalore, India, July 1999

Sherrit, S.; Bao, X.; Sigel, D. A.; Gradziel, M. J.; Askins, S. A.; Dolgin, B. P. & Bar-cohen, Y.
(2001). Characterization of transducers and resonators under high drive levels,
Proceedings of IEEE International Ultrasonics Symposium, pp. 1097-1100, ISBN 0-7803-
7177-1, Atlanta, USA, October 2001, IEEE, New York

Sittig, E. K. (1967). Transmission parameters of thickness-driven piezoelectric transducers
arranged in multilayer configurations, IEEE Transactions on Sonics and Ultrasonics,
Vol. SU14, No. 4, October 1967, pp. 167-174, ISSN 0018-9537

Smits, J.G. (1976). Iterative method for accurate determination of the real and imaginary
parts of the materials coefficients of piezoelectric ceramics. IEEE Transactions on
Sonics and Ultrasonics, Vol. SU-23, No. 6, November 1976, pp. 393-402, ISSN 0018-
9537

Takahashi, M.; Yamauchi, F. & Takahashi, S. (1974). Stabilization of resonance frequencies in
piezoelectric ceramic resonators against sudden temperature change, Proceedings of
IEEE Frequency Control Symposium, pp. 109-116, New Jersey, USA, May 1974, IEEE,
New York

Thompson, R. B. & Thompson, D. O. (1985). Ultrasonics in nondestructive evaluation.
Proceedings of the IEEE, Vol. 73, No. 12, December 1985, pp. 1716-1755, ISSN 0018-
9219

Uchino, K. & Hirose, S. (2001). Loss mechanisms in piezoelectrics: how to measure different
losses separately. IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency
Control, Vol. 48, No. 1, January 2001, pp. 307-321, ISSN 0885-3010

Wang, X.; Ehlers, C. & Neitzel, M. (1996). Electro-mechanical dynamic analysis of the
piezoelectric stack. Smart Materials and Structures, Vol. 5, No. 4, August 1996, pp.
492-500, ISSN 0964-1726

Wehrsdorfer, E.; Borchhardt, G. & Karthe, W. (1995). Large signal measurements on
piezoelectric stacks. Ferroelectrics, Vol. 174, No. 1, December 1995, pp. 259-275,
ISSN 1563-5112

Wu, Z.; Abrar, A.; McRobbie, G.; Gallagher, S. & Cochran, S. (2003). Implementation of
multilayer ultrasonic transducer structures with optimised non-uniform layer
thicknesses, Proceedings of IEEE International Ultrasonics Symposium, pp. 1175-1178,
ISBN 0-7803-7922-5, Hawaii, USA, October 2003, IEEE, New York

Wu, Z.; Cochran, S.; McRobbie, G. & Kirk, K. J. (2005). Nondestructive and destructive
investigation of bondlines for high-power multilayer ultrasonic transducers for
underwater sonar, Proceedings of IEEE International Ultrasonics Symposium, pp. 2219-
2222, ISBN 0-7803-9382-1, Rotterdam, Netherlands, September 2005, IEEE, New
York

Wu, Z. & Cochran, S. (2008). Characterisation of self-heating effects on multilayer ultrasonic
transducers with adhesive bondlines. Electronics Letters, Vol. 44, No. 22, October
2008, pp. 1333-1334, ISSN 0013-5194

Wu, Z. & Cochran, S. (2010). Loss effects on adhesively-bonded multilayer ultrasonic
transducers by self-heating. Ultrasonics, Vol. 50, No. 4-5, April 2010, pp. 508-511,
ISSN 1874-9968”



40 Piezoelectric Ceramics

Xia, L. & Hanagud, S.V. (2004). Extended irreversible thermodynamics modeling for
selfheating and dissipation in piezoelectric ceramics. IEEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Control, Vol. 5, No. 12, December 2004, pp.
1582-1592, ISSN 0885-3010

Yao, K.; Uchino, K;; Xu, Y.; Dong, S. & Lim, L. (2000). Compact piezoelectric stacked
actuators for high power applications. IEEE Transactions on Ultrasonics,
Ferroelectrics, and Frequency Control, Vol. 47, No. 4, July 2000, pp. 819-825, ISSN
0885-3010

Ye, D. & Sun, J. Q. (1997). Dynamic analysis of piezoelectric stack actuators including
thermal and pyroelectric effects, Proceedings of SPIE International Symposium on
Smart Structures and Materials: Mathematics and Control in Smart Structures, pp. 619-
629, ISBN 0-8194-2452-8, San Diego, USA, March 1997, SPIE, Bellingham

Zheng, ].; Takahashi, S.; Yoshikawa, S.; Uchino, K. & deVries, J. W. C. (1996). Heat
generation in multilayer piezoelectric actuators. Journal of American Ceramic Society,
Vol. 79, No. 12, December 1996, pp. 3193-3198, ISSN 0002-7820



Modelling shear lag phenomenon for
adhesively bonded piezo - transducers

Suresh Bhalla and Ashok Gupta
Department of Civil Engineering, Indian Institute of Technology Delhi, Hauz Khas,
New Delhi 110016, India

1. Introduction

During the last one and a half decades, the electro-mechanical impedance (EMI) technique
has emerged as a universal cost-effective technique for structural health monitoring (SHM)
and non destructive evaluation (NDE) of all types of engineering structures and systems
(Sun et al., 1995; Ayres et al., 1998; Soh et al., 2000; Park et al., 2000, 2001; Giurgiutiu and
Zagrai, 2000, 2002; Bhalla & Soh, 2003, 2004a, 2004b, 2004c). In this technique, a lead
zirconate titanate piezo-electric ceramic (PZT) patch, surface bonded to the monitored
structure, employs ultrasonic vibrations (typically in 30-400 kHz range), to derive a
characteristic electrical ‘signature’ of the structure (in frequency domain), containing vital
information concerning the phenomenological nature of the structure. Electro-mechanical
admittance, which is the measured electrical parameter, can be decomposed and analyzed to
extract the mechanical impedance parameters of the host structure (Bhalla & Soh, 2004b,
2004c). In this manner, the PZT patch, acting as ‘piezo-impedance transducer’, enables
structural identification, health monitoring and NDE (Bhalla, 2004).

The PZT patches are made up of ‘piezoelectric’ materials, which generate surface charges in
response to mechanical stresses and conversely undergo mechanical deformations in
response to electric fields. In the EMI technique, the bonded PZT patch is electrically excited
by applying an alternating voltage using an impedance analyzer. This produces
deformations in the patch as well as in the local area of the host structure surrounding it.
The response of this area is transferred back to the PZT wafer in the form of admittance (the
electrical response), comprising of the conductance (the real part) and the susceptance (the
imaginary part). Hence, the same PZT patch acts as an actuator as well as a sensor
concurrently. Any damage to the structure manifests itself as a deviation in the admittance
signature, which serves as an indication of the damage (assuming that the integrity of the
PZT patch is granted).

The EMI technique has been shown to possess far greater sensitivity to structural damages
than the conventional global vibration techniques. It is typically of the order of the local
ultrasonic techniques. The EMI technique employs low-cost PZT patches, which can be
permanently bonded to the structures and unlike the ultrasonic techniques, can be
interrogated without removal of the finishes or rendering the monitored structure out of
service. In addition, no complex data processing or expensive hardware is warranted since
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the data is directly acquired in frequency domain. The limited sensing area of the piezo-
impedance transducers helps in isolating the effects of far field changes, such as mass
loading and normal operational vibrations, thereby enabling damage localization (Park et
al., 2000).

The PZT patches are normally bonded to the surface of the monitored component using
adhesives, which introduce the so-called ‘shear lag effect’. This chapter is primarily focused
on development of analytical models for considering the shear lag effect inherent in the
adhesively bonded PZT patches for direct use in SHM/ NDE via the EMI technique. The
chapter covers a review of the modelling strategies since the 1980s and presents a detailed
description of two shear lag models specifically developed for the EMI technique, the first
one by Bhalla & Soh in 2004 and the second one, a simplified version, by Bhalla, Kumar,
Gupta and Datta in 2009.

2. Impedance Modelling of PZT-structure Interaction

The PZT patches, which play the key role in the EMI technique, typically develop surface
charges under mechanical stresses; and conversely undergo mechanical deformations when
subjected to electric fields, expressed mathematically by (IEEE standard, 1987)

T
D, =¢lE;+d,,T, 1)
E
Sk =d]kEj +Skam (2)

where D; is the electric displacement, Sy the mechanical strain, E; the electric field and T;, the

mechanical stress. g,-jT denotes the complex electric permittivity of the PZT material at

constant stress, d;, and d , the piezoelectric strain coefficients (or constants) and st the

complex elastic compliance at constant electric field. The superscripts “T" and ‘E" indicate
that the quantity has been measured at constant stress and constant electric field
respectively.

During the last one and half decades, several attempts have been made to model the PZT-
structure electromechanical interaction. The beginning was made by Crawley and de Luis
(1987) in the form of ‘static approach’, later substituted by the ‘impedance approach’ of
Liang, et al. (1994). Liang and coworkers modelled the host structure as mechanical
impedance Z; connected to the PZT patch at the end, as shown in Fig. 1(a), with the patch
undergoing axial vibrations under an alternating electric field E;. Mathematically, Z is
related to the force F and the velocity u by

Floopy = —Zgti(x—py @)

Solution of the governing 1D wave Eq. resulted in following expression for the complex
electromechanical admittance for the system of Fig. 1(a)
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Fig. 1. (a) Liang’s 1D impedance model (Liang et al. 1994).

(b) A PZT patch surface-bonded to a structure.
(c) Impedance model for the system shown in (b).
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where w, [ and & represent the PZT patch’s dimensions (see Fig. 1a), d;; the piezoelectric

strain coefficient for the 1-3 axes and  the angular frequency. Y =YZ(1+7))is the
complex Young's modulus of the PZT patch (at constant electric field) and

ef = £5(1- &) the complex electric permittivity (at constant stress), with the symbols 7 and

6 denoting the mechanical loss factor and the dielectric loss factor respectively. Z, represents
the mechanical impedance of the PZT patch (in short circuited condition), given by
_xwh Y 4
" tanud (jo)

©)

where &, the wave number, is related to the density p and the Young’s modulus Y of the
patch by

K=o Y% ©6)

In real-life applications, where the PZT patch is surface-bonded on a structure, as shown in
Fig. 1(b), the nodal plane passes through the centre line of the patch. The structure can be
represented as a set of two impedances Z; connected on the either side of the patch, as
illustrated in Fig. 1(c). For this scenario,  would be the half-length of the patch and Eq. (4)
needs to be modified as

b . w7 2 TF Z, 2 LE( tankl
Y=G+Bj=2a—| (&35 —d3, Y ") +| —2+—|d3, Y
=20 l:( 33—d3Y") [ZS+Za 31 p”

)
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Zhou et al. (1996) extended the formulations of Liang to model the a PZT element coupled
to a 2D host structure. The related physical model is schematically illustrated in Fig. 2. Zhou
and coworkers replaced the single term Z; by a matrix consisting of the direct impedances
Zy and Z,y, and the cross impedances Z,, and Z,,, related to the planar forces F; and F,
(along axes 1 and 2 respectively) and the corresponding planar velocities #; and u, by

Fl Zxx ny i’l

F yxo Ly U2
Considering dynamic equilibrium along the two principal axes in conjunction with
piezoelectric constitutive relations (Egs. 1 and 2), they derived

z z z o 9
~ 4 Zy, Z
2 TE 2 TE KCDS(K]){]*VK o +i} K cos( kw) Lifv 2 ( )
7o o wil j 2d3 vE . d3 vE Jsin Kl sin kw U Zgy  Zogy W Zayy Zayy {1}
= jo—| &k - s A
n a-v)y  (d-wv | 1 w w Zy 7. 1 Z, Z, 1
Kk cos( k1) —————v —"— Kk cos(kw)ql -y ———+ ——
1 Z g Z gex w Zay\' Zavy

where k, the 2D wave number, is given by

2
K=o /% (10)

Zaxx and Zgy, are the two components of the mechanical impedance of the PZT patch along
the two principal directions, given by Eq. 5. Although the analytical derivations of Zhou
and co-workers are accurate in themselves, the experimental difficulties prohibit their direct
application for the inverse problem, i.e. the extraction of host structure’s mechanical
impedance. Using the EMI technique, one can experimentally obtain two parameters- G and
B for a surface-bonded PZT patch. If complete information about the structure is desired, Eq.
(9) needs to be solved for 4 complex unknowns- Zy, Zy, Zyx, Zy, (or 8 real unknowns).
Hence, the model could not be employed for the experimental determination of the drive
point mechanical impedance from measurements alone.

To alleviate these shortcomings, the concept of ‘effective impedance” was introduced by
Bhalla & Soh (2004b). The related physical model is shown in Fig. 3 for a square-shaped PZT
patch of half-length I. Bhalla & Soh (2004b) represented the PZT-structure interaction in the
form of boundary traction f per unit length, varying harmonically with time. The ‘effecive
mechanical impedance’, Z, . of the patch was defined as

Fig. 2. 2D impedance model of Zhou et al. (1996).
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where Fy is the overall planar force (or the effective force) causing area deformation of the
PZT patch and 7 the unit vector normal to the boundary. uy = JA/p, is the ‘effective
displacement’, with 6A denoting the change in the patch’s area and p, its original
undeformed perimeter. Differentiation of the effective displacement with respect to time
yields the effective velocity, i, . The effective drive point impedance of the host structure

can be similarly defined, by applying a force on the surface of the host structure, along the

boundary of the proposed location of the PZT patch. The term 7T is the complex tangent
ratio, theoretically equal to [tan(xd) /xl]. However, in actual situations, it needs correction to
realistically consider the deviation of the PZT patch from the ideal behavior, to
accommodate which Bhalla and Soh (2004b) introduced correction factors as

12)
20 o G

= 1 tanCixd = tanCoud

The correction factors C; and C, can be determined from the experimentally obtained
conductance and susceptance signatures of the PZT patch in ‘free-free” conditions before
bonding it on the host structure. It has been demonstrated that this “updating’ enables much
more accurate reults. Solution of the governing 2D wave Eq. for this system yielded

following expression for the complex electro-mechanical admittance Y

_ 2= 24%YE 243 YF Z _
Y=G+Bji=do j—| el - —2—+ 2 T (13)
h (1 - V) (1 - V) Zs,ejf + Za,eﬁ’

Boundary ‘S’
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Fig. 3. Effective impedance model of Bhalla & Soh (2004a).
(a) PZT bonded to host structure. (b) Interaction forces at boundary.
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Here, a single complex term for Z,.s (rather than four terms as in Zhou’s model) accounts
for the 2D mechanical interaction of the patch with the host structure. This makes the
resulting equation. simple enough to solve the inverse problem, i.e. to extract Z;.s (Bhalla &
Soh, 2004c), to be directly utilized for SHM/ NDE. No modelling is required for the host
structure and the necessary data is directly obtainable from experimental measurements.
Further, the corrected actuator effective impedance, Z,., can be expressed as

2hYE

jo(1-v)T a4

Zae =

All the above models ignore the fact that the mechanical interaction between the PZT patch
and the host structure occurs through a finitely thick layer of adhesive sandwiched between
the PZT patch and the host structure, which introduces the so-called ‘shear lag effect’
through its elastic deformation. Presented in the following sections is a detailed review of
the shear lag mechanism inherent in adhesively bonded PZT patches and its rigorous
integration in 1D and 2D impedance models, as proposed by Bhalla & Soh (2004d). Further,
a new simplified model model proposed by Bhalla et al. (2009), which is especially suitable
for solving the inverse problem (of extracting Z), considering the presence of bond layer, is
also described.

3. Shear Lag Effect

Crawley and de Luis (1987) and Sirohi and Chopra (2000) respectively modelled the
actuation and sensing of a generic beam element by an adhesively bonded PZT patch. The
typical configuration of the system is shown in Fig. 4. The patch has a half-length I, width w,
and thickness /1, while the bonding layer has a thickness . The beam has depth h;, and
width wy. Let T, be the axial stress in the PZT patch and 7 the interfacial shear stress. The
system is under quasi-static equilibrium and the beam is actuated in pure bending mode,
with the bending strain linearly distributed across the cross section. Further, the PZT patch
is in a state of pure 1D axial strain and the bond layer in pure shear, with the shear stress
independent of ‘y’. The ends of the segmented PZT actuator/ sensor are stress free,
implying a uniform strain distribution across the thickness of the patch. A more detailed
deformation profile is shown in Fig. 5 for the symmetrical right half of the system. Let u, be
the displacement at the interface between the PZT patch and the bond layer, and u the
corresponding displacement at the interface between the bond layer and the beam. The
following subsections briefly review the shear transfer mechanism for sensor and actuator
respectively.

3.1 PZT patch as sensor

Let the PZT patch be instrumented only to sense the strain on the beam surface, and hence,
no external electric field be applied across it. Considering static equilibrium of the
differential element of the PZT patch in the x-direction, as shown in Fig. 4, we can derive

or,
T= Ehp (15)
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At any cross section of the beam, within the portion containing the PZT patch, the bending

moment is given by
M =T,w,h,(0.5h, + hg +0.5h,,) (16)

Using Euler-Bernoulli’s beam theory and assuming (,+2hs)<<hy, we can reduce Eq. (16) to
3T, wph
+ [—PW" r ] -0 (17)
L

where T, denotes the bending stress on the beam surface. Differentiating with respect to x,
and substituting Eq. (15), we get

oT, 3
b |2%p | _g (18)
ox  \ wyhy,
e ‘ ’ dx A N
Differential T,+ "y dx'\
Element ! 4 ox \
PZT patch ) t— > :
~ N \h II
Bond laver : \\\ ~_~ < 'T'v ,’l

Fig. 4. A PZT patch bonded to a beam using adhesive bond layer.

Further, substituting 7, =Y,S,, T, = YESP and 7=Ggy=G(u,—u)/u into Eq.s (15) and

(18), and differentiating with respect to x, we respectively obtain

After
deformation

Beam

Fig. 5. Deformation in bonding layer and PZT patch.
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where Y} is the Young’'s modulus of elasticity of the beam, S, and Sp the beam and PZT
strains, G, the shear modulus of the bond layer, y the shear strain in the bond layer and
é= (S »/Sp - 1). Subtracting Eq. (20) from Eq. (19), we get

o’ o

—2-T°¢=0 21

e (1)
Where r?= Gs + 3Gowp (22)

YPhShP Ybthth

This phenomenon of the difference in the PZT strain and the host structure’s strain is called
the shear lag effect. The parameter /" (unit m) is called the shear lag parameter. The ratio &,
which is a measure of the differential PZT strain relative to surface strain of the host
substrate, is called the strain lag ratio. The general solution for Eq. (21) is

& =AcoshI'x + BsinhI'x (23)

Since no external electric field is applied across the PZT patch, the free PZT strain, ds;E3= 0.
Thus, at x = -1, Sp=0 = £ = -1. Similarly, at x = +I, £ = -1. Applying these boundary
conditions, we can obtain

__cosh(Ix) (24)
~ cosh(T/)
Since &=(s,/8,-1),
Sp. _l1- cosh(I'x) 25)
Sy, cosh(T'/)

Fig. 6 shows a plot of the strain ratio (Sp/Sy) across the length of a PZT patch (I = 5mm) for
typical values of /"= 10, 20, 30, 40, 50 and 60 (cm). It is observed that the strain ratio (Sp/Sp)
is less than unity near the ends of the PZT patch. The length of this zone depends on 7,
which in turn depends on the stiffness and thickness of the bond layer (Eq. 22). As G;
increases and ks reduces, I increases, the shear lag phenomenon diminishes and the shear is
effectively transferred over very small zones near the ends of the PZT patch.
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Fig. 6. Strain distribution across the length of Fig. 7. Variation of effective length with
PZT patch for various values of 7. shear lag factor.

This analysis shows that if the PZT patch is employed as a sensor, it would develop less
voltage across its terminals (than for perfectly bonded conditions) and hence underestimate
the strain in the substructure. In order to quantify the effect of shear lag, we can compute
the effective length, L of the sensor, as defined by (Sirohi and Chopra, 2000)

=)

Ly 17 tanh(T'7)

A2 (s, /8,)de=1- 2200 26

! ljo( p/Sp)dx I (26)
-

which is nothing but the area under the curve (Fig. 6) between x// = 0 and x// = 1. Fig. 7
shows a plot of the effective length (Eq. 26) for various values of the shear lag parameter /-
From this figure, it can be observed that typically, for /7> 30cm?, (L / I) is very large,
typically greater than 93%, suggesting that shear lag effect can be ignored for relatively high
(> 30 cm?) values of -

3.2 PZT patch as actuator
If the same PZT patch is employed as an actuator for a beam structure, it can be shown
(Crawley and de Luis, 1987) that the strains Sp and S are given by

g - 3A N AwcoshT'x 5. = 3A  3Acoshlx
P~ (3+y) (3+y)coshll T Gry) (3+y)coshll

(27)

where A = d3;E; is the free piezoelectric strain, and y = (Yyhy/YEh,) the product of modulus
and thickness ratios of the beam and the PZT patch. Fig. 8 shows the plots of (S,/4) and (Sp
/A) along the length of the PZT patch (I = 5mm) for y = 15. It is observed that as in the case
of sensor, as I increases, the shear is effectively transferred over small zone near the two
ends of the patch. Typically, for 77> 30cm?, the strain energy induced in the substructure by
PZT actuator is within 5% of the perfectly bonded case.
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Fig. 8. Distribution of piezoelectric and beam strains for various values of /-
(a) Strain in PZT patch. (b) Beam surface strain.

4. Shear Lag Effect in Electro-Mechanical Impedance Formulations

It is observed in the preceding section that when acting as an actuator and/ or a sensor,
there is shear lag phenomenon associated with force transmission between the PZT patch
and the host structure through the adhesive bond layer. However, this aspect has not been
thoroughly investigated for the EMI technique, in which the same patch concurrently serves
both as a sensor as well as an actuator. Abe et al. (2002) encountered large errors in their
stress prediction methodology using EMI technique, which were attributed to imprecise
modeling of the interfacial bonding layer. This highlights the importance of modelling the
shear lag mechanism accurately.

Xu and Liu (2002) proposed a modified 1D impedance model in which the bonding layer
was modelled as a single degree of freedom (SDOF) system connected in between the PZT
patch and the host structure, as shown in Fig. 9. The bonding layer was assumed to possess
a dynamic stiffness x, (or mechanical impedance, Z, = K, /j®) and the structure a dynamic

stiffness K (or mechanical impedance, Zs = K /jw). Hence, the resultant mechanical
impedance for this series system can be determined as (Hixon, 1988)

res

Zsz _( K_b

- - Z. =7 28
Zb""Zs Kb"rKst S ( )

1

where = A 29
¢ 1+(Kg /K, ) @)

The coupled electromechanical admittance, as measured across the terminals of the PZT
patch and expressed earlier by Eq. (4), can therefore be modified as
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= wl T 2 LE Z, 2 CE( tanxd
Y =2wj— —dy Y)Y+ —2— |d5 Y 30
- {(533 1Y) [Za vz, [ ” (30)

¢'=1 implies infinitely stiff bond layer where as {'= 0 implies a free PZT patch. Xu and Liu
(2002) demonstrated numerically that for a SDOF system, as & decreases (i.e. as the bond
quality degrades), the PZT system shows an increase in the associated structural resonant
frequencies. It was stated that X, depends on the bonding process and the thickness of the

bond layer. However, no closed form solution was presented to quantitatively determine
k, and hence ¢ (From Eq. 29). Also, no experimental verification was attempted.

Ong et al. (2002) integrated the shear lag effect into impedance modelling using the analysis
presented by Sirohi and Chopra (2000). The PZT patch was assumed to possess an effective
length I (Eq. 26) instead of the actual length. However, since the effective length was
determined by considering sensor effect only, the method considered the associated shear
lag only partially. Also, the resulting formulations are valid for beam type structures only
and are not generic in nature. In addition, since frequencies of the order of 30-400 kHz are
involved in the EMI technique, quasi-static approximation (for calculating ) is strictly not
valid. The next section presents the model of Bhalla & Soh (2004d) to alleviate all the above
shortcomings.

5. Rigorous Shear Lag Model (Bhalla & Soh, 2004d)

5.1 1D shear lag model

This section presents a detailed step-by-step analysis for including the shear lag effect, first
into 1D model (Liang et al., 1994) and then its extension into 2D effective impedance based
model (Bhalla & Soh, 2004b).

PZT patch
Structure

x v ;
-I@—|5|—Z Z

Bonding layer
Fig. 9. Modified impedance model of Xu and Liu (2002) including bond layer.

Dynamic stiffness =Ko

Consider the PZT patch, shown in Figs. 4 and 5, to be driven by an alternating voltage
source and let it be attached to any host structure (not necessarily beam). Also, we assume
the PZT patch to be infinitesimally small as compared to the host structure. This means that
the host structure has constant mechanical impedance all along the points of attachment of
the patch. By D’ Alembert’s principle, the dynamic equilibrium of an infinitesimal element of
the patch leads to
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2

0“u, o7,
w,dx + (dm) P :Ehpwpdx (31)

where dm is the infinitesimal mass of the element considered. Due to the dominance of the
shear stress term, the inertial term can be neglected, which reduces Eq. (31) to Eq. (15). It
should be noted that the inertial force term has been separately considered in impedance
formulations (Liang et al., 1994), where, as a matter of fact, the shear lag effect has been
ignored. Hence, the two effects are independently considered and will be finally combined.
Assuming pure shear in the bond layer,

r=—r (32)

where G, = G (1+7' j) is the complex shear modulus of the bond layer and 7' is the

associated mechanical loss factor. From PZT constitutive relation, Eq. (2), the axial stress in
the PZT patch is given by

T, =YE(S, - A =YEQ, - ) (33)

'

P
Eq.s (32) and (33) into Eq. (15) and simplifying, we get

where S, =u), is the PZT strain and 1 = Esds; is the free piezoelectric strain. Substituting

JE
LY hyh
r G

N

", (34)

At any vertical section through the host structure (which includes the PZT patch), the force
transmitted to the host structure is related to the drive point impedance Z; of the host
structure by

F=T,wyh,=-Zujo (35)

where u is the drive point displacement at the point in question on the surface of the host
structure. Since the PZT patch is infinitesimally small, Z; is practically the same along the
entire length of the PZT patch. Substituting Eq. (33), differentiating with respect to x (noting
that Z, is constant), and rearranging, we get

uh, =—| ZL@_E u' (36)
wph,Y

From Eq.s (34) and (36), we derive

U, —u= —[—Zthjw]u' (37)

Gywp
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Eq.s (34) and (37) are the fundamental Eq.s governing the shear transfer mechanism via the
adhesive bonding layer. Eliminating u, from these equations and differentiating with
respect to x, we can derive

u"+ pu" —qu” =0 (38)
- w,G,
where p=——"""—"" (39)
Zshsjo
G, __G+n)) _ G,

and g== = ~
YEngh, YEhh,(+m)  YEheh,

(40)

p and q are shear lag parameters, similar to the factor /” in Eq. (22). The parameter g is

equivalent to the first component of /~ and p to the second component. As seen from Eq.

(40), g is directly proportional to the bond layer’s shear modulus and inversely proportional
to the PZT patch’s Young's modulus, the PZT patch’s thickness and the bond layer

thickness. Examination of Eq. (39) similarly shows that p s directly proportional to the

bond layer’s shear modulus and the PZT patch’s width. It is inversely proportional to
structural mechanical impedance and the bond layer thickness. Being dynamic parameter,

the frequency w also comes into picture, influencing P inversely. Further, it should be noted

that pisa complex term whereas the term g is approximated as a pure real term assuming 7
and 7' to be very small in magnitude. Solving Eq. (41), we get the roots of the characteristic

- = - =
-p+ +4 -p- +4
H=0, A=0, =—LTNP T -, _TPTNP T (1)

2 2

Eq. as

Hence, the solution of the governing differential equation (Eq. 38) can be written as

U= A+ dyx+Be™* + Ce™* (42)
Differentiating with respect to x, we get

' = Ay + Biye™ + Caye’™ (43)
From Eqs (37), (42) and (43), we obtain

U, = (A +ndy)+ Agx+ B(1+nk3)e’™ + C(1+niy)e (44)
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= | Zhgj
where n=| -2 (45)
w, G

Differentiating Eq. (44) with respect to x, we obtain the strain in the PZT patch as
S, = Ay + BAs(1+ nA3)e™ + CAy(1+ nig)e™ (46)
At x =0 (see Figs 4 and 5), u = 0, hence Eq. (42) leads to
A1=-B+C) (47)
Similarly, applying the boundary condition that at x = 0 and u, = 0 to Eq. (44) leads to

Ar=-(BAz+ CAy) (48)

Hence, Eq. (46) can be modified as
S, = BlAy(1+n3)e™™ = 131+ ClA4 (1+ ndg)e™ — 44 (49)

The third and the fourth boundary conditions are imposed by the stress free ends of the PZT
patch. That is, at x = - and at x = +, the axial strain in the PZT patch is equal to the free
piezoelectric strain or A = Ezds; (Crawley and de Luis, 1987). This leads to constants B and C

as
B B A k4 —k2
{C} (ks - k2k3)|:k1 —k3 } )

where k= A3(1+nd3)e ™ =2y, ky=2g(l+ndg)e ™ =2y , ky=A3(1+nk3)e™ —2;  and
ky=Ay(0+nig)e™ — 2.

In general, the force transmitted to the host structure can be expressed as
F= —Z‘Yja)u(x:l) (51)

where 1) is the displacement at the surface of the host structure at the end point of the
PZT patch. Conventional impedance models (for example, Liang and coworkers) assume
perfect bonding between the PZT patch and the host structure, ie. the displacement
compatibility uu=) = upx=), thereby approximating Eq. (51) as F =-Z jau - . However,

due to the shear lag phenomenon associated with finitely thick bond layer, un=) # tpn=).
Based on the analysis presented in this section, we can obtain following relationship
between u - and u,= from Eq. (37)
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U,
(=D _ 1 _ 1 (52)

Yp) [ Zihgjo U(x=1) (Hi” j
Wst u(x:l) pu,

S~

u

The term u, /u, can be determined by using Eq.s (42) and (43). Making use of this

relationship, Eq. (51) can be rewritten as

-7, . .
Fg =< jou p(x—1) = Z 0q ] OU p(x=1) (53)
u()
1+——2%
( p “0]

'
o

where Z, ,, =Z; /[1 +L_u_] is the ‘equivalent impedance” apparent at the ends of the PZT
pu,

patch, taking into consideration the shear lag phenomenon associated with the bond layer.
In the absence of shear lag effect (i.e. perfect bonding), Zs.; = Zs. On comparing with the

result of Xu and Liu (2002) i.e. Eq. (29), we find that

(= (54

1+iu—”

pu,

Hence, the derivation presented in this section enables quantitative prediction of the
modifying term of the structural impedance, which was left undone by Xu and Liu (2002).

5.2 Extension to 2D shear lag model

The formulations derived above can be easily extended to the 2D effective impedance based
electro-mechanical model introduced by Bhalla & Soh (2004b). For this derivation, it is
assumed that the PZT is square in shape with a half-length equal to . The strain distribution
and the associated shear lag are determined along each principal direction and the two
effects are assumed to be independent, which means that the effects at the corners are
neglected.

The patch is assumed to be mechanically isotropic and piezoelectrically orthotropic in the x-
y plane. The constitutive relations (Equations 1 and 2) can be thus reduced to (see Figure 3)

Dy =s3;E3 +d3 (T +T,) (55)

Sl =ﬂ+d31E3 (56)
YE

S2 = Tz;;/TI +d31E3 (57)

Y
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Consider an infinitesimal element of the PZT patch, in dynamic equilibrium with the host
structure, as shown in Fig. 10. Since this figure shows a planar view, the shear stresses .
and 7, are not visible. Considering force equilibrium along x-direction, we can write (De
Faria, 2003)

0
Oh O e (58)
x o h

Ignoring the terms involving rate of change of shear strains (consistent with the observation

by Zhou et al., 1996), we get
éy

T <—l d T+ [@jdx

Txy

Fig. 10. Stresses acting on an infinitesimal PZT element.

—lex (59)

Further, using Eqs (56) and (57), we can derive (noting A = Esds1)

vE

T (1-0%)

T [($1+0S,3)- A +v)] (60)

ve o ,
or 7 :m[(um +Uupy)—A(1+v)] (61)

Differentiating with respect to x and ignoring the second order terms involving both x and y
(Zhou et al., 1996), we get

or,  YE .

u
ox (1—U2) px

(62)

Substituting Eq. (62) into Eq. (59), expanding the term 7, and rearranging, we get
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YEheh, @)
Uy Uy =—7"U
N (e
Similarly, for the other direction, we get
YEnh,
Uy —ty =P (64)

:_—M
G,(1-vH) "

Adding Egs (63) and (64) and dividing by 2, we obtain, based on the definition of ‘effective

. , . oA [ +uyl+
displacement’ that is u,y =—= L Ll L I

“ 42-u2 (see Fig. 3), we obtain

VE
Y hphs ) 1

Uy o —Upfp =| =——— | ~—u, (65)
pelf — elf G.(1-0?) pelf Gefr pelf

where ¢, has been approximated as pure real number, as in the 1D case. Here, # Dl by

definition, is the effective displacement at the interface between the PZT patch and the bond
layer, ugy is the corresponding effective displacement at the interface between the structure

and the bond layer. Further, from the definition of effective impedance, we can write, for the
host structure
F= Tllhp + Tzlhp = —Zs’eﬁ-ueffja) (66)

Making use of Egs. (56) and (57), and noting A = Ezds1, we get

YEIh, (S ) +S 5 —2A)
(1-v)

= _Zs,ejfuejfja) (67)

Substituting for S, =u},, S,,=u),,, making use of the definition of effective

displacement, and differentiating, we can derive

v | Lsgp(-v)jo |
Upeff =7 = Up.eff (68)
2vEin,,

Eliminating up o from E.s (65) and (68), we get

peelf " Heff 26, 1+0) | 7 Pefy

Ju o (69)
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Eqgs (65) and (69) are the governing equations for 2D case. The parameters ;eﬁr and g

which are the equivalent of the 1D shear lag parameter p and g respectively, and can be
expressed as
G,(1-0%)

- 2G,(1+ )l
=] 5 70)

. (
e ( YEh,h

- and Gopr =
Zs,ejfhsfw ] 7

The rest of the procedure is identical to the one outlined in the previous section for 1D case.
Hence, the equivalent effective impedance can be expressed as

Zveff

Z' = DmL
v [ 1L gy (x_l)}
14| — =0

Pefp Ueff (x=1)

(71)

5.3 Experimental verification

In order to verify the derivations outlined above, two PZT patches, 10x10x0.3mm and
10x10x0.15mm, conforming to grade PIC 151 (PI Ceramic, 2003), were bonded to two
aluminium blocks, each 48x48x10mm in size, conforming to grade Al 6061-T6. The
experimental set-up shown in Fig. 11 was employed. The PZT patches were bonded to the
blocks using RS 850-940 two-part epoxy adhesive (RS Components, 2003). Before applying
the epoxy, two optical fiber pieces, 0.125mm in diameter, were laid down on the surface of
the specimens parallel to each other. The layer of epoxy was then applied on the surface and
the PZT patch was placed on it. Light pressure was maintained over the assembly using a
small weight. The setup was left undisturbed in this condition at room temperature for 24
hours to enable full curing of adhesive. The optical fiber pieces were left permanently in the
adhesive layer. This procedure ensured a uniform thickness of 0.125mm of the bond layer in
both the specimens tested. The two specimens have (hyh,) ratio equal to 0.417 and 0.833
respectively. During the test, the voltage level of the impedance analyzer was maintained
equal to 1 volt root mean square. Each admittance reading was worked out as the average of
three experimental recordings. In this way, the experimental signatures, consisting of the
real part- the conductance (G) and the imaginary part- the susceptance (B) were obtained.
Signatures of the five representative PZT patches were acquired in ‘free-free’ conditions to
determine the key parameters of the patches. Table 1 lists the key averaged PZT parameters
for the batch.

The numerical approach based on FEM, as outlined by Bhalla & Soh (2004b), was employed
to determine the effective mechanical impedance of the host structure. The physical
properties of Al 6061-T6 were considered as: Young's modulus = 68.95GPa, density = 2715
kg/m3 and Poisson’s ratio = 0.33. Rayleigh damping was considered witha =0 and =3 x
10°. Wavelength analysis and convergence test on this model has already been reported by
Bhalla & Soh (2004b). Fig. 12 shos the finite element model of a quarter of the structure
considered for this purpose. The PZT patch or the bond layer need not be meshed since their
stiffness, mass and damping are separately considered in the formulations. A uniformly
distributed planar harmonic force was applied along the boundary of the PZT patch and the
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displacement response was obtained by full dynamic harmonic analysis to determine the
effective drive point impedance of the structure as

Feﬁ”
Jou gy

z seff = (72)

The shear modulus of elasticity of the epoxy adhesive was assumed as 1.0 GPa, in
accordance with Adams and Wake (1984). The mechanical loss factor of commercial
adhesives shows a wide variation and is strongly dependent on temperature. It might vary
from 5% to 30% at room temperature, depending upon the type of adhesive (Adams and
Wake, 1984). For this study, a value of 10% was considered.

HP 4192A
PZT patch 10x10x0.3 N2260 multiplexer and impedance analyzer
) 3499A /B switching box
o | s ) —
| el
7 —
v / /
10mm Host structure 48mm
4 le— 48mm —K
I_il
Personal
Computer

Fig. 11. Experimental set-up to verify new electro-mechanical formulations including bond
layer.
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Fig. 12. 3D finite element model of one-quarter of structure.
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Physical Parameter Value
Electric Permittivity, 83T3 (farad/m) L7785 x10%
Peak correction factor, Cr 0.898
2d;Y"
K == (N/V?) 5.35x109
(1-v)
Mechanical loss factor, 7 0.0325
S 0.0224

Dielectric loss factor,

Table 1. Averaged parameters of test sample of PZT patches.

Fig. 13 shows the plot of normalized conductance (Gl/L?) worked out for the two specimens
using the integrated 2D model presented in this paper. The plot for perfectly bonded
condition is also shown. It is observed that on increasing thickness of the adhesive layer, the
sharpness of peaks in the conductance plot tends to diminish. This fact is confirmed by the

experimental plots shown in Fig. 14 for the two specimens.

Fig. 15 shows the plot of

normalized susceptance (Bh/L?), worked out using the new model for three cases- no bond
layer, (hyhy) = 0417 and (hy/h,) = 0.833. Again, it is observed that an increase in thickness
tends to flatten the peaks. In addition, the average slope of the curve also reduces
marginally. This is confirmed by Fig. 16, which shows the curves determined experimentally
for the two specimens. Thus, the shear lag model has made reasonably accurate predictions.

0.03 0.03 0.03
% 0.025 Perfect bonding 0.025 1 hy/hy, = 0417 0.025 1 hs/hp = 0.834
= 002 0.02 | 0.02 |
S 0.015 | 0.015 0.015 |
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Fig. 13. Theoretical normalized conductance.
(a) Perfect bonding. (b) hy/h, = 0.417. (c) hy/h, = 0.834.
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Fig. 14. Experimental normalized conductance for hy/h, = 0.417 and hy/h, = 0.834.
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Fig. 15. Theoretical normalized susceptance.
(a) Perfect bonding. (b) hy/h, = 0.417. (c) hy/h, = 0.834.
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Fig. 16. Experimental normalized susceptance for hyh, = 0.417 and hy/h, = 0.834.

This model is not only more rigorous but at the same time generic in nature. A parametric
study revealed that to achieve best results, the adhesive layer should possess high shear
modulus and minimum practicable thickness. A related experimental study has been
reported by Qing et al. (2006). However, shortcoming of this model is visible for solving the
inverse problem for NDE. In the damage quantification approach postulated by Bhalla &
Soh (2004c), one needs to extract the mechanical impedance of the host structure (Z; = x +
yj) from the measured admittance signature. In the presence of the adhesive layer, this
would be Z.,;, from which it is computationally very difficult to obtain the true structural
impedance Z,, as clearly evident from Egs. (69) to (71).

This difficulty of solving the inverse problem taking due consideration of the adhesive bond
layer is very well alleviated by the simplified impedance model of Bhalla et al. (2009). In the next
sections, the model is first derived first derived for 1D case and then extended to 2D situations.
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6. Simplified Shear Lag Model (Bhalla et al., 2009)

6.1 1D shear lag model

Fig. 17 shows the physical aspects of the proposed simplified 1D impedance model. The PZT
patch has length 2] with zero displacement at the mid point, which is the nodal point. Hence,
only right half of the system is modelled here. The bond layer is assumed to be connected in
between the PZT patch and the host structure such that it can transfer the force between the
two through pure shear mechanism. Unlike the previous model of Bhalla & Soh (2004d),
where shear strain varied along the patch, an average shear strain uniform along the length
has been considered as a simplification. Let u, be the displacement at the tip of the PZT patch
at any point of time. Due to the shearing of the bond layer, same displacement would not be
transferred to the host structure. Let u be the displacement of the host structure at a point just
underneath the tip of the PZT patch. Let /1, and hs respectively denote the thickness of the
patch and the bond layer. Shear strain in the bond layer is given by

u - u
= 73
s (73)
which can be rearranged as,
T
u=u,—|=»1h 74
» ( G, J s (74)
If F be the force transmitted to the host structure over the area 4 of one-half of the patch,
Eq. (74) can be rewritten as
r
u=u,—|—=»1h 75
» [ e J s (75)

Further, in terms of the structural impedance Z;, the force transmitted to the host structure
can be expressed as

hp

Nodal line ¢ r
1
.L _a -Y- ;>—|< / STRUCTUREE

! ¢ [ ) ! :‘3\ Zs
' NEN »He

BOND LAYER

Fig. 17. Simplified 1D impedance model proposed by Bhalla et al., 2009 (showing right
symmetrical half of PZT patch- structure system).
F= 7ZSu = *Zsuja) (76)

Substituting u from Eq. (75) and simplifying, we get

F=-Zg ja{u » —%} (77)
N

By rearranging the terms and with A = wl, Eq. (77) can be simplified as
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e B -
1— ZSa)th
wlGy

This can be expressed in a format similar to Eq. (76) as
F=-Zg  jou, (79)
where Zg o = I (80)

1— Zsa)hsj

wlGy

is the ‘equivalent impedance’, apparent at the ends of the PZT patch, taking into
consideration the shear lag phenomenon associated with the bond layer. Replacing Z, by
Zsein Eq. (7), the modified expression for admittance across the PZT patch can be obtained
as in the case of the model of Bhalla & Soh (2004d).

6.2 Extension to 2D

This section extends the 1D shear lag based impedance formulations derived above to 2D
effective impedance-based electromechanical model. The PZT patch is assumed to be square
in shape with a half-length equal to I. Again, the strain distribution and the associated shear
lag are determined along each principal direction independently, invariably introducing
discontinuity at the corners, which is ignored. By applying Eq. (75) along each principal
direction for the configuration of Fig. 3b (for a quarter of the patch),

F
uj :upl—[lzG_S]hS (81)

F
and Uy =1y —| === |h 82
2 p2 [ZZGS] s ( )

where F; and F; are the forces along each direction as shown in Fig. 3(b). Adding Egs. (81)
and (82) and dividing by 2, we get

2 2 G.

uptuy Upttipy 1'~"12+F2 h, 83)
21°G

N
From the definition of effective displacement (Bhalla & Soh, 2004b)

A wl+uyl +uuy,  up+uy
Uy =—= ~ 84
4 p, 21 2 69
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Further, from Eq. (11),
Fer=F1 + F» (85)

Thus, using Egs. (84) and (85), Eq. (83) can be reduced to

Fejf
Uefp =Up.eff — [WJ}’S (86)
s

From the definition of effective impedance,
Fop ==~Zerttegy J (87)

Substituting Eq. (86) into (87) and solving, as for the 1D case, an expression for the
equivalent effective impedance can be derived as

7 .
eff
Zs,eff,eq = >4 A (88)
1— Zs,ej‘é'whs]
21°G,

With the above result, Eq. (13) can be modified, by replacing Zes by Z,.f.; as

?=G+Bj=4a) J—| 33—

12 _T 2d321YE 2d321YE Zaeff —
+ : T (89)
h d-v)  (-v)

Zs,ejf,eq + Za,ejf

In order to verify the proposed new model, the same aluminium block, 48x48x10mm in size,
was considered as the host structure. A PZT patch, 10x10x0.3mm in size, was assumed to be
surface-bonded on this structure. The effective drive point impedance of the host structure
was computed by carrying out 3D dynamic harmonic analysis, as described earlier. Final
values for G and B were determined in the frequency range 0-250kHz using Eq. (89). A
0.150mm thick epoxy layer was considered with shear modulus of G = 1 GPa and a

mechanical loss factor of /7 =10%. The parameters of the PZT patch considered are listed in
Table 1.
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Fig. 18. Comparison of conductance signature.
(a) Bhalla & Soh’s model. (b) Simplified model.
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Fig. 18 shows a comparison of the variation of conductance with frequency obtained using the
simplified model and also the rigorous model of Bhalla & Soh (2004d). Curves obtained by
both models are plotted alongside the curves for the case of perfect bonding for comparison.
The proposed simplified model predicts the conductance in consistency with the rigorous
model. Both the models predict that the peaks tend to diminish down due to the presence of
the bond layer. Similarly, Fig. 19 shows a comparison of the variation of susceptance for three
cases- no bond layer, Bhalla & Soh (2004d) model and the simplified model. It is observed that
like the previous model, the simplified model leads to the observation that peaks lose their
sharpness and the average slope of the susceptance curve tends to reduce owing to the shear
lag effect. However, the susceptance curve resulting from the simplified model lies
intermediate of the two cases i.e perfect bond and the model of Bhalla & Soh (2004d).

0.008
0.007

"
0.006 | W7

Perfect bond N
0.005 | oy

Present model a4 /
0.004 - 4

Susceptance (S)

0.003

0.002
Bhalla & Soh (2004d)

0.001

0 50 100 150 200 250

Frequency (kHz)

Fig. 19. Comparison of susceptance signature from new model with Bhalla & Soh (2004d) model.

The influence of important parameters on the conductance and susceptance signatures was
studied by Bhalla et al. (2009) and the observations matched with the previous model.

6.3 Practical relevance of simplified shear lag model

The results presented in the previous section show that in spite of its simplicity, the new model
produces results, comparable to the previous model of Bhalla & Soh (2004d) that was
analytically far more complicated . The main strength of the simplified shear lag model is the
simplicity of application for solving the inverse problem. As pointed out above, it is
computationally very difficult to obtain the true structural impedance Zses from Zgege,, using
the previous model for adhesively bonded PZT patches. On the other hand, using the new
simplified model, the true structural impedance can be directly determined, from Eq. (48) as,

—
2°GZ o g

Zs,eﬁ" = (90)

2~ .
21 GS + Zs’eﬁr’eqa)hsj
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Zsefreq can be obtained from the measured G and B directly using the equations derived by
Bhalla & Soh (2004c) for use in Eq. (90) above. No modelling is required for the host
structure or the bond layer The finite element modelling done in the previous section was
solely for model verification purpose only and not required in the actual applications where
G and B will be available through measurement. The true structural mechanical impedance
can be conveniently used for SHM of structural and aerospace components using the
method proposed by Bhalla & Soh (2004 c).

Fig. 20 compares the extracted structural impedance for an aluminium block 48x48x10mm, with
and without considering the bond layer. Z;., is derived from the experimentally obtained
admittance signatures (Bhalla & Soh, 2004b, c) followed by Z;. using Eq. (90). It is observed that
the ignoring the bond layer tends to overestimate the structural true impedance. This is because
the bond layer offers additional impedance on account of its own stiffness, damping and inertia.
Solving the inverse problem assuming perfect bond results into impedance “apparent ” at the
patch ends, i.e with bond layer included . On the other hand, using the proposed formulations
eliminates the effect of the bond layer and hence the impedance gets reduced. To determine the
true impedance using the previous model would have demanded solving 4t order differential
Eq., which is circumvented by the new simplified model.
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Fig. 20. Considering influence of bond layer to extract structural mechanical impedance.

7. Conclusions

This chapter has rigorously addressed the problem of incorporating the presence of
adhesive layer in the electro-mechanical impedance modeling. The treatment presented is
generic in nature and not restricted to beam structures alone as in the case of Crawley and
de Luis (1987) and Sirohi and Chopra (2000). Besides, dynamic equilibrium of the system
has been considered rather than relying on equivalent length static coefficients. The
formulations have been extended to 2D effective impedance based model and have been
experimentally verified. Hence, the treatment is more general, rigorous and accurate. The
bond layer can significantly influence structural identification if not carefully accounted for.
This chapter has also presented the development of a simplified impedance model
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incorporating the shear lag effect into electro-mechanical admittance formulations. The
results of the model have been compared with those of the Bhalla & Soh’s (2004d) shear lag
impedance model. Although far simplified, the model is found to predict the conductance
and the susceptance signatures in close proximity with those predicted by the model of
Bhalla & Soh (2004d). The advantages of the new model are quite apparent. This model
simplifies the complex shear lag phenomenon associated with the force transmission
between the PZT patch and the host structure bonded to each other by the adhesive bond
layer. It enables computing the true mechanical impedance of the structure from the
measured experimental data alone, thus circumventing the necessity of preparing a model
of the host structure or the bond layer.
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Spain

1. Introduction

The aim of this chapter is to review the state of the art of the possibilities and existing knowl-
edge on characterization of mechanical and coupling properties and damage detection in
piezoelectric ceramics. To address the theoretical problem with a proper rational basis, a re-
view of numerical and experimental techniques to solve the so-called inverse problem of char-
acterization of properties and damage is given. Finally, the relevant details of finite element
and boundary element formulations and implementation when addressing correct damage
simulation in piezoelectric ceramics (Pérez-Aparicio et al. (2007)) is presented.

In recent years, the theoretical framework of inverse problems has been developed to under-
stand and formalize the property and damage characterization problems. This theory has
been applied in a variety of continuum mechanics applications, by the groups of Liu & Chen
(1996), Oh et al. (2005), Pagano (1970), Rus et al. (2005) and Tarantola & Valette (1982). There is
a growing body of knowledge in identification inverse problems for elasticity, like the groups
of Tardieu & Constantinescu (2000) or Bonnet & Constantinescu (2005), but due to the intrin-
sic coupling of magnitudes, the formulation of the piezoelectric problems is more complex
than in elastic problems. Despite this difficulty, the electric field and its coupling with the
elastic field has the potential to be exploited in monitoring piezoelectrics and in the solution
of the inverse problem. Inverse problem techniques have been applied specifically for the
piezoelectric ceramics for:

Characterization of properties: The basic formulation has been established by Kaltenbacher
et al. (2006) defining a cost functional as the difference between electric impedances observed
in laboratory and those obtained after solving the direct problem by the finite element method.
A similar cost functional was used by Ruiz et al. (2004a;b), which was minimized using ge-
netic algorithms. On the other hand, Aratjo et al. (2006); Aratjo et al. (2002) proposed an in-
verse problem to obtain the constitutive properties of composite plate specimens with surface
bonded piezoelectric patches or layers, where the cost functional was the difference between
the experimental and FEM-predicted eigen—frequencies and its minimization was carried out
using two strategies: a gradient-based method, and neural networks. A genetic algorithm
was applied by Chou & Ghaboussi (2001) and Mares & Surace (1996) to solve the IP in elastic
structures. Based on crystallographic criteria by Russell & Ghomshei (1997) a cost functional
was formulated as the difference in the orientation distribution function, which provides a
statistical description of the orientation.
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Forward Inverse

Fig. 1. Inverse problem concept

Damage detection: The group of Palma et al. (2009); Rus et al. (2009) developed the identifi-
cation inverse problems to design self-diagnosing piezoceramics, by formulating and solving
the defects identification problem in piezoelectric plates. They obtained the optimal exper-
imental configuration based on the concept of the probability of detection. Their findings
show which excitation-measurement combination provides the most robust self-diagnosis de-
sign, and also give criteria to determine which degree of uncertainty needs to be assured in
each constitutive property to yield a robust and sensitive damage characterization. A small
body of research groups is currently emerging both in the experimental and theoretical fields
of monitoring damage in piezoelectrics.

2. Inverse Problems

An Inverse Problem (IP) can be defined in opposition to the forward problem. If a forward
problem aims at finding the response (output, in red colour, Fig. 1) of a system given a known
model (input, in blue colour), an inverse problem consists in retrieving unknown information
of the model given the response as known input data. IPs have been recently applied to
study and characterize not only damage or mechanical properties of piezoelectric and classical
materials, but provide the general framework for reconstructing an unknown part of a system
model.

The model-based IP is the most advanced approach for IP solution. Following Fig. 2, it con-
sists in (1) obtaining a set of experimental measurements given a specific experimental de-
sign, which interrogate the system by propagating some physical magnitude that interacts
with the unknown part of the system and manifests on an accessible part of it. Some physical
assumptions need to be made to generate a mathematical model (2) that can be solved com-
putationally, in which the unknown part of the model to be reconstructed is dependent on
some defined parameters. This model simulates the measurements given a set of parameter
values. A discrepancy (3) between experimenental and simulated measurements is defined
using some metrics to define a Cost Function (CF). The IP is finally solved by finding the val-
ues of the parameters that minimize the CF (4), and thus the problem is mathematically fully
stated.

Inverse problems are ill-conditioned problems, in the sense that the solution may not be
unique, may not exist and may be unstable and divergent. This ill-conditioning is rooted
in the physical meaning of the problem, and cannot be completely avoided by purely mathe-
matical manipulations. Instead, some physical pieces of a priori information have to be incor-
porated into the formulation. This is the basis of a set of techniques called regularization that
were formally introduced by Tikhonov & Arsenin (1979); Tikhonov & Arsénine (1974) and
extended by Menke (1984) and Aster et al. (2005). These strategies were successfully incor-
porated to the model-based inverse problem by Rus, establishing a corps of knowledge to be
used in this project, while dealing with a variety of mechanical parameter extraction ranging
from continuum damage Lee et al. (2007; 2008); Rus & Gallego (2002); Rus & Garcia-Martinez
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Fig. 2. Model-based inverse problem flowchart

(2007); Rus et al. (2005; 2004) to fractures Gallego & Rus (2004); Rus & Gallego (2005; 2006);
Rus et al. (2007a;b) in advanced materials, and using either advanced finite element (FEM)
and boundary element (BEM) formulations for the model solution.

2.1 Cost function

The CF, also called objective function, is usually defined (Eqn. 1) as a L-2 norm of the dif-
ference between the experimental measurements X" and those simulated by the numerical
procedure $NUM and integrated over the observed period of time T, in the case of dynamic
measurements,

P g 5 (B g 0

Other alternatives are possible, like L-1 norm, or defining the residual between the frequency-
domain counterpart of the measurement, or in any other domain.

When genetic algorithms or other heuristic search algorithms are used as for the minimization,
an alternative form of the CF is defined, that improves the convergence of the algorithm, as
argued by Gallego & Rus (2004),

fr=-lg(f+e @)
where ¢ is a small adimensional constant (typically e = 107'¢) that ensures the existence of
the logarithm when f vanishes.

2.2 Parametrization

In the context of inverse problems, parametrization of the model means to characterize the
sought solution (the defect in this case) by a set of parameters p;, which are the working
variables and the output of the inverse problem. The choice of parametrization is not obvious,
and it is a critical step in the problem setup, since the inverse problem is a badly conditioned
one, in the sense that the solution may not be stable, exist or be unique, and the assumptions
on the damage model that allow to represent it by a set of parameters can be understood
as a strong regularization technique. In particular, a reduced set of parameters is chosen to
facilitate the convergence of the search algorithm, and they are also defined to avoid coupling
between them.
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Typical parametrizations in damage location parameters are some geometric parameters that
define the damage extent or size (Level-2 NDE, severity, while Level-1 NDE classification is
attained by telling if there is or not damage), other parameters for damage location (Level-
3 NDE, location). On the other hand, typical material constant parametrization contain the
mechanical, electrical and piezoelectrical constants as coordinates of the parameter vector.

2.3 Search algorithm

The CF minimization can be performed by two alternative families of methods: gradient based
methods (among which Gauss-Newton algorithms, BFGS or Simulated annealing are some of
the most popular, see Dennis & Schnabel (1983, 1996)) and random search algorithms (Genetic
Algorithms, See Goldberg (1989), particle sworm algotihms, simulated annealing, etc.). The
latter family require significantly small amount of data in dealing with complex problems,
while attaining global convergence as opposed to gradient-based methods, which in opposi-
tion are much less computationally expensive.

The IP can be mathematically formalized as a minimization problem, that starts from a mea-
suring system from which the response is recorded, a computational idealization of the system
that simulates the measurements (forward problem) depending on the unknown characteri-
zation of the defect (parametrization) and defining a CF as above. The solution of the IP is
obtained by solving,

n;gnf (pi) 3

3. Damage characterization

Piezoelectric ceramics are brittle and susceptible to fracture: the ultimate strength is less than
100 [MPa], while the fracture toughness is between 0.5 and 2.0 [MPa/ m?/ 2]. Furthermore,
due to their ceramic nature, these materials are highly inhomogeneous, causing cracks and /or
cavities in the manufacturing process or during their operation. When this occurs, high stress
and electric fields concentrations appear around the defect, failing to serve the function for
which their were designed. This has contributed to the emergence of many analytical and
experimental works about fracture mechanics in the last two decades. However, there are few
studies about damage detection, despite it is an interesting way to prevent the failure of these
ceramics.

This section describes the damage effects from an analytical and an experimental point of
view. Furthermore, inverse problems applied to damage characterization are supervised. Fi-
nally, the probability of detection is presented, which gives an idea of the probability that a
defect is positively detected, is defined.

3.1 Damage effects: analytical

Analytical studies about piezoelectric fracture mechanics began in 1976 by Parton. Thereafter,
traditional mathematical methods, as Lekhnitskii and Stroh formalisms, used in elastic frac-
ture mechanics were applied to these ceramics. Note that fracture behavior of a piezoelectric
ceramic under combined electro-mechanical loading is much more complex than that of the
traditional ceramics.

3.1.1 Boundary conditions on defect faces
Several researchers have published theoretical studies on infinite piezoelectric ceramics con-
taining an elliptic hole and have reported different results depending on the electric boundary
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Fig. 3. Normal electric displacement on boundary faces

conditions chosen on defect faces. Therefore, one of the key problems in piezoelectric fracture
mechanics is the selection of electric boundary conditions, as it it reported by Ou & Chen
(2003).

Consider an infinite piezoelectric ceramic material with a elliptical hole inside, where D’} and
D" are the normal electric displacement to upper and lower defect faces, respectively, and
D' is the electric displacement inside the cavity, see Figure 3. There exist three (four for some
authors) electric boundary conditions:

Impermeable The dielectric permittivity inside the cavity is assumed to be zero, because it is
three order of magnitude less than the ceramic permittivity:

D! =D" =0 4)

Permeable The dielectric permittivity inside the cavity is assumed to be infinity or, alterna-
tively, both sides of the defect is in electrical contact:

D} =D" ©)

Exact This boundary condition is also denominated semi—permeable. It is the only one with
physical sense, since the cavity is assumed to behave like a capacitor, from an electrical
point of view.

Ou & Chen (2003) reported that: i) impermeable boundary condition has no physical mean-
ing and when it is applied, mathematical singularities appear and ii) permeable boundary
condition can be applied when free traction on defect face is assumed. Therefore, the exact
boundary condition is the only physically correct and should always be used.

3.1.2 Lekhnitskii formalism-based approach

A 3-D analytical work was developed by Sosa & Pak (1990) in order to study the fracture
mechanics of a transversely isotropic ceramic with a crack inside, under electro-mechanics
loads. Two important conclusions were obtained:

i) Field variables at crack tip depend on the crack orientation
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ii) Crack growth can be accelerated or delayed, depending on the direction of the electric
field applied.

Sosa & Pak (1990) only computed the crack tip concentrations, so Sosa (1991) considered an
infinity plain strain ceramic with an elliptic hole perpendicular to the polarization direction
inside, in order to obtain the field variables around the cavity. Xu & Rajapakse (1999) extended
this work considering an arbitrarily oriented elliptic hole and concluding that the highest
concentrations occur when the elliptical hole is 33° respect to the polarization direction. In
both works was concluded that the stress concentrations at crack tip are higher in piezoelectric
than that in anisotropic materials without coupling.

Sosa (1992) used the result obtained by Sosa (1991) to define the intensity factors for piezo-
electric ceramics:

Ki=+aTg ; Ky =+aDy (6)

where a the length of the crack and T;; and D7° are the stress and electric displacement (frac-
ture mode I) applied, respectively. Note that an electric intensity factor Kjy is emerged in
piezoelectric materials, in order to compute the electric contribution to the fracture.
In previous works, the impermeable boundary condition is assumed. Sosa & Khutoryan-
sky (1996) applied the exact boundary conditions to expand the study developed by Sosa
(1991), concluding that the impermeable boundary condition is unacceptable when the ellip-
tic hole tends to a crack. The same conclusion was numerically obtained by Pérez-Aparicio
et al. (2007), using the finite element method. Finally, Hao & Shen (1994) applied the exact
boundary condition to obtain the fracture parameters, which were obtained by Sosa (1992)
considering the impermeable boundary condition. Then, the fracture parameter of equation
(6) are modified by:

Ki=ymaT® ; Ky=+ma (Dg° - D§> @)

where D! is the electric displacement inside the cavity. Stress intensity factors are not affected
by the electric boundary condition. However, the new electric intensity factor Kjy depends
on the mechanical load applied.

3.1.3 Stroh formalism-based approach

Suo et al. (1992) extend the Stroh formalism to piezoelectric problems, considering a semi-
infinite piezoelectric ceramics with a crack inside. Plain strain assumption and impermeable
boundary condition were assumed to calculate field concentrations and intensity factors. Fur-
thermore, in this work was calculated the energy release rate G;, which was divided into
mechanical G?A and electrical parts by Park & Sun (1995a):

oM =f[(m2y] G =f[T2? T2DL, (DF)] ®)

According to Park & Sun (1995a), the mechanical energy release rate wa has to be used
as fracture criteria. However, Gao et al. (1997) and McMeeking (2001) argued that electro—
mechanical behaviors can not be studied by fracture mechanical parameters. Therefore,
McMeeking (2004) and Wang & Sun (2004) obtained the energy release rate considering the
exact boundary condition.
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3.2 Damage effects: experimental

Experimental works about piezoelectric fracture mechanics started in 1980, in order to find
a fracture criteria for these materials. Two experimental devices are generally used: Compact
Tension (CT) and Three Point Bending (TPB).

Park & Sun (1995b) performed a CT fracture study, where the specimen was a PZT—4 ceramic
with a crack inside, which was perpendicular to the poling direction and the applied electric
field. It was published, an experimental curve that plots fracture loads F. versus applied
electric field E;, observing the fracture dependence on applied electric field: F. increases when
E; < 0 and decreases when E4 > 0. Similar results were obtained by Fu et al. (2000) and Soh
et al. (2003) using PZT—4 and PZT-5 ceramics, respectively. However, Fu et al. (2000) observed
that fracture load decreases for positive or negative electric fields applied for PZT-841. On the
other hand, Park & Sun (1995b) and Soh et al. (2003) used the analytical results obtained by
Park & Sun (1995a) and Gao et al. (1997), respectively, to conclude that the mechanical energy
release rate fitted very well with the experimental results.

Jelitto, Kessler, Schneider & Balke (2005) and Jelitto, Felten, Hausler, Kessler, Balke & Schnei-
der (2005) used a PZT-PIC 151 specimen and a TPB device to perform fracture experiments,
publishing fracture criteria based on: intensity factors, mechanical and total energy release
rates. From a numerical point of view, the intensity factors and the energy release rates ware
calculated by the finite element method and considering the three boundary conditions. Fi-
nally, it was concluded that the mechanical energy release is more appropriate as fracture
criteria, from an empirical point of view.

3.3 Numerical damage characterization approaches

After revising the existing literature (a full review on analytical and experimental piezoelec-
tric fracture mechanics was performed by Chen & Hasebe (2005) and Schneider (2007), respec-
tively), several conclusions are obtained:

¢ From an analytical point of view, there is no an electric boundary condition can repro-
duce the experimental results, which explains why current researching are based on
non-linear fracture mechanics.

* From an experimental point of view, there is no unique trend for the fracture load as
a function of the electric field. This implies that a general fracture criteria can not be
developed, which explains the absence of work on piezoelectric reliability.

Therefore, there are many analytical and experimental works about piezoelectric fracture me-
chanics. However, there are few studies about damage detection, despite it is an interesting
way to prevent the failure of these ceramics. Then, several questions appear to remain open:
i) the use of the inverse problem to damage detection, ii) optimal experimental measurement
setup for improving the inverse problem solutions, iii) probability of detection, iv) inverse
problem sensitivity to system uncertainties, v) main variables responsible for the experimen-
tal noise and vi) how can the noise be effectively reduced?. All these questions were resolved
by the Non-destructive Evaluation Laboratory of the University of Granada, see Rus (2010),
by the publishing works: Rus et al. (2009), Palma et al. (2009) and Rus, Garcia-Sanchez, Sdez &
Gallego (2010a). Nowadays, these woks are being extended in Rus, Palma & Pérez-Aparicio
(2010) and Rus, Garcia-Sanchez, Sdez & Gallego (2010b).

Figure 4 shows a typical flow chart of the model-based inverse problem, where two inputs
are introduced: i) parametrization is a number of parameters, which characterize the sought
damage and are the inverse problem output and ii) experimental measurements. Finally, a
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Fig. 4. Flow chart of the model-based inverse problem, see Palma et al. (2009)

cost function is defined and it is minimized by genetic algorithms, as it has been reported in
previous sections.

3.3.1 Parametrization

The choice of parametrization is not obvious, and it is a critical step in the problem setup (see
Palma et al. (2009)), since the inverse problem is a badly conditioned one, in the sense that
the solution may not be stable, exist or be unique, and the assumptions on the damage model
that allow to represent it by a set of parameters can be understood as a strong regularization
technique. In particular, a reduced set of parameters is chosen to facilitate the convergence of
the search algorithm, and they are also defined to avoid coupling between them.

Figure 5 shows a 2D piezoelectric plate of dimensions Ly and L, with (a) a circular defect or
(b) a crack inside, which has to be detected. Note that z is the poling direction. The damage
location and size presented suggests the definition of the immediate parameters:

Circular defect p; = (x¢,z0,7),
Crack p; = (x0,20,L,0), where L is the length of the crack.

The true (and unknown) parameters are denoted by p;. In Rus et al. (2009), Palma et al. (2009)
and Rus, Palma & Pérez-Aparicio (2010) a circular defect was considered as a first approxi-
mation, to simplify the meshing using the finite element method. On the other hand, in Rus,
Garcia-Sédnchez, Sdez & Gallego (2010a) and Rus, Garcfa-Sanchez, Sdez & Gallego (2010b) a
crack was considered, due to the simplicity of the mesh using the boundary element method.

3.3.2 Experimental measurements

Consider the specimen shown in Figure 5 with the circular defect or crack inside. This sample
is excited by electrical or mechanical loads, and its response (displacements and/or voltage)
is measured at N; points along the lower boundary of the plate. Note that the piezoelectric
coupling makes mechanical loads generate voltages (direct effect) and the electrical loads gen-
erate mechanical displacements (inverse effect). On the other hand, the boundary conditions
are selected to avoid rigid solid motions.

In the literature there are no works about experimental measurements for damage charac-
terization, so the Non-destructive Evaluation Laboratory of the University of Granada, Rus
(2010), is undertaking experimental tests to verify all its numerical results. In Palma et al.
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Fig. 5. Piezoelectric plate with (a) a circular defect or (b) a crack inside

(2009); Rus, Garcia-Sdnchez, Sdez & Gallego (2010a;b); Rus et al. (2009); Rus, Palma & Pérez-
Aparicio (2010) the experimental measurements were generated solving the forward problem
by finite or boundary element method and adding noise generated by a gaussian distribution:

i =970+ GRMS(p"P)o ©)
where ;, 1P,F WD & and ¢ are the simulated experimental measurements, measurements gen-
erated by the solution of the forward problem, random variables, and a parameter defined to
study the influence of the noise in the inverse problem solution, respectively. On the other
hand, RMS is the root mean square given in Rus et al. (2009).

3.3.3 Results

Figure 6 shows the dependency of the cost functional on the spatial location of the defect
(fixing the size at the real value) for increasing noise levels, see Rus et al. (2009). If no noise is
simulated, the cost function shows a clear optimum that the search algorithm is able to find.
The shape of the cost function is distorted when the noise level increases.

Figure 7 shows the cost function and genetic algorithm convergence for different noise levels.
For the case without noise the full convergence is obtained for less than 200 generations. A
larger noise level is associated with slower convergence, probably due to the wavy and fuzzy
shapes of the cost functional.

3.4 Probability of detection

The Probability of Detection (POD) gives an idea of the probability that a defect is positively
detected, given a specimen, a defect size and some noise and system uncertainty conditions.
The detection and characterization of defects is based on the interpretation of the alterations of
the measurements due to the presence of the defect, however uncertainties and system noises
also alter these measurements. For this reason, the POD is estimated by the probability that
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Fig. 6. Cost functional for increasing levels of experimental noise, Rus et al. (2009)

the alteration of the measurement caused by the defect is larger than that caused by the noise,
see Rus et al. (2009):

A 2
SIGNAL| ) (10)

POD =P |
|NOISE|2

where SIGNAL and NOISE terms are obtained assuming: i) a linear dependence between the
variation of the measurements with increasing noise, see 9 and ii) linear piezoelectric behav-
iors. Then, the experimental measurements depend on damage area A and noise ¢, expanding
in Taylor series and neglecting higher-order terms:

Pi(A,0) = 45(0,0) + A2 (0,0) +-02¥ (0,0) 1ot (11)
SIGNAL NOISE

The first term of the right member is the measurement at point i without noise and defect.
The second term is the alteration of that measurement due to the presence of the defect only
SIGNAL. Finally, the third term is the alteration of the signal originated by the noise only
NOISE.

Finally, in Rus et al. (2009) is obtained and validated, using Monte Carlo techniques, an ana-
lytical expression of the POD, which allows to estimate a priori the minimum defect findable
given a specimen geometry and a noise level on measurements.
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Fig. 7. Cost Function and Genetic Algorithm convergence for different noise levels, see Palma
et al. (2009)

4. Property characterization

The performance as sensors or as actuators of piezoelectric elements, usually manufactured in
the form of thin films, is defined by the piezoelectric properties, responsible of the electrome-
chanical coupling, but also on the mechanical and electrical properties. These properties need
to be established at the material design stage. However, when using piezoelectric crystals
for simulation and active noise and vibration control applications, The properties obtained
through manufacturer data are in most of the cases not enough to predict the structural be-
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haviour and implement effcient control algorithms due to non-homogeneities in materials,
and differing geometries and material properties in the regions of actuators and sensors.

4.1 Experimental procedures

Characterization of piezoelectric constants can be based on either the direct or the converse
piezoelectric effect. In direct measurements the voltage produced by an applied stress is
measured; in indirect measurements the displacement produced by an applied electric field
is measured through different methods. The direct measurements can be performed either
quasi-statically or dynamically. The first is typically used for nonresonant applications (sen-
sors and actuators), while the second is typical for those applications where the piezoelectric
thin film is used for the generation or detection of high-frequency bulk acoustic waves or
surface acoustic waves. Various methods have been described for the measurement of the
piezoelectric coefficients (see Fig. 8. For instance, the longitudinal piezoelectric coefficient d33
(see section 5.1) is determined from the generated charge measured when a calibrated stress
is applied to the piezoelectric film.

- Piezoelectric transducer

Metallic rod

/ Coupling liquid
<«— Film under test
<— Metallic layer
~<— Substrate

Schematic device for dy;characterization

piezoelectric  ac driving source

actuator :

charge
amplifier

Cantilever

static
strain
setup

Schematic device for dscharacterization
Fig. 8. Experimental setups for constitutive property characterization
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A recent and more sophisticated alternative method is based on the Atomic Force Microscopy
(AFM), in which a variety of excitation-measurement configurations is applied in order to
minimize the effect of the applied electric field with the microscope tip. The evaluation of
the transverse e3; constant requires different techniques. Here the film is deposited on a can-
tilever beam and two electrodes are deposited on the free film surface. The free edge of the
cantilever is first statically displaced, causing a bending of the cantilever, and then it is sud-
denly released. The consequent damped oscillation of the cantilever at its natural frequency
can be revealed through the voltage appearing between the electrodes and displayed on an
oscilloscope. It is proved that the first maximum of the damped oscillation is proportional to
the e3; constant.

On the other hand, the measurement of the dielectric constants is usually performed with a
standard impedance meter.

The complete characterization of piezoelectric constants requires the elastic stiffness coef-
ficients. These can be determined from Surface Acoustic Wave (SAW) velocity dispersion
curves that can be obtained in several ways. One method consists of measurement of the phase
velocity of several vibration modes. Due to the small amplitude of the vibration, contact-less
vibration measurements are usually employed, such as laser interferometry or reflection angle
measurement.

4.2 Numerical characterization approaches

When a mathematical model of the piezoelectric system dynamics behaviour of the elements
isneeded, the physical constants that define the general constitutive laws (see section 5.1) need
to be estimated, and this is done by through fit-to-data techniques. The inverse problem is the
general theoretical and algorithmic framework to be applied, and in particular, the model-
based inverse problem.

To address the limitations of current characterization methods in determining elastic and
piezoelectric constants (Aratjo et al. (2009); Aradjo et al. (2002)) propose a finite element
model-based, associated to gradient optimisation-based inverse problem algorithm using vi-
bration data to carry out the identification of electromechanical properties in composite plate
specimens with surface bonded piezoelectric patches or layers. This method has been later
refined with neural networks to aid the inversion algorithms Aratjo et al. (2006).

The problem of how to define which measurements and how to measure in order to mini-
mize the uncertainties of material parameters given the unavoidable measurement noise has
recently been addressed by Lahmer et al. (2010). An approach for a similar question based on
the definition and maximization of the probability of detection was also addressed by Palma
et al. (2009).

4.3 Experimental advances

A few experimental studies regarding the estimation of parameters in mathematical models
for homogeneous beams (Banks et al. (1994)), plates and grid structures (Banks & Rebnord
(1991)) have been reported. A primary concern when estimating parameters is that the model
fits to data consistently across experiments after a time-domain inverse problem solution, for
example in the presence of passive damping or for a range of eigenfrequencies (Banks et al.
(1997)), to ensure the effectiveness of the model independently of the number of excited fre-
quencies.

Using conventional methods to determine the elastic and piezoelectric constants faces some
difficulties in engineered crystals with high coupling constants. The piezoelectric coeffcients
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e33 and e3q (see section 5.1) become unstable using standard methods because they are highly
sensitive to the elastic stiffness coefficients ¢, and cy3 due to the large d3; and d33, yielding
serious property fluctuations from sample to sample that often make it impossible to obtain
self-consistent data. The derived values of sq1, s33, s1» and s13 also become too sensitive to
the variation of cj3 when its value is close to those of c1; and c33. A reversed strategy was
suggested by Jiang et al. (2003) using detailed error analysis to determine the best strategy for
each given material.

5. Numerical considerations

5.1 Governing equations
Consider a deformable electrically sensitive body, which occupies the region ) of boundary
I' in a three-dimensional Euclidean space, in the absence of electro-mechanical loads.
From a mechanical point of view, the equilibrium and compatibility equations are given by,
see Eringen (1980):

V.- T+f=pi ; S=Vu (12)

where T, S, f, u and p denote the stress tensor, strain tensor, body forces, displacement and
density, respectively. Furthermore, the mechanical boundary conditions are:

Dirichlet — u=1
(13)
Newmann — T-n=t

where @, n and t denote the prescribed displacements, normal unit vector and tractions, re-
spectively.

From an electrical point of view, the governing equations are obtained from the uncoupled
Maxwell equations, see Eringen & Maugin (1990), and neglecting the free electric charges:

V.-D=0 ; VXE=0 (14)

where D, E are the electric displacement or induction and electric field, respectively. Accord-
ing to the fields theory, the induction and the electric field can be obtained from vector V and
scalar ¢ potentials:
V.-D=0 — D=VxV
(15)
VXE=0 — E=-V¢

This duality allows to define two types of boundary condition, as working with vector or
scalar potentials:
Dirichlet — V=V ; p=¢
(16)
Newman — nxXxE=E; ; n-D=D,

where V, ¢ and D, are the prescribed electric vector potential, electric scalar potential or
voltage and normal electric displacement, respectively, and V = —n x V¢.
Finally, the piezoelectric constitutive equations, which couple mechanical and electric fields
are given by:

T=cE:S—e E ; D=e:S+¢5-E (17)

E

where c”, e and e are the elastic, coupling and dielectric material properties, respectively.
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5.2 Finite element method

The Finite Element Method (FEM) is a numerical technique for the solution of linear and non-
linear partial differential equations, which is used to model many problems in science and
engineering. The FEM is the most advanced method for the solution of electro-mechanical
field problems, but involves complex mathematical concepts, see Zienkiewicz et al. (2005) or
Hughes (1987) for further study. In general, the FEM implies the following steps:

i) The continuum domain () is divided into subdomains or elements, which are intercon-
nected at nodal points, see Figure 9.

ii) The nodal values, denominated degrees of freedom, are assumed to be the unknown
parameters of the problem.

iii) A set of functions, denominated shape functions, is chose to interpolate the solution
within each finite element in terms of its nodal values.

iv) The principle of virtual work is applied to the governing and constitutive equations to
obtain the weak form of the problem.

iv) The solution is obtained by solving a set of linear (or non-linear) equations. In order to
solve non-linear problems, algorithms such as Newton—Raphson has to be applied.

For the piezoelectric problem, two alternative FEM formulations can be developed, according
to the equations 15: scalar and vector formulations, which are described in the following
sections.

5.2.1 Scalar formulation
The Scalar Formulation (SF) developed in 1970 by Allik & Hughes (1970) has four degree of
freedom per node: three displacement and the scalar potential or voltage: U = (u, ¢)!, where
(.)f denotes the transpose.
The weak form is obtained applying the principle of the virtual work to the governing equa-
tions and constitutive equations. Then, Newmann boundary conditions are satisfied automat-
ically, while Dirichlet boundary conditions are applied to the nodal values. Subsequently, a
discretization is performed using the shape functions N to interpolate the nodal values ay
and agp:

u=Na, — S:Bsau

(18)
¢=Na, — E=Bla,

where BS = VSN and B =V -N.
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Finally, the set of linear equations to be solved is given by:

M 0 i Kuu Kug u fu 0
R + = (19)
0 0 ¢ Kou Kgpgp ¢ f¢ 0

where the stiffness matrices are:

Kuu:/QBScEBSdQ i Kup= [ BSe'Ba0
(@)

(20)
Kpu= [ BPeBSd0 ; Kpp= - | Be'BEd
Q O
the kinematically consistent mass matrix is given by:
M — /QBSpBSdQ @1)
and the body forces vector are:
fo—— [ BYdO— [ Bitar
@] T
(22)

fp = — /r BEprdl

Note that this formulation is monolithic, that is, the coupling is at the stiffness matrix. In
Gaudenzi & Bathe (1995) an iterative (stagger) formulation was proposed, which iteratively
solves the mechanical and the electric problems. On the other hand, elastic, coupling and
dielectric properties have different orders of magnitude, making extremely ill-conditioned to
the stiffness matrix. This drawback was resolved in Qi et al. (1997) by rescaling the dimensions
of the properties.

Zeng & Rajapakse (2004) developed a FEM to include the remanent strain and remanent po-
larization induced by poling. This was the first step to model the hysteresis, which is a non-
linear behavior inherent to ferroelectric materials. As it is reported in Kaltenbacher et al.
(2010), three different approaches are developed to model the hysteresis, namely: i) thermo-
dynamically consistent models (see, Kamlah & Bohle (2001)), ii) micromechanical models and
iii) models with hysteresis operator, see Kaltenbacher et al. (2010).

5.2.2 Vector formulation

The Vector Formulation (VF) was developed by Landis (2002) in 2002. In this formulation
there are six degrees of freedom per node (three displacements and three components of the
vector potential): U = (u,V)t. The discretization, weak form and set of equations are ob-
tained in a similar way to that used in SF. However, the main difference arises choosing the
constitutive equations, where the electric displacement has to be chosen such as independent
variable for this formulation.

A problem of the VF is the loss of uniqueness. Thus, in Semenov et al. (2006) some gauging
procedures were investigated and, finally, the Coulomb gauge was incorporated to the FEM
formulation, using the penalty function method.
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Fig. 10. Optimized mesh for damage detection using the FEM

The main drawback of the VF is the increase of CPU time, because there are six degrees free-
dom per node (four in the SF). However, this disadvantage can be offset by the rapid conver-
gence in non-linear problems.

In terms of the inverse problem solutions the SF is better than VF, because in the laboratory it
is easier to measure voltages than vector potentials, which are a mathematical artifice and not
a physical observable.

5.2.3 Mesh generation for damage detection

The mesh generation is the main step to achieve accurate and reliable results using the finite
element method. Therefore, Rus et al. (2009) developed an algorithm that automatically gen-
erates a high quality mesh. Given a square domain with a random (o, o, r) circle hole inside
(see Figure 5), the fully automatic algorithm to construct multi-block structured 2D meshes
consists of three steps:

i) The domain is subdivided into simple blocks by means of medial axis transform, which
is the locus of centers of maximal empty circles inside the domain. Therefore, the do-
main skeleton is obtained in this step.

ii) Blocks are meshed by transfinite interpolation, which is a technique to draw meshes
mapping the unit square onto the interior of the physical domain.

iii) Elements are concentrated close to the circular hole using a stretching function, which
is a monotonously increasing function defined in the computational domain.

Finally, Figure 10 shows an optimized mesh generated with the previous algorithm, where
the maximum element size is selected to provide an error in the measurements below an
acceptable threshold, see Rus et al. (2009).

5.3 Boundary element method

The boundary element method is an alternative technique to model the response of piezo-
electric materials in the case of linear constitutive laws particularly for three reasons: (1) the
dimensionality of the problem is reduced by one in comparison with the FEM, requiring only
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boundary meshing instead of domain meshing; (2) the cracks are easily modeled by a single
boundary after introducing the so-called hypersingular formulation; and (3) infinite boundary
conditions in the case of dynamics are satisfied automatically, without need for infinite finite
elements, as is the case for the FEM.

However the formulation of the problem is complex for the case of piezoelectric materials with
cracks and has only been accomplished in recent years, for the case of static piezoelectricity,
by Garcia-Sanchez et al. (2005); Garcia-Sanchez et al. (2005; 2008) and for transient dynamics
by Rojas-Diaz et al. (2009; 2010).

6. Future challenges

Several issues remain unsolved in the fields of damage and material properties characteriza-
tion in piezoelectrics, which makes it a fertile researh field where concepts from other disci-
plines may give new insights.

In the case of damage, fracture growth criteria are a controversial issue, since the mechanical,
electrical and total energy release rates have inconsistent relationships with crack opening at
the theoretical level. The question of the identifiability, or minimal detectable damage, has
neither been addressed, except for some preliminar approaches to the concept of probability
of detection.

Regarding the property characterization, the established methods have a limited range of va-
lidity, and optimal measurement/excitation setups need to be determined and rationally jus-
tified. Furthermore, the classical characterization procedures extract some scalar parameters
from the measurement, dumping large amounts of data that may contain useful information
about the material constants. The complete measurements may be taken advantage of us-
ing model-based inverse problems to reconstruct the unknown coefficients of the constitutive
model.
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1. Introduction

For recent decades, due to the intrinsic electromechanical coupling, piezoelectric ceramics
have been used widely in the modern aeronautical and astronautic engineering, the medical
apparatus and the instruments, etc. However, their brittleness might result in damage and
failure. Therefore, it is very important theoretically and practically for fracture analysis,
reliability design and lifetime prediction of piezoelectric ceramics to investigate the fracture
mechanism.

On the basis of linear piezoelectric fracture mechanics, some solutions were obtained by Pak
(1990, 1992), Sosa and Pak (1990), Sosa (1991, 1992), Suo et al (1992), Suo (1993) and others,
but they contradict the piezoelectric fracture experiments (Park and Sun, 1995; Heyer et al,
1998). The linear piezoelectric fracture mechanics predicted that the stress intensity factors
were independent of the applied electric field, but the experimental results (Park and Sun,
1995; Heyer et al, 1998) showed that an existing electric field might impede or accelerate
crack propagation, which was related to the applied electric field direction.

Regarding piezoelectric ceramics as a class of mechanically brittle and electrically ductile
solids, Gao et al (1997) put forward a strip saturation model analogous with the classical
Dugdale model for plastic yielding, in which electrical displacement is assumed to yield
when electric field is up to its linear limit. Yang and Zhu (1998) thought that piezoelectric
nonlinearity comes from domain switching, so they proposed a small-scale
domain-switching model to explain the toughening mechanism. Fulton and Gao (2001)
proposed an electrical nonlinearity model based on piezoelectric microstructure. They
simulated polarization switching and saturation in ferroelectrics by using a collection of
discrete electric dipoles superimposed on a medium satisfying the linear piezoelectric
constitutive law, and then derived a local crack driving force which generates a qualitative
match to experimental observations. Based on the field limiting space charge model, Zhang
et al (2003) proposed a charge-free zone model, and estimated the electric field at the tip of
an electrically conductive crack according to the electric field intensity factor. Assuming that
the electric field in a strip ahead of the crack tip is equal to the dielectric breakdown strength,
Zhang et al (2005) developed a strip dielectric breakdown model similar to the strip
saturation model.
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In the above nonlinear models, only electrical nonlinearity is considered. However, the
experiments (Zhang and Gao, 2004) demonstrated that in addition to the nonlinearities in
the relationships of polarization versus electric field and strain versus electric field, the
stress-strain curves are nonlinear. From the viewpoint of continuum damage theory, material
nonlinearity is caused by damage, so that the continuum damage mechanics can be extended
to describe nonlinear behaviors of piezoelectric ceramics. Mizuno (2002) introduced a single
damage variable into the constitutive equation of piezoelectric ceramics to take the effect of
damage on material properties into account, and after that, Mizuno and Honda (2005)
analyzed the steady-state crack growth in a double cantilever piezoelectric beam.

In our work, an anisotropic damage constitutive model involving mechanical and electrical
damages was proposed (Yang et al, 2003 and 2005a), and the phenomenological damage
tensors were qualitatively connected with microstructure parameters by the unit cell
method (Yang et al, 2007 and 2008; Zeng et al, 2008). The linear and nonlinear piezoelectric
fracture criteria were established after the damage analysis of the well-known piezoelectric
fracture experiments of Park and Sun’s (Yang et al, 2005b). Finally, the damage constitutive
model and the nonlinear fracture criterion were used to investigate the quasi-static
propagation behavior of the midspan crack in a three-point bending PZT-4 beam, and
effects of mechanical and electric loads on crack growth were observed.

2. Piezoelectric damage constitutive model

Damage in a piezoelectric solid can come from a number of sources, including fabrication,
connection, service, etc. After homogenization, a damaged material element from the solid is
regarded as a homogeneous continuum, so that its constitutive behavior can be

characterized by new three-dimensional anisotropic constitutive equations with €, €, and

A as the elastic, piezoelectric and dielectric constants.

Ek’ D, = ~iklgkl + jikEk' @

i

0, = 5i/klgkl - élrij
These constants are called effective elastic, piezoelectric, and dielectric constants,
respectively. They are related to the undamaged constants €, €,and A by

= —1

cijmn - E(a)/\'ié‘lj + 5kia)/j )(wom 5pn + 5amwpn )Cklop > (2)
5 1 7 —

Cpn =7(0,,0, + 5kmwln)G/'iejkl’ Ay = Gjinz/Ijr

where ® and G are two second-order continuity tensors, and 6 is the Kronecker Delta.
The mechanical and electrical damage variables DM and DE, which characterize damage
degree of the material element, can be expressed in terms of the continuity tensors as

M E
D =6, -w,w,, Dj=0,-G,G,. ®)

Eq.(1) combined with Egs.(2) and (3) are called piezoelectric damage constitutive model. It
can be rewritten in matrix form as follows.



Analysis of mechanical and electrical damages in piezoelectric ceramics 95

{o}=[clte}—[e]"{E}, {(D}=[elie}+[AIE}. )
where
{0} =[0), 0y 0 Ty 7, 7,1
&b =18 &n &5 V2 Vs V1’ ©)
{E}=[E E, E3]T, {D}=[D, D, D3]T-
And according to Eq.(2), we have
[E1=[NT'[e][N], [e]=[G]"e[N], [A]=[GI'[A][G]. ©)
where
(@, 0 0 0 To, la, ]
0 w, 0 T, 0 1o,
(V]= g 0 o, | L, %wu | 0 )
Oy W5 7 (@y +0) 2@, 2@ (7)
o, 0 o, 1w, Ho, +ay,) LT,
w, o, 0 Ty, T, Hw, +@y) |
G, G, G,
[G]l=|G, G, G|
G Gy Gy
The transversely isotropic constant matrices can be expressed as follows
(e, ¢, ¢5 0 0O 0 ]
¢, ¢, ¢ 0 0 0
[c]= c; ¢; ¢3; 0 0 0 ,
0 0 0 ¢, O 0 ®)
0 0 0 0 ¢ 0
L0 0 0 0 0 (¢ —cy)]
[0 0 0 0 ¢, O A, 0 0
[e]=]0 0 O ¢ O O, [A]=]0 4, O
e e e 0 0 0 0 0 A,

If damage is transversely isotropic and has the same principal axes as the material, Eq.(7)
can be reduced to
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(@, 0 O 0 0 0]
0 o, O 0 0 0
0 0 o, 0 0 0
[N]= )
0 0 0 (o, +ay,) 0 0 )
0 0 O 0 Ho,+o;) 0
10 0 0 0 0 ,
G, 0 0
[G]l=]| 0 G, O |
0 0 G

Accordingly, only four scalar quantities are needed for transversely isotropic piezoelectric
damage, namely, @,;, @, G11 , and G33 , and the correponding four damage variables

are

c
2 _1_ % M_q1_.2 1 G35
=1 , Dy =l-w; =1 R

(10)

3. Relation between damages and microstructure parameters

It is well known that damage degree depends on microstructure geometry, density,
interactions, etc. As the first step, it needs to be solved how the phenomenological damage
tensors is quantitatively connected with microstructure parameters. Eq.(10) reveals a way to
determine quantitative connections between the mechanical and electrical damages and
microstructure parameters, because the effective properties of the damaged material
element can be calculated by means of micromechanical mechanics methods, such as the
unit cell method.

3.1 Insulating microvoids
PZT-7A piezoelectric ceramics with the material constants listed in Table 1 is assumed to
contain many periodically distributed ellipsoidal insulating microvoids, shown in Fig.1(a).
As the smallest periodical unit which contains sufficient microstructure information, a unit
cell is taken out from the material, and only quarter of the cell model needs to be considered
because of symmetry. See Fig.1(b). Accordingly, the displacement boundary conditions of
the model can be described as
u, =0 for x =0
u,=0 for x,=0; (1)

u,=0 for x,=0.
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Materials ¢, Ci Ci3 C33 Cu G €33 €5 /11 1 /133
GPa C/m? 109F/m
PZT-7A 148 762 742 131 254 2.1 9.5 92 407 208
PZT-4 139 778 743 113 25.6 -6.98 13.84 13.44 6 5.47
Table 1. Material properties

UOTAIAITP BULTOJ

(a) PZT-7A with periodically distributed microvoids (b) Quarter of the cell model
Fig. 1. Computational model

Different loading and boundary conditions are imposed on the cell model in order to
evaluate its effective properties. For example, when the displacement degree of freedom
U,_ =1 is applied in the boundary planes x =1 or y__ =1 applied in the planes x =1,

the effective elastic constant C,; can be evaluated from Eq. (4) by

E=E=FE=0, &,=6,=0, g,#0,

12
~ O'” Qx, =1 ( )
i ~
& U,
And 533 can also be evaluated by
E=E=E=0, ¢,=6,=0, &;#0, 13)
~ O3 Qx3:1
33 ~
E33 Ux3:1

In the above two expressions, ¢ | and @ _ are the active force in the planes x =1 and
x, =1, respectively. When only the electric field E; is imposed along the x>-direction through

applying the voltage . in the plane x,=1 and p__ in the plane x=0 of the cell, we have

D, = é&,, + A,,E, , so that the dielectric constant A, can be evaluated by
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E=E=0,E,%20, ¢,=6,=6;=6,=0,
~ D D (14)

;vl:_zzx—z:l
l Ez |4 _Vx2:0

x=1
Applying the voltage p_ in the plane x5=1 and p__ in the plane x3=0 of the cell, the

dielectric constant 4,, can be obtained by

E=E =0,E#0, g, ,=¢,=6,=0,
~ D D

__3z x3=1
s E, V.-V

x3=1 x3=0

(15)

In the above two expressions, p | and p _ are the average components of electric flux
Xy =] X3=

density in the planes x>=1 and x3=1, respectively. Further, the mechanical and electrical
damages can be determined in accordance with Eq.(10).
Similarly, the piezoelectric coefficients can be evaluated by

E. #0, g, =¢,=¢6,;=0,

(16)
~ T F’n =1 ~ 0 FXz =1
ey =" R s ey s R
E3 V.g:l - Vxx:o E3 Vxle - szzo
and
Ez #0, &,=¢6,=6,=6,=0, (17)
~ O Fx =1
&= [ » RPN sl S
Ez szzl _szzo

In the above two expressions, f v F and F , are the reactive forces on the planes
X =] Xy =] X3 =]

x1=1, xo=1 and x3=1, respectively. On the other hand, according to the obtained mechanical
and electrical damage components, the piezoelectric coefficients can be also obtained from
Eq.(6). By comparison of these results from the above two kinds of method, it can be
checked if the hypothesis of transversely isotropic damage is rational.

In the unit cell, the ellipsoidal void geometry is characterized by its volume fraction f=V_/V_,

where V and V_ are respectively the void and matrix volumes, and aspect ratio S=b/a,

where a and b are respectively the minor and major semi-axes of the void. The longitudinal

2
cross-section area fraction of ellipsoidal void can be expressed by A4, = (3 f Jr /48 )? and the

2
transverse cross-section area fractionby 4 = A4, =(3 /7S /4)*.

The void aspect ratio S is fixed at 1.0 and the void volume fraction f is changed from 0 to
32.1%, in order to evaluate the influences of the void volume fraction f on the damages. The
variation curves of damages with the void volume fraction f are drawn in Fig.2(a). It is
apparent that both the mechanical and electrical damages increase with the increasing void
volume fraction f and the curves of D]I‘]4 and D;f superpose each other, which reveals that

the mechanical damage induced by spherical voids is isotropic. This is in good agreement
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with our knowledge. And then, the void volume fraction f is fixed at 6.54% and the void
aspect ratio S is changed from 0.3 to 2.0, in order to observe influences of the void aspect
ratio S on the damages. The variation curves of the damages with the void aspect ratio S are
plotted in Fig.2 (b). While p)Y goes down rapidly in forepart but slowly afterward with the

increasing void aspect ratio S, DY always goes up slowly. This is understandable because

Ajz decreases but A; or A, increases with the increasing aspect ratio S for a fixed volume
fraction f. Nevertheless, pf and p hardly change, which shows that the electrical

damage components are independent of the void aspect ratio S.
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(b)
Fig. 2. Variation curves of damages with (a) volume fraction and (b) aspect ratio of an
insulating void
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The effective piezoelectric coefficients are calculated from Eq.(6) and from Eq.(16) or (17),
respectively, and the variation curves of the effective piezoelectric coefficients with the void
volume fraction and the void aspect ratio are drawn in Fig.3 (a) and (b), respectively.
Apparently, the results from the two methods are very approximate, which reflects that the
hypothesis of transversely isotropic damage is reasonable for the analyzed piezoelectric
solid with voids.
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Fig. 3. Variation curves of effective piezoelectric coefficients with (a) the void volume
fraction and (b) the void aspect ratio

3.2 Conductive microvoids
For conductive microvoids, the shape ratio S is fixed at 1.0 (namely the microvoids are spherical)
and the volume fraction f is changed from 0 to 32.1%, in order to investigate the effect of the
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volume fraction on damages. The variation curves of mechanical and electrical damages with the
volume fraction are plotted in Fig.4(a). It can be found that both the mechanical and electrical
damage components increase with the increasing volume fraction and the curves of pV and

D} overlap each other. After that, the volume fraction fis fixed at 6.54% and the shape ratio S is

changed from 0.4 to 2 in order to investigate the effect of the shape ratio on damages. The
variation curves of mechanical and electrical damages with the shape ratio are plotted in Fig.4(b).
For the mechanical damage components, p) rapidly decreases but pY slowly increases with

the increasing shape ratio. For the electrical damage components, however, p| slowly increases

but pf slowly decreases with the increasing shape ratio.

Fig. 4. Variation curves of damages with (a) the volume fraction and (b) the aspect ratio for

conducting voids
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3.3 Conductive inclusions

Consider a PZT-7A piezoelectric solid with periodically distributed ellipsoidal conductive
inclusions, shown in Fig.5. The solid is polarized in the z direction. The inclusions have

Poisson’s ratio of 0.25 and elastic modulus of F — 3 ac,,-In order to evaluate the effect of
6

inconlusion elastic modulus on damages, we fix fin 6.54% and S in 1, and change & from
0 to 1. The curves of mechanical and electrical damages with & are plotted in Fig.6. It can
be seen that the mechanical damage rapidly decreases as & increases, and goes to zero
when « tends toward 1. This is because inclusions transform into microvoids when

a =0 and approximates to the matrix material when & =1. However, the electric
damage slowly increases when « increases, because the variation of & does not change
the conductivity of inclusions. Obviously, the inclusion elastic modulus has great influence
on the mechanical damage but a little on the electric damage.

UOT0aX1p
Aurpod

%, poling)

@) (b)
Fig. 5. Unit cell model and its coordinate system: (a) PZT-7A with periodically distributed
inclusions; (b) 1/8 model of the cell
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Fig. 6. Variation curves of mechanical and electrical damages with elastic coefficient ratio

In succession, we fix Sin1and set & as 0.4 and 0.6, respectively, to investigate variation law
of mechanical and electrical damages with inclusion volume fraction. The curves are drawn in
Fig.7. It can be found that mechanical and electrical damages monotonously increase with
inclusion volume fraction for different elastic moduli. This is possibly because increasing
inclusion volume has greater influence on electromechanical properties of the materials.

Finally, the effects of inclusion shape on damages are discussed, when fis fixed in 6.54% and S
is set as 0.4 and 0.6, respectively. The computational results are shown in Fig.8. It is easily
found that inclusion shape has very complex influence on mechanical and electrical damages,
but the variation curves of damages with inclusion shape ratio have similar shape for different
elastic moduli. Moreover, the inclusion shape variation has a little influence on the mechanical
damage, but great influence on the electrical damage. For a constant inclusion volume, when

the shape ratio increases, A, decreases, but 4, and A, increase, so that Df and DY have

opposite variation laws.
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Fig. 7. Variation curves of mechanical and electrical damages with the volume fraction
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Fig. 8. Variation curves of mechanical and electrical damages with the aspect ratio

4. Fracture criteria

For the brittle piezoelectric ceramics, the onset of crack growth almost inevitably results in
failure, so it is very important for understanding piezoelectric fracture behaviors to establish
a useful fracture criterion. While the natural extension of linear elastic fracture mechanics
provided an agreeably simple and general criterion (Suo et al, 1992), it was not supported by
experimental studies (Park and Sun, 1995; Heyer et al, 1998). Arguing that fracture was a
mechanical process and should be controlled only by the mechanical part of the energy,
Park and Sun (1995) used the maximum mechanical strain energy release rate for predicting
fracture loads. However, there was no fundamental reason to separate a physical process
into two parts: mechanical and electrical. Shen and Nishioka (2000), Sih and Zuo (2000), and
Zuo and Sih (2000) proposed an energy density criterion.

In order to establish a damage-based fracture criterion, the damage constitutive equations in
Section 2 are used to characterize the constitutive behavior of PZT-4 piezoelectric ceramics.
The undamaged properties are given in Table 1. The specimens are respectively subjected to
different critical mechanical loads and their corresponding electric fields given by Park and
Sun (1995). The mechanical and electrical damages near the crack tips in the compact tension
specimens and the three-point bending specimens are computed.

The damage components D;‘; and Dfs are dominant in the problems under consideration,

so only these two components at crack-tips are observed. Their relationship is imitated by
means of linear and nonlinear methods, and the parameters in the equations are calculated
according to the method of least squares.

DY =0.5238+0.5651D%, (18)
DY =0.5029 +0.8878DY, +3.5384(D~, )’
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The curves are plotted in Fig.9. It is apparent that the nonlinear imitation is better than the
linear. Eq.(18) can be rewritten as

1.9092D) —1.0789D%, =1, 19)
1.9885D) —1.7653D%, —7.0361(D%)* = 1.

Define (1) linearly combined damage:
D=a,D¥ +a,DE, (20)
and (2) nonlinearly combined damage:

D =b,D¥ +b.DE +b,(DL). (21)

In the above two formulations, coefficients a,, a,, bo , bl , and b2 are material
dependent, but independent of geometries, loading conditions and boundary conditions of
specimens. For PZT-4, a, =1.9092, a, =-1.0789; b, =1.9885, b, =-1.7653, b, =-7.0361.

Accordingly, a piezoelectric fracture criterion can be given as follows.

D=D (22)

o

where, D, =1. This means that piezoelectric fracture occurs when the combined damage D

reaches its critical value D, -

©  Compact tension /
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Fig. 9. Linear and nonlinear imitations of mechanical and electrical damages at the crack-tips
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5. Quasi-static crack propagation in piezoelectric beam

As an important application of the aformentioned piezoelectric damage constitutive model
and nonlinear fracture criteria, the quasi-static propagation behaviors of the midspan crack
in a three-point bending PZT-4 beam with sizes of 19.Immx*9mmx5.1mm are simulated in
different mechanically and electrically loading conditions. The beam is homogeneously
poled along the xs-direction and subjected to a downward concentrated force F in the
midspan and an electric voltage U excitateding an electric field parallel to its length
direction. A midspan insulating edge crack with a depth of 4mm is perpendicular to the
poling direction. The combined-damage determined by the dominant mechanical and
electrical damage components is regarded as the fracture criterion and its gradient is
assumed to control cracking direction. The influences of mechanical and electrical loads on
the crack growth rate are evaluated.

5.1 Effect of mechanical load on crack propagation

Referring to the experimental data by Park and Sun (1995), we fix the electrical load at
U=3KV and change the mechanical load F from 400N to 500 N, 600N, 700N and 800N in
order to evaluate the effect of mechanical load on crack propagation. The crack growth
increment Aa at different computational steps is observed, and its variation and fitting
curves with the computational step 7' are drawn in Fig.10. It can be seen that the crack
propagation has an increasingly accelerating trend and the mechanical load plays a very
important role in crack growth. As an example, within the computational step range given
in this paper, the crack depth increment Aa has the minimum lower limit

(0.5+0.01)x10" mm at the start and the minimum upper limit (0.96+0.01)x10" mm at
the final computational step for the external concentrated force F=400N, but the maximum
lower limits (1.1£0.01)x10”" mm and the maximum upper limit (1.79+0.01)x10" mm

for F=800N. Accordingly, it is very obvious that mechanical load enhances crack
propagation. Fig.11 exhibits the effect of mechanical load on the variation curve of the crack
depth with the computational step.

Mechanical loading is a dominant factor controlling piezoelectric fracture. This is why the
conventional piezoelectric fracture theories using the stress intensity factor (Pak, 1992; Sosa,
1992; Suo, 1992), the energy release rate (Park and Sun, 1995; Gao et al, 1997) and the energy
density factor (Shen and Nishioka, 2000; Sih and Zuo, 2000; Zuo and Sih, 2000) as fracture
criteria can give good fracture predictions for high stress cases.
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Fig. 10. Crack growth rate curves at different mechanical loads
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Fig. 11. Crack depth curves at different mechanical loads

5.2 Effect of electric field on crack propagation

Electric field is another important influencing factor. To observe the electromechanical
coupling fracture behavior of piezoelectric media, Tobin and Pak (1993) early performed a
series of indentation tests on PZT-8 ceramics under a given static electric field and an
indentation load of 49N on different locations. The results showed that the cracks
perpendicular to the poling direction became longer or shorter under a positive or negative
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electric field. It was concluded that the positive field assisted the crack propagation, whereas
the negative field retarded it. The analogous conclusion was also given by Park and Sun
(1995) after completing the compact tension and three-point bending tests for PZT-4
piezoelectric ceramics.
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Fig. 12. Crack depth curves at different electrical loads

In order to evaluate the influence of electric field on crack propagation, an invariable
mechanical load of F=600N is imposed on the beam, and the electrical voltage U is changed
from 3KV to OKV and -3KV. Some results are plotted in Fig.12. It is apparent that the
applied electric field has great effect on the crack propagation. The crack growth rate comes
to its maximum for the electrical voltage of 3KV. Along with the reducing voltage, however,
the crack growth rate decreases rapidly, and reaches the minimum value at the electrical
voltage of -3KV. It can be concluded that a positive electric field enhances crack propagation,
whereas a negative electric field inhibits it. This is qualitatively consistent with the
experimental conclusions given by Park and Sun (1995), and Tobin and Pak (1993).

6. Conclusions

In this chapter, a three-dimensional anisotropic piezoelectric damage constitutive model is
developed by extension of continuum damage mechanics into piezoelectric materials. Using
the unit cell method, the quantitative connections between the phenomenological damage
tensors and microstructure parameters are established. These discussed microstructures
include: (1) periodically distributed insulating microvoids, (2) conductive microvoids, and (3)
conductive inclusions. Based on the compact tension tests and the three-point bending tests
performed by Park and Sun, damage-based linear and nonlinear piezoelectric fracture
criteria are obtained by using the method of least squares combined with numerical damage
analysis for the fracture critical cases. As an application example, both the proposed
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piezoelectric damage constitutive model and the nonlinear fracture criterion are used to
investigate the quasi-static propagation behavior of the midspan crack in a three-point
bending PZT-4 beam, and the influences of mechanical and electrical loads on cracking
behavior are evaluated.
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1. Introduction

Lead Zirconate Titanate (PZT) is the best performing, cost effective class of piezoelectric
materials known to date (Kumamoto et al., 1991; Martin et al., 1993; Perez et al. 2005). Its
success is strongly related to the flexibility in terms of composition (Zr/Ti ratio, use of
different dopants) and microstructure. In particular, when PZT is doped with Nb and
coupled with a controlled porous microstructure, it becomes a promising candidate for
ultrasonic transducer applications.

To obtain high piezoelectric responses it is important to produce dense ceramics: in this
respect, the porosity is generally considered a defect that causes the decreasing of the
mechanical and piezoelectric properties. On the other hand, the introduction of tailored
porosity can considerably improve the performances of ultrasonic devices, such as
hydrophones (Geis et al., 2000) or medical diagnostic devices (Smith, 1989). Dense PZT-type
piezoceramics show low hydrostatic figure of merit (FOM) and poor acoustic coupling to
the media with which it is in contact and are therefore not suitable for these applications. On
the contrary, in porous piezoelectric materials, a partial decoupling between transverse and
longitudinal effects leads to an increase of the FOM while the transfer of acoustical energy to
water or biological tissues is improved as a consequence of a lower acoustical impedance (Z)
(Li et al., 2003; Okazaki & Nagata, 1973). A low Z value, in fact, reduces the mismatch
between the device and the media through which the signal is transmitted or received,
leading to a more efficient acoustic wave transfer (Roncari et al., 2001).

Porous piezoceramic can be designed as a functionally graded material (FGM) (Mercadelli et
al., 2010). This allows to match the need of an high response, typical of dense piezoceramic,
to a good compatibility with the investigated media given by a porous material.

In this chapter the main processing routes necessary to obtain PZT-based materials with
tailored porosity will be thoroughly analyzed and discussed. The electrical and acoustic
properties of porous piezoelectric ceramics will be evaluated considering both porosity
amount and pore morphology.
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2. Porous Ceramics Processing

Materials containing tailored porosity exhibit special properties and features that usually
cannot be achieved by their conventional dense counterparts. Therefore, porous materials
find nowadays many applications in several technological processes.

Such applications include the filtration of molten metals, high-temperature thermal
insulation, support for catalytic reactions, filtration of particulates, and filtration of hot
corrosive gases in various industrial processes. The advantages of using porous ceramics in
these applications are usually their high melting point, specific electronic properties, low
thermal mass, low thermal conductivity, controlled permeability, high surface area, low
density, high specific strength, and low dielectric constant.

Porous ceramics are classified (IUPAC) according to their pore size (macroporous ceramics,
pore size > 50 nm, microporous, d < 2 nm and mesoporous ceramics, 2 nm < d < 50 nm) and
in terms of pore geometry (Araki & Halloran, 2005): foam, interconnected, pore spaces
between particles, plates, and fibres, large or small pore networks.

The main processes to produce porous ceramics are well detailed in a review proposed by
Studart et al., 2006. The most straightforward processing route for the preparation of porous
ceramics is the partial sintering of cold-compacted powders. In this method many
experiments have to be conducted in order to develop an appropriate sintering procedure to
achieve the desirable porosity. The degree of porosity is in fact controlled by the degree of
sintering, which, in turn, is controlled by temperature and/or soaking time. Many novel
methods have been developed for the preparation of porous ceramics with controlled
microstructure. The most widely used for macroporous ceramics could be classified into
replica, sacrificial template and direct foaming methods (Fig. 1).

2.1 Replica Technique

The replica method is based on the impregnation of a cellular structure (sponge) with a
ceramic suspension. The organic structure is than removed by controlled thermal treatments
in order to produce a macroporous ceramic exhibiting the same morphology of the original
porous material. Many synthetic and natural sponges can be used as templates for this
method.

Porous ceramics obtained with the sponge replica method can generally reach total open
porosity levels within the range 40%-95% and are characterized by a reticulated structure of
highly interconnected pores with sizes between 200 pm and 3 mm. The minimum cell size of
replica-derived porous ceramics is however limited to approximately 200 pum, for the
difficulty of impregnating polymeric sponges with excessively narrow cells.

2.2 Sacrificial Template Method

The sacrificial template technique usually consists on the preparation of a biphasic
composite comprising a continuous matrix of ceramic particles and a dispersed sacrificial
phase. The latter is initially homogeneously distributed throughout the matrix and is
ultimately extracted to generate pores within the microstructure. Predominantly open pores
of various different morphologies can be produced with this method. The most crucial step
in this technique is the removal of the sacrificial phase that can be done by pyrolysis,
evaporation, or sublimation. These processes might involve the release of an excessive



Porous piezoelectric ceramics 113

amount of gases and must be carried out at sufficiently slow rates in order to avoid cracking of
the cellular structure. The most widely used sacrificial templates can be summarized as follow:

e  Synthetic organics: polyvinyl chloride (PVC), polystyrene (PS), polyethylenoxide
(PEO) or Polyviniylbutiral (PVB), polymethylmethacrylate (PMMA) or
polymethylmethacrylate-ethyleneglycole (PMMA-PEG) beads,
methylhydroxyethyl cellulose (MHEC), phenolic resin, nylon, cellulose acetate,
polymeric gels, naphtalene.

e Natural organics: gelatine, peas and seeds, cellulose/cotton, glucide, sucrose,
dextrin, wax, alginate, starch.

e Liquids: water, camphene, emulsion-oils.

e  Salts: NaCl, BaSO,, K;SOs.

e  Metals/ceramics: nickel, carbon (graphite, fiber, nanotubes), SiO; (particles, fibers),
ZnO.

The natural or synthetic organic components are essentially removed by
decomposition/combustion thermal treatments, while inorganic pore formers (salts, ceramic
or metallic composites) are generally eliminated though chemical processes (aqueous or
acidic leaching).
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|
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Sacrificial

Sacrificial phase, phase
add/t/on ellmnnatlo
Si nter| ng
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Fig. 1. Scheme of the main processing routes used for the production of porous ceramics
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Table 1. Pore formers and processes used to produce porous ceramics: state of the art.

2.3 Direct Foaming Method
The pores produced with this approach result from the direct incorporation of air bubbles
into a ceramic suspension, therefore there is no need for extensive pyrolysis steps before
sintering of the green body. The stabilization and setting of the wet foams is the decisive
step in direct foaming methods. The total porosity of directly foamed ceramics is
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proportional to the amount of gas incorporated into the suspension or liquid medium
during the foaming process and can reach values ranging between 45 and 95%. The pore
size, on the other hand, is determined by the stability of the wet foam before setting. Wet
foams are thermodynamically unstable: these destabilization processes significantly increase
the size of incorporated bubbles, resulting in large pores in the final cellular microstructure.
The use of surface modified particles to stabilize the wet foam has decreased the lower limit of
pore size achievable via direct foaming to 10 pm, with the upper one being around 1.2 mm.

3. Porous ceramics via the sacrificial template methods: state of the art

The three techniques above mentioned allow a wide range of pore size and porosity
amount. The foaming method is generally used to produce a high level of interconnected
porosity, while the replica technique, (depending on the template) leads to high porosity
amount and tailored pore size ranging between 10 pm and 1.2 mm. The sacrificial template
method not only allows a strict control of the amount, mean size and morphology of the
porosity produced but, tailoring the nature and size of the pore former agent, guarantees a
wider range of porosity level and dimension. Moreover this method is the only one able to
produce small pores (< 10 pm).

For these reasons the sacrificial template method must be considered for those applications
that require micrometric pore size. A panoramic of the pore forming agents and of the
processes involved in the fabrication of porous piezoelectric materials is reported in Table 1.

4. Porous piezoelectric ceramics: characteristics and applications

As already mentioned, the porosity is usually unwanted for its detrimental effect on the
piezoelectric and mechanical properties. However the introduction of a controlled porosity
into a piezoelectric ceramic could strongly improve its acoustic performances and therefore
its ultrasonic responce.

4.1 Porous ceramics as composites

Composites are materials that are receiving a growing attention by the scientific as well as
the industrial word. They can in fact show specific properties (electronic, magnetic,
mechanical, etc.) that cannot be otherwise achieved by the single phase materials. This
approach has been applied for the first time to the piezoelectric materials at the end of the
1970s combing them with polymeric and/or metallic phases to obtain actuators or
transducers (Akdogan et al., 2005).

In the production and design of a piezocomposite the right choice of the spatial distribution
between the two phases determines the effective improvement of the piezoelectric
properties (Levassort et al., 2007). For this reason, the concept of connectivity has been
defined to describe the way in which the individual phases are self-connected (that is,
continuous) (Skinner et al., 1978). There are 10 connectivity patterns for a two-phase
(diphasic) system, in which each phase can be continuous in zero, one, two, or three
dimensions. The internationally accepted nomenclature to describe such composites is (0-0),
(0-1), (0-2), (0-3), (1-1), (1-2), (1-3), (2-2), (2-3) and (3-3). The first digit refers to the number of
dimensions of connectivity for the piezoelectrically active phase, and the second digit is
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used for the electromechanically inactive phase. A porous ceramic can be as well considered
a composite where the main phase is the active ceramic and the second phase is the porosity.
The development of such piezoelectric composites aims to combine the specific properties of
each single phase to maximize either the electromechanical and ultrasonic response of a
particular device. A single material, or a unique phase, cannot in fact satisfy the need of
maximize the piezoelectric response and at the same time minimize the material density to
acoustically match the transducer with the water or the media to which it is in contact.

In these cases, when two opposite requirements have to coexist, the production of a
composite is the only way to produce an efficient device (Akdogan et al., 2005).

4.2 Properties
Nowadays, many types of piezoelectric composites are used as active materials for
transducers. These composites are fabricated by incorporating different second phases, e.g.
dielectric ceramics (Jin et al., 2003), metals (Li et al., 2001), polymers (Klicker et al., 1981) or
pores (Li et al, 2003), to modulate the electrical properties. The porosity has several
advantages as non-piezoelectric second phase. Firstly, porous piezoelectric ceramics are
composed of ceramics only, thus there is no possibility of detrimental chemical reactions
between the piezoelectric ceramic and the second phase during production. Secondly, their
piezoelectric properties are easily tailored by changing the porosity level and the pore
morphology. Finally, they are cheaper to produce and lighter than other possible
piezoelectric composites (Jin et al., 2003; Li et al., 2001).
Since porous piezoelectric ceramics have lower acoustic impedances than dense ceramics,
they could be used to improve the mismatch of acoustic impedances at the interfaces of
medical ultrasonic imaging devices or underwater sonar detectors (Kumar et al., 2006).
Therefore, the electrical and acoustic properties of porous piezoelectric ceramics need to be
thoroughly evaluated in the light of either porosity level and pore morphology. Three are
the characteristics that a porous piezoceramic has to satisfy to be used for ultrasonic
applications:

1. high hydrostatic figure of merit;

2. acoustic impedance similar to the one of the investigated media;

3. low mechanical quality factor.

Hydrostatic figure of merit

The efficiency of a piezoceramic for ultrasonic applications and for hydrophone devices in
particular is measured by the hydrostatic figure of merit dngn. In hydrostatic condition, the
transducer behaviour is proportional to this figure of merit through the equation:

dngh = (das -2 [da1]) " (g +2[gal) @

where for PZT ceramics ds3 = 2 |ds1| and g3 = 2| gs1|. From this equation, the figure of
merit for dense PZT tends to zero. On the other hand in the porous piezoceramics a partial
decoupling of the piezoelectric response between the longitudinal and transversal direction
occurs. As a consequence, the more the porosity increases the more the |ds; | value decreases
in respect to the dss one. In this way, the electrical response is maximized along the most
useful direction (i.e. in the thickness, 33) and, at the same time, minimized in the other ones.
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The figure of merit is in this way improved by more than three orders of magnitude,
decreasing the effect in the 31 direction while keeping constant the one in 33.

Acoustic impedance

The acoustic impedance (Za) of a material is a measure of the propagation of the acoustic
wave throughout the interfaces of different media. The wave transfer is maximized when
the two media have the same acoustic impedance. The higher is the difference of impedance
between the two media, the higher would be the acoustic wave’s fraction reflected at the
interface. In the case of a transducer, its efficiency is linked to the acoustic matching between
the piezoceramic (high Za ~ 30-33 [106 Kg / m?2s]) and the investigated media (water,
biological tissues) to which is in contact (low Za ~ 1-1.5 [10¢ Kg / m?2s]) (Bowen et al., 2004).
This large impedance difference leads to poor acoustic matching and low axial resolution.
This problem is generally overcome reducing the ceramic density. It has been shown
(Levassort et al., 2007) that the introduction of 40% vol of isotropic porosity into a
piezoceramic leads to a reduction of 60% the acoustic impedance thus dramatically
increasing the device efficiency.

Mechanical quality factor (Qm)

The increasing of mechanical losses (and the consequent reduction of the mechanical quality
factor) is another effect induced by the presence of porosity into a piezoceramic. This
property is useful to increase the transducers bandwidth, i.e. to reduce the electrical signal
losses in operating conditions.

4.3 Piezoelectric ceramics as ultrasonic transducers

Piezoceramics devices are widely used as ultrasonic transducers because they can generate
powerful ultrasonic waves useful for cleaning, drilling and welding, as well as to stimulate
chemical processes. Moreover, they act either as transmitters and receivers of ultrasonic
waves in medical diagnostic equipments and non-destructive material testing apparatus for
locating defects within a structure. Ultrasonic waves are mechanical vibrations that
propagate in a material as a consequence of a series of very small continuous displacements
of atoms and chain segments around their equilibrium positions. Displacements are induced
at neighbouring zones by the forces within a chain segment and between adjacent chain
segments, propagating in this way a stress-strain wave. Several kinds of ultrasonic waves
may propagate in solid materials: longitudinal waves, shear waves, Rayleigh waves (or
surface acoustic waves), Lamb waves (or plate waves). The most common method of
ultrasonic wave generation and detection uses longitudinal waves in which the
piezoceramic transducers are required to move like pistons at very high frequencies (from
20 kHz to hundreds of MHz) (Lionetto et al., 2004).

Recently the research interest in this field is focused on the development of suitable
transducers for the medical diagnosis.
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4.4 Transducers for ultrasonic medical diagnostics
A classical ultrasonic transducer (Fig. 2) is composed by:
e an active piezoelectric element (that works as either transmitter and receiver);
e abacking layer (that absorbs the acoustic emission in the back side of the actuator)
¢ amatching layer (that matches the acoustic impedance of the piezoelectric material
with the one of the investigated surface).
With this architecture, the energy emission is maximized and therefore the axial resolution
(that is the capability to distinguish two points along the axis of an ultrasonic beam)
increased thus improving the image resolution (Levassort et al., 2004).

Water,
Tissues

Piezoelectric
element
Fig. 2. Scheme of a classical ultrasonic transducer.

Backing Matching layer

Active piezoelectric element

The active piezoelectric element is typically a piezoelectric disk, 1-2 cm thick, with two
electroded parallel faces. The application of an alternating current between the two
electrodes generates a synchronous thickness variation of the transducer (inverse
piezoelectric effect); on the other hand a mechanical perturbation (ultrasonic pulse) induces
an electrical signal as a consequence of the direct piezoelectric effect.

The piezoelectric element thickness is a crucial parameter that defines the resonance
frequency of the device. High-frequency ultrasonic devices are, for example, needed for the
medical diagnosis in organs such as skin, eye and blood vessels, where high resolution is
requested at low depth of field (Levassort et al., 2004). The depth of penetration of the
ultrasounds is in fact inversely proportional to the frequency. High-frequency ultrasounds
are therefore only used to study relatively "superficial" structures.

In the case of a transducer with a fixed thickness d, the resonance condition occurs at a wave
length A equal to:

A=2d 2

The corresponding frequency is linked to the ultrasound speed (c) into the transducer
material through the equation:
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=< ®)
f A
It is clear that the frequency and the piezoceramic thickness are inversely proportional.

Therefore it is necessary to reduce the thickness of the piezoelectric element to work at high
resonance frequencies.

Backing layer

The backing layer has two functions: on one hand it works as mechanical support for the
active element, on the other hand it has to attenuate the acoustic energy lost from the back
face of the transducer. In this way no energy is radiated back to the active layer hindering
therefore the production of parasitic echoes (Levassort et al., 2004). To optimize the
transmission of the ultrasounds to the back surface of the transducer, the backing and active
layer materials must have similar impedance values. For this reason epoxy resins filled with
tungsten particles are generally used as materials for backing layers.

Matching layer

On the front of the transducer (i.e. between the piezoceramic and the propagation medium)
a matching layer is generally used. This layer must mediate the impedance values of the
ceramic with those of the biologic tissues thus maximizing the acoustic energy amount
transmitted by the transducer and improving consequently its efficiency.

The optimal impedance value for a matching layer is defined as:

Zm= vV Zt : Zst (4)

where Zn, Z: and Z are the acoustic impedance values of respectively the matching layer,
the transducer and the biological tissue. The matching layer thickness must be A/4 to
produce destructive interference with the waves reflected back. For example, in the case of a
single porous matching layer, suitable for a PZT transducer working at a frequency of 50
MHz, with a speed of sonar wave propagation of v = 1882 m/s and acoustic impedance of
Zm =9.64 [106 Kg / m2s], its thickness t would be:

v 1882ms™! (5)
=38um

T F T 50x106s 1

Whereas the optimal impedance value for the matching layer would be:

Zm = \JZ - Zs, = V25 -1 =5[10°Kg/m?s] (6)

Therefore the matching layer must be optimized in terms of either the material, to match the
acoustic impedance, and the thickness to maximize the device performances. The porous
piezoceramics could be successfully used as matching layer, allowing an optimal chemical-
physical compatibility with the active piezoelectric element (dense ceramic) and offering at
the same time the possibility to tailor the microstructural properties to improve the
efficiency.
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5. Porosity Graded Piezoelectric Ceramics (PGPC)

The ultrasonic properties of the piezoelectric materials could be improved producing a
transducer (the active layer) with a functionally-graded structure (Fig. 3). The porosity-
graded structure could match a dense active layer with high piezoelectric constant able to
efficiently transmit/receive the acoustic/electrical signal with a porous layer with a lower
piezoelectric response but with an acoustic impedance appropriate for the porous matching
layer and the investigated media.

Water,
Tissues

Backing Active ;lniezoelectric Matching layer
ayer

Fig. 3. Scheme of a transducer with a porosity-graded active layer and a porous matching layer.

The transducer performances could be improved even further by adding more matching layers
(Fig. 4): in fact a gradient of the acoustic impedance values could minimize the differences
between the ceramic and the media, maximizing, as a consequence, the acoustic energy
transmitted to the biological tissues. The ideal would be the production of a continuous porosity-
gradient material able to assure a uniform properties-variation from the transducer to the tissues.

Water,
Tissues

Backing Active piezoelectric ~ Matching layer
element
Fig. 4. Scheme of a transducer with a porosity-graded matching layer.
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5.1 Processes for the production of (PGPC): state of the art

The production of functionally graded materials has to face and overcome the technological
difficulties related to the fabrication of layers with different microstructural characteristics
(different shrinkage, various organics content to be eliminated, etc.). Few works are reported
till now regarding this kind of architectures.

Porous graded piezoelectric materials more than 1 mm thick and with porosity ranging from
10 to 40 % have been already produced by die-pressing layers of powders with different
pore former amounts (see Table 1). With this technique it is however difficult to produce
graded materials with thickness less than 1 mm. As mentioned above, for the design of an
ultrasonic medical device it is very important to cover a wide range of thicknesses to assure
resonance frequency from 20 kHz to hundreds of MHz (Opielinski & Gudra, 2002). Working
at high frequency (f > 20 MHz) means to have a suitable resolution at low depth of field,
requirement needed for the ultrasound probes for the skin, eye and blood vessels diagnostic.
In this case it is particularly important to have a transducer with thicknesses below 1 mm.

In the next paragraph we will consider the tape casting process to obtain porous
piezoelectric thick layers with these characteristics. Tape casting is in fact the most used
technique for the production of ceramic thin layers. These can be than stacked to obtain
graded materials less than 1 mm thick. With this process a functionally-graded material can
be obtained by sintering layer-stacked green tapes with stepwise varied compositions.

This process has been already used to produce porous piezoelectric multilayers with a
sandwich-like structure (dense/porous/dense layers and vice versa) for piroelectric
applications (Palmqvist et al., 2007; Shaw et al., 2007).

6. Tape cast porosity-graded piezoelectric ceramics

We have recently reported the optimization needed to produce a flat, 400 pm thick,
functionally-graded porous Nb-doped PZT material (Pbo.oss(Zro52T10.48)0.976Nbo.02403, PZTN)
by tape casting (Mercadelli et al., 2010). Casting, lamination, debinding and sintering are
necessary steps to obtain multilayer structures with this technique. Any variation of each of
these steps strongly affects the final product. Therefore each of them (slurry formulation,
lamination and thermal treatments) has to be thoroughly investigated.

Combining the sacrificial template method with tape casting, an engineered porosity could
be produced. The choice of the right pore former deeply influences the size and morphology
of the pores and, as a consequence, the final electrical properties of the piezoelectric product.
A preliminary study was conducted to identify the most suitable pore former to obtain
micrometric and isotropic porosity. A literature analysis indicated rice starch (RS) and
carbon black (CB) as the more appropriate pore formers to obtain fine porosity. Sintered
tapes with 30%vol of CB and RS lead to about the same amount of total porosity (35%).
However the tapes fracture sections in figure 5 clearly show that CB produces uniform
micrometric pores while RS leads to 5-6 pm size pores. The CB was therefore chosen as pore
former for the fabrication of porous piezoelectric layers and multilayers.
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S pm

Fig. 5. SEM micrographs of the fracture section: sintered tape with CB (a) and RS (b). The
insertions show the pore former morphology of a) CB and b) RS.

The porosity gradient was formed in situ by sintering layer-stacked green tapes with
stepwise varied contents of pore former.

Graded porous piezoceramics were fabricated by gradually increasing CB content, adjusting
the binder burnout procedure and tailoring the multilayer thickness. In this way cracks and
delaminations were avoided, leading to a well developed and controlled microstructure
with porosity ranging from 10 to 30 vol% (Fig. 6).

The preliminary tests done on PZTN-FGM multilayer showed a mean acoustic impedance of
15 10¢ Kg/ (m2s) and piezoelectric properties of SiiE = 26 1012 m/N, k,=0.38, d31 = -106 10-12
m/V. Those data confirmed the potentiality of this material for ultrasonic devices and tape
casting as suitable technique to produce porosity-graded piezoelectric ceramics.

: o : : :0 um
Fig. 6. SEM micrographs of the 6 layers porous graded PZTN material: a) polished surface,
b) fracture surface (Mercadelli et al., 2010).
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7. Conclusions and feature trends

Porous piezoceramics find nowadays many applications as ultrasonic transducers. The
introduction of a controlled porosity into a piezoelectric ceramic could in fact strongly
improve the acoustic performances for this kind of applications.

In this chapter the more recent literature on the processing of porous ceramics has been
reviewed. The decisive influence of the processing method on the material’s microstructure
and properties was pointed out as well as the role of the application needed for the choice of
the more suitable processing route for the production of porous ceramics. The sacrificial
templating methods provide a straightforward way for the fabrication of macroporous
ceramics with porosities and average pore sizes ranging from 20% to 90% and 1-700 pm
respectively. The possibility to easily tailor the morphology and amount of porosity makes
this method effective for the production of porous piezoceramics. The combination of this
technique with the tape-casting process allows the production of sub-millimetre porous and
porous-graded piezoelectric structure.

Reducing the piezoceramic thickness is a key point to reach higher resonance frequency and,
as a consequence, high resolutions medical transducers application. In this respect, the drive
toward device miniaturization has created a strong interest in PZT thick-film technology
and as a consequence into the screen printing process. With thicknesses in the range 5-80
pum, screen-printed PZT thick films fill an important technological gap between thin-film
and bulk ceramics offering the advantage of miniature scale and direct integration into
hybrid electronic packages. This technique therefore could be very promising for the
production of porosity-graded structure for high-frequency (from 20 to 50 MHz) ultrasonic
transducers.
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1. Introduction

This chapter is dedicated to ultrasonic piezoelectric ceramic power transducers. These elements
are now the most popular source of high power ultrasound and is used in many industrial
applications. High power ultrasonic waves are generally used in such industrial processes as
welding, acceleration of chemical reactions, scavenging in gas medium, echo sounding and
underwater communication (sonar systems), picture transmission, and, above all, ultrasonic
cleaning. In practice is now the most widely used the sandwich type power transducers.
Stage design power converters high power ultrasonic devices usually preceded by computer
analysis of currents and voltages waveforms the elements of the system, particularly in
semiconductor instruments of power. Competent representation requires the use of these
waveforms of electrical models of piezoelectric ceramic transducers under the parameters of
line with reality and allows to calculate the electrical operating parameters used in the
layout of semiconductor switches, capacitors and reactors. The proposed method in the
chapter to identify the parameters using a genetic algorithm is one of many possible
methods to use here, but has the advantage that it can be implemented automatically.
For example the standard ultrasonic system for cleaning technology (Fig.1.1) includes:

1. ultrasonic generator,

2. transducer or set of transducers,

3. cleaning tank.
Piezoelectric ceramic transducers placed in the tub generate ultrasonic waves that pass
through the liquid and reach the element immersed in the tank. As a result, created in the
liquid, with very high frequency, alternating areas of high and low pressure. In areas, where
low pressure is forming millions of bubbles of vacuum. When the pressure in the alveoli
increases and is high enough, bubbles implode, releasing enormous energy at the same time.
This phenomenon is called cavitation. Emerging implosions work as a whole series of small
cleaning brush. The phenomenon is spreading in all directions and causes intense but
controlled detachment of particles of pollutants on the entire surface of cleaning detail.
Washed away dirt particles collect on the surface of the cleaning solution from where they
are blown into a nearby basin, and then be filtered and recycled.
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Ultrasonic cleaning is more effective in cleaning hard materials, than the cleaning of soft or
porous materials. It was found that, the harder the surface, including the operation of
ultrasound is more efficient. Hence, metals, glass, hard plastics well led by ultrasound and
are ideally suited for ultrasonic cleaning.

.

iy

Cleaning tank

Ultrasonic generator

Set of transducers

Fig. 1.1 Ultrasonic cleaning system

The quality of ultrasonic cleaning can be improved:

-increasing the ultrasonic power density (cavitation stronger, better cleaning effect),
-reducing the frequency of the generated ultrasound (a stronger phenomenon of cavitations),
-maintaining optimal cleaning bath temperature, the temperature range from 40 °C to 50 °C
(cavitation effect is strongest).

By increasing the temperature of the cleaning bath can get more cleaning, but for
temperatures ranging from 70 °C to 80 °C, the cleaning effect will be weaker now.

Block diagram and the main circuit of the ultrasonic generator (Fig. 1.2) consists of:

- converter AC/DC,

- full-bridge inverter FBI (T1-T4, D1-Dy),

- isolating transformer T,

- special filter F (Lw, Cw),

- sandwich type transducer PT,

- sensor of vibrations S (optional),

- control unit CU.

The control unit consists of two parts. The first part, in FBI inverter, is the frequency feed-back
control loop and the second part in AC/DC converter is the amplitude feed-back control loop.
Two coupling loop works independently. In the case of overload inverter system of current
limiter disconnect supply of AC/DC converter. Signal f.: make possible to set up manually
frequency switching inverter FBI and signal A establish amplitude ultrasonic oscillation.
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Fig. 1.2 Ultrasonic generator

In most applications, the stabilization of the amplitude of vibration is carried out by other
means and do not apply vibration sensor S and the feedback loop. In simple systems,
without the exact amplitude of vibration stability, instead of inverter-controlled AC/DC
system used free-fall small bridge rectifier.

T PT
Full Brdge Inverter 3it Filter
——{AQ/DC > 3it C 1
FBI 3it F —

Structure of Logic Controller

Fuzzyfication >—>< Block of rules >—>< Defuzzyfication

\ System

Genetic Identification Parameters of Linear or Nonlinear Transducers Model

fset
—>

Genetic Algorithm generates
anew population by
selection-crossover-mutation

The fitness
function

Genetic Algorithm generates an
initial population of individuals

Fig. 1.3 Example of adaptive control system with an ultrasonic generator parameter
identification of the transducer member
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Tuning the frequency of the inverter output voltage to the FBI, the mechanical resonance of
the transducer PT is also implemented in different ways. In large power systems apply
adaptive systems, such as fuzzy logic systems, as shown in Figure 1.3.

In the case of untuning, the frequency feed-back control system of the converter change the
output voltage frequency and untuning the generator to the mechanical resonance
frequency of transducers. The output voltage frequency of converter most by equals the
mechanical resonance frequency of the transducers and most by tuning with high precise.

In real circuit the mechanical resonant frequency is function of many parameters of
piezoelectric material, among others, the most important are temperature, time, and for
industrial cleaning systems the column of cleaning factor, and the surface of the cleaned
elements. The frequency feed-back control system for the short power most by very simple,
and for the high power very complicated.

The precise microprocessor control systems with an observer often requires knowledge of
the electrical model of the replacement of the converter, especially for frequencies near the
mechanical resonance. To identification this parameters is used genetic algorithm.

2. Sandwich type ultrasonic transducer

2.1 Construction

The view and construction of ultrasonic transducer by sandwich type is shown in Figure 2.1.
This element is made of piezoelectric ceramics PZT and are for example a combination of steel-
ceramics-aluminum blocks connected by one or several screws. The transmitter is constructed
of two metal blocks between which are clamped piezoelectric ceramic plate (Fig.2.1.b).

This transducer design has much less to its resonant frequency compared to the same
frequency of the vibration plate and more importantly allows you to generate ultrasound
with high power ratings.

Change torsional screw adjusts the ratio of mechanical stiffness (elasticity), and reduces the
weight of the mechanical resonance frequency of the entire transducer. Minor changes to the
degree twist allows fine tuning of the resonance frequency transducer to the required value.
Piezoelectric ceramic plates squeeze between two metal blocks also has practical significance.
Piezoelectric ceramic material from which the rings are made of a material that is very hard,
but unfortunately also fragile. By increasing the stiffness of the mechanical transducer is thus
protects the vibrating piezoelectric ceramic rings before cracking and crushing,.

As mentioned above, the elements likely to attract the vibrations of sandwich transducers are
piezoelectric ceramic plate. On the surface of the contact blocks and metal plates shall be a
partial reflection of ultrasonic wave generated in the transducer. The energy associated with
this wave is lost as heat and causes a reduction in efficiency of the converter and increasing its
temperature. Any change in temperature alters the mechanical stresses occurring in the
piezoelectric ceramic plates and changing the mechanical resonance frequency. Losses can be
minimized if the acoustic impedance of the metal from which the blocks are made of has a
value close to the acoustic impedance of piezoelectric ceramic material.

The sandwich transducers employed environmental overlays hydroacustic metal blocks
should be small as possible acoustic impedance, acoustic impedance similar to water. Types
of materials used and construction of the transmitter determines, therefore, two
contradictory requirements, forcing the designer to compromise. In addition to the tiered
sandwich transducers are often used pickups, flat and tubular bimorph.
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a)
f =25kHz  fn,=40kHz

Fig. 2.1 Sandwich type piezoelectric ceramic transducers,

a) view (the resonant frequency about 25 kHz, 40 kHz)

b) construction 1 - screw or pin settings (gripping), transmitter
2.5 - blocks of metal (eg. aluminum, iron, brass)

3.4 - piezoelectric ceramic plates (cylindrical, annular)

2.2 Electric Model

Most assumed that the equivalent electrical circuit of piezoelectric ceramic transducers
about the resonant frequency of mechanical vibration consist of connection in parallel
resistance Re, capacity C. and dynamic RLC elements.

This model is shown in Figure 2.2., where

Re = resistance of the piezoelectric ceramic plates,

C. - static, electric capacity of the transducer,

C - equivalent mechanical capacity,

L - equivalent mechanical inductance,

R - equivalent resistance,

R=Rn+R,

where: Ry, - equivalent mechanical loss resistance, R, - equivalent acoustic resistance.
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S or 3 W= [

Fig. 2.2 The equivalent circuit of piezoelectric ceramic transducer about the resonant
frequency of mechanical vibration

This model must be linear and nonlinear. If the resistance Ry changes as a function of
pulsation untuning resonant converter model is nonlinear. Mostly for small untuning
assumed that at constant load resistance Ry, is constant and the model of transducer is linear.
For linear model the susceptance B, conductance G, admittance Y of the transducers in
frequency o function may be expressed by the following equations:

B(w) = Im Y(0) = oC, + oC(1-0"LC) 1)
¢ ©2C?R2+(1-0%LC) '
2~2
G(®)=ReY(0) =G, 0 CR 2.2)

2R+ (1-0PL ]

Y(0)= VG2 +B2 2.3)

where Ge=R—’ ®=2mf .
mS | ImY I I{\
SRR W

05 / f£_4,94 kHz 'E\
0 \ 7 ReY

0,5 1 1,5 2 25 mS

05 I"lql g
-1
Fig. 2.3 Exemplary admittance characteristics of sandwich type transducers

1. Real characteristic,
2. Equivalent characteristic
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The frequency fy of mechanical vibration may be calculated by known equation:

1
fo = E LC (2.4)

Using this model we can simulate and monitor the operation of the sandwich type
transducer. The building is distinguished by its two components: a electrical branch, which
includes Re and C,, and dynamic branch, which consists of R, C, L elements.

The values R., Ce, C, L, R most be calculated from admittance characteristic of transducers
(Fig. 2.3), for the off-load and on-load conditions (R, = var).

3. Application of genetic algorithm
to identify the parameters of the transducer

The electrical characteristics of ceramic transducer resistance Re and electrical capacitance Ce
can be determined with high accuracy on the basis of electrical measurement. Changes in
these parameters while the transducer can be considered to be negligible because of the
transmitter power is assumed that the C. and R. are fixed.

Parameters of dynamic branch R, L, C of power piezoelectric ceramic transducer model
electric are not physically measurable. We can only designate empirically. Identification
algorithm is therefore based on numerical calculations. Input parameter for these
calculations is the image of the actual characteristics of the transducer admittance.
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Fig. 3.1. Real admittance characteristics of the piezoelectric ceramic transducer
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An example measurements of results for the transducer mechanical resonance frequency
equal to about 43 kHz is locate in appendix in Table 1 and one-to-one correspondence real
admittance characteristics of this transducer is shown in Fig.3.1. The graph consists of points
whose coordinates correspond to the conductance G = Re(Y) and susceptance B = Im(Y) of
the converter, measured at a certain frequency.

Analysing the shape of this characteristic can be clearly observed that with increasing
frequency (Figure accordance with the frequency increasing clockwise), outlines the main
loop of the graph. In the general case, the image of the curve is an ellipse. This ellipse is
interpolated electrical admittance characteristics of an ideal replacement transducer
schedule shown in Fig.3.1. It may be noted that the actual characteristics, in addition to the
main loop also includes many smaller "loops" that testify to the presence of additional
resonances in the transducer side. These resonances, however, will not occur in the adopted
system replacement transmitter.

After eliminating these "loops" with the actual picture of the actual characteristics of the
admittance characteristics of the transducer will be the figure presented in Fig. 3.2.

In Table 1 are marked in bold points, which missed the chart.
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Fig. 3.2 The actual characteristics of the transducer after eliminating resonances fringe

The set of coordinates of the actual approximation characteristics transducer (Fig. 3.2) is a
database for further calculations.
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3.1 Calculation algorithm

Designation of alternative modes of dynamic parameters of the transmitter requires the
implementation of numerical calculations and find such a set of R, L, C parameters, which in
a given error will allow mapping of the main loop, the actual characteristics of the
transducer admittance presented Fig.3.2.

One element of the identification of these parameters is a genetic algorithm.. Generally one
can say that the genetic algorithm is a regula - system learner who makes a certain number
of iteration steps. It is a group of strict security procedures that are based on the
fundamental mechanisms of biological evolution such as natural selection and inheritance. It
works interactively with the environment in discrete time. The algorithm of this type of
reproduction may take place subject to the diversity of the population:

- model with preload,

- measures niche

A special feature of this type is that the algorithm is not seeking a single optimal solution,
but a group of cooperating the best solutions. At any time, the algorithm works evolutionary
principle of survival, which is always available some of the best solutions at the moment. As
the proceedings algorithm solution to optimize and adapt to the conditions in which the
algorithm works. For further calculations is always the best solutions are selected and
rejected solutions are worse. Here there is a process of succession. In order to obtain optimal
solutions group for further reproduction of the best solutions are selected at the time of the
algorithm. It is a natural selection process occurs in nature. It is known that the probability
of obtaining better result is greater if we use it to generate the best available solution than
the use of inferior results. According to the law of nature and genetics "survive" the best and
strongest.

Genetic Algorithm generates an initial
population of individuals

'

The calculated fitness function
> - code generation
- program execution

'

Genetic Algorithm generate a new
population by

START

- selection
- crossover
- mutation

Analyze the results

'

FINISH

Fig. 3.3 Simply genetic algorithm
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The genetic algorithms is a natural process of mating genes. It is no different genetic
algorithm. There also are choosing the best "genes" of each solution and verify their
combinations. Alongside the cross as a natural evolution is mutation, a random change in
the gene. Both these processes are the values of the genetic operator.

Using the genetic algorithm, remember to keep the best balance between the transfer of
genes to the next generation, and a draw solution space. Too broad conditions imposed
solutions may give erroneous results in spite of every generation the best available solution
at the moment. Genetic algorithm is an excellent tool to monitor and maintain the balance
between these two dependencies.

The overall pattern of genetic algorithm is illustrated in Fig. 3.3.

Using a genetic algorithm to identify the parameters of dynamic model of the electrical
branch of the transducer sandwich working near mechanical resonance is shown in Fig. 3.4.

HOME

!

Measurement Ce, Re

v

Measurement of the admitance
characteristic B(o) = f[G(®)]

'

Elimination of the loop on
the characteristics of internal resonances

!

Determination of the mechanical
resonance frequency o
and value of parameter Gmax

'

The calculation of the initial replacement
of dynamic inductance L and dynamic
capacity C

The criterion
Genetic algorithm «—| for completion
of the calculations

STOP

Fig. 3.4 Algorithm for parameter identification of dynamic model of the branch of electrical
power ultrasonic transducer
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The initial value of the dynamic resistance R is calculated by selecting the characteristics
shown in Fig.3.1 point with coordinates (Gmax, Be). In this point there is a mechanical
resonance of the transducer and is a good approximation condition.

®ZLC-1=0 (3.1)
The dependence (2.2) shows that the resonance:

1
Ginax ((')0 ) =G+ E (3'2)
Therefore:
R= ! (3.3)
Gmax o /- Ge .

Choosing the actual characteristics of the admittance of any two points with coordinates
(G, By), (Ga, Ba), which lie beyond the point of mechanical resonance (@1 # @o, @2 # o) can
calculate the initial value of the replacement of mechanical capacity C.

Transforming the system of equations:

— ®7C?R

177 7 1-02L0)? + 2R2C2
5 5 (B4
0)2C R

G,-G

¢ (1-03LC)? + @3R2C2

and taking into account that for Gmax is equal to the pulsation vibrations wg approximate
value of C is described by the formula:

2
' @9 (Gl'Ge)[(Gmax((DO)'Ge]
T T TR S 63)
Gmax((')O)'Ge
2
@32
1-—%
" @0 ’(GZ'Ge)[(Gmax((DO)'Ge]
s, L. (Gy-G.) (3.6)

Gmax ((DO)'Ge

_c'+C’
2

3.7)

The initial value of the replacement of mechanical inductance L determined from the
relationship:

1
L=—s
22C (3.8)
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After substituting the calculated value of the R, L, C and the measurement R., C. the
relationship (2.1) and (2.2) is determined by numerical coordinates of the points of the
electrical characteristics of the admittance model for the same pulse, for which
measurements of actual performance. If the error resulting from a comparison of the
approximation characteristic with real characteristic (Fig.3.2) is greater than the accepted
values, generate a new population of Re, Ce, R, L, C parameters, repeat the calculation of
coordinates of the electrical characteristics of the model and then analyze the resulting error.
Calculations should be continued until the error resulting from a comparison of the
characteristics shown in Fig.3.2 with the characteristics of the accepted model of the
electrical transducer is smaller than the set value. Measurement error should be performed
in the pulsation ® changing between points Bmax and Bmin (Fig.3.2).

oy =~ 43 kHz
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3

Fig. 3.5 Iterative improvement of the results obtained in numerical calculations
and a computer simulation electric model of an sandwich type transducers

Procedure described above can be used and introduces the appropriate algorithm in the
DSP program simulation.

/ /Program piezoelectric ceramic transducer
input {Circuit parameters [R.,C.,R,L,Cu(t)];

Simulation parameters (l‘p, L, ,4,00):
Evolution parameters (Num,Size, NumM, Initial, NumG,stop);)
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Output (t, u; tp; u,=u(o);};

for (t. 1, , t++){New function form;

start initial population;}
for (integer i=1,Num,i++){New population,
Select the best}

where:

Genotype dimension: Num,

Size of the generation created by mutation: Size,

Number of the best selected genotypes for mutation: NumM,
Number of the best selected genotypes for crossing: NumC,
initial parameter mutation range: Initial

Examples of results obtained in subsequent iterative steps for the transducer mechanical
resonance frequency of 42.9 kHz is shown in Fig.3.5.

When the next iterative step will be the condition for the completion of the calculations
should be considered that the characteristics of the model shown in Fig. 2.2 parameters
Re, Ce, R, L, C generated in the genetic algorithm in the last population of values, coincides
with the actual characteristics of the interpolated transducer. The shape of this characteristic
is shown in Fig. 3.6.
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Fig. 3.6 Circle admittance obtained using genetic algorithm
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3.2 Effect of the electrical equivalent circuit parameters
on the shape characteristics of the transducer admittance
Location of figures which creates a characteristic admittance of the transducer coordinate
system B(®) = f [G(®)] can be determined by changing the value of capacity C. and the loss
of electrical resistance of ceramics R.. The higher value of Re the greater displacement
figures to the right people along the conductance G(w). If you forget in the pattern of
replacement sensor resistance R (Re — o) will move to the left approximation of the
characteristics. In this case, the graph will be almost tangential to the axis B(®). Reduction in
the capacity of C. will move down the sheet, along the axis B(®). Conductance Gmax value
determines the width of the main loop of the graph. From relation (3.2) shows that the value
of Gmax decreases when the resistance R increases.
The impact of dynamic capacity C can analyze the shape characteristics of saving the
relationship (2.1) in the form
2
oC(1-")
@0
B(w) 5 3.9
o)2C2R2+(1-(D—2)2
@9

For small, + 2% of the pulsation untuning mechanical resonance, it can be assumed that:

1=
By~ (3.10)

®CR?

From relation (3.10) shows that reducing the value of the dynamic capacity C will increase
susceptance system. This also applies to the maximum Bnax and minimum Bpin . In this case,
it means that the values of Bmax and | Buin | increased. The difference Buax - Bmin is equal to
the amount of main loop of the graph.

These rule changes in the electrical equivalent circuit parameters of the transducer should be
used during the generation of successive populations of a set of values of R, Ce , R, L, C
genetic algorithm.

4. Conclusion

The actual characteristics of the admittance is a source of transparent, condensed
information about the properties and parameters of the piezoelectric ceramic transducer
stimulated by the mechanical vibrations. Used to identify the dynamic parameters of R, L, C,
and optimization of electrical parameters R, C. occurring electric transducer model, genetic
algorithm uses these data and represents one of many possible methods to use here. It has
the advantage that it can be realized in automatic cycle.

Based on preliminary data obtained experimentally from measurements of electrical
parameters (R, C.) and measurements of voltage and current waveforms created image of
the actual transducer admittance characteristics of B(w) = f [G(®)]. Genetic algorithm can
find the optimal approximation of the characteristics, correction of the value of R., and C.
and calculation of parameters R, L, C model of the electrical industry dynamic.
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An important part of the described method is the proper preparation of input data. They
should be given in the form of an ordered table of coordinates of points lying on the actual
characteristics of the transducer according to those points that do not belong to the main
loop of the graph. The process of eliminating points of the loop parasitic resonances can be
implemented step by step analysis of the data included in the table of measurement results
or by analyzing the image created by a set of characteristic points of B(w) = f [G(®)].
Attempts to identify the parameters of a single transducer mechanical resonance frequency
of 23.8 kHz and 43.2 kHz have confirmed the effectiveness of the genetic algorithm.
Identification algorithm described above can be particularly useful in studies of larger
groups of ultrasound transducers in high-power washing.

By introducing the necessary modifications can also be used to identify the parameters of
transducers working in real conditions and to implement control systems that track the
frequency of mechanical resonance.
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6. Appendix

Table 1 shows selected results of detailed studies of the piezoelectric ceramic transducer
mechanical resonance frequency of 42.9 kHz. Measurements were performed impedance
meter HP 4192 type IMPEDANCE Analyzer. Indicated in bold letter omitted in the genetic
algorithm performance admittance points beyond the main loop of the graph. The contents
of Table 1 refers to Fig. 3.1, and Fig. 3.2.
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f R X tg(p) [0} cos@ | sing G B
kHz kQ kQ rad mS mS
42,00 | 0,0721|-0,2338 | 3,2426| 1,27166| 0,2947 | 0,9556 | 1,204320 | 4,650189
42,04 | 0,0674]-0,2132| 3,1659| 1,26485| 0,3012| 0,9536 | 1,346922 | 4,223453
42,08 | 0,0703]-0,1925| 2,7371| 1,22052| 0,3432| 0,9393 | 1,674703 | 4,456680
42,12 | 0,0841|-0,1745| 2,0750 | 1,12171| 0,4341| 0,9008 | 2,241050 | 4,963926
42,16 | 0,1006 | -0,1809 | 1,7988 | 1,06342| 0,4859 | 0,8740 | 2,347906 | 4,296001
42,20 | 0,0921|-0,1763 | 1,9138| 1,08930| 0,4631| 0,8863 | 2,328693 | 3,289479
42,24 | 0,0888|-0,1483 | 1,6705| 1,03138| 0,5136 | 0,8580 | 2,971594 | 3,192256
42,28 | 0,1148|-0,1358 | 1,1834| 0,86919| 0,6454 | 0,7638 | 3,630303 3,907909
42,32 | 0,1515|-0,1403 | 0,9255| 0,74675| 0,7339 | 0,6793 | 3,554097 | 3,487659
42,36 | 0,1501|-0,2015| 1,3423| 0,93051| 0,5974| 0,8019 | 2,378189 3,725892
42,40 | 0,1047|-0,2014| 1,9231| 1,09127| 04614 | 0,8872| 2,032128 3,739428
42,44 | 0,1432]-0,1502| 1,0492| 0,80942| 0,6899 | 0,7239| 3,323991 | 4,162891
42,48 | 0,212 -0,1918 | 1,5831| 1,00742| 0,5340 | 0,8455| 2,353507 | 4,431376
42,52 | 0,1227|-0,1868 | 1,5228 | 0,98973 | 0,5489 | 0,8359 | 2,455637 | 4,700036
42,56 | 0,1041|-0,1800| 1,7284| 1,04629| 0,5008 | 0,8656 | 2,408478 | 4,873619
42,60 | 0,0992]-0,1666 | 1,6791| 1,03365| 0,5117| 0,8592| 2,639118 | 4,997220
42,64 | 0,0980|-0,1478 | 1,5079| 0,98522| 0,5527| 0,8334 | 3,116930 | 4,959969
42,68 | 0,0973]-0,1351| 1,3884 | 0,94660| 0,5844 | 0,8114| 3,510281 | 4,685777
42,72 | 0,0974]-0,1229| 1,2610| 0,90034| 0,6213 | 0,7835| 3,962806 | 4,035905
42,76 | 0,1005|-0,1081| 1,0752| 0,82162| 0,6810| 0,7322| 4,613098 | 2,849480
42,80 | 0,1057]-0,0924| 0,8738| 0,71814| 0,7530| 0,6580 | 5,362597 | 1,944590
42,84 | 0,1139]-0,0752| 0,6599| 0,58331| 0,8346| 0,5508 | 6,115813 | 2,348010
42,88 | 0,1295|-0,0571| 04408 | 0,41517| 0,9150| 04033 | 6,464511 | 2,602020
42,92 | 0,1542|-0,0514| 0,3331| 0,32152| 0,9488 | 0,3160 | 5,838341 1,397040
42,96 | 0,1582|-0,0704 | 0,4451| 0,41880| 0,9136 | 0,4067 | 5,274907 | -0,305750
43,00 | 0,1374]-0,0578 | 0,4207| 0,39819| 0,9218| 0,3878 | 6,185462 | -0,238180
43,04 | 0,1365|-0,0271| 0,1982| 0,19569| 0,9809| 0,1944 | 7,047725 | -0,525000
43,08 | 0,1509| 0,0070 | -0,0463 | -0,04622 | 0,9989 | -0,0462 | 6,610636 | -1,104520
43,12 | 0,1880| 0,0084 | -0,0449 | -0,04483 | 0,9990 | -0,0448 | 5,309238 | -1,992950
43,15 | 0,1585| 0,0133 | -0,0838 | -0,08362 | 0,9965 | -0,0835 | 6,263456 | -1,955190
43,17 | 0,1577| 0,0283 | -0,1798 | -0,17789 | 0,9842|-0,1770 | 6,143423 | -1,362000
43,20 | 0,1697| 0,0661 | -0,3894 | -0,37135| 0,9318 | -0,3629 | 5,117705 | -1,591100
43,24 | 0,2042| 0,1018 | -0,4985| -0,46245| 0,8950 | -0,4461 | 3,922151 | -1,756280
43,28 | 0,2579| 0,1058 | -0,4104 | -0,38940| 0,9251 | -0,3796 | 3,319092 | -1,271460
43,32 | 0,2395| 0,1108 | -0,4627 | -0,43339 | 0,9075 | -0,4200 | 3,438489 | -0,718400
43,36 | 0,2638| 0,1777|-0,6736 | -0,59280 | 0,8294 | -0,5587 | 2,607243 | 4,650189
43,40 | 0,3530| 0,2199 | -0,6231 | -0,55720| 0,8487 | -0,5288 | 2,040678 4,223453
Table 1. Results of laboratory tests by the ultrasonic transducer sandwich of the resonance
frequency around 43 kHz
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1. Introduction

Lead-free piezoelectric ceramics have been extensively studied recently for replacing the
widely used lead-based piezoelectric materials for environmental protection reasons. Among
various candidates, potassium sodium niobate-based and bismuth titanate-based ceramics are
the two most promising alternatives. In this chapter, the use of
(Koa7sNaga7sLio05)(Nbog2Tao0sSboes)Os  added with 04wt% CeO. and 04wt% MnO;
(abbreviated KNLNTS) and 0.885(Bio_5Na0_5)TiO3—0.05(Bio_5K0_5)TiO3—0.015(Bio_5Lio_5)TiO3—
0.05BaTiOs (abbreviated as BNKLBT) lead-free piezoelectric ceramics as the driving elements
of ultrasonic wirebonding transducers is reported. The fabrication and characterization of the
ceramics, in the form of ring, and the wirebonding transducers are presented. The ceramic
rings are fastened and pre-stressed through a pair of titanium alloy plates in the transducers.
The vibration characteristics of the ceramic rings and the transducers are analyzed using a
finite-element method (FEM). On the basis of the simulation results, the dimensions of the
rings and the titanium alloy plates are determined. The lead-free transducers, operating at a
frequency of ~65 kHz, exhibit comparable voltage rise and fall times as the commercial lead
zirconate titanate (PZT) transducers. Because of the better matching of the acoustic
impedances between the ceramic and titanium alloy, an effective transfer of vibration energy is
achieved in the transducers, leading to a large axial vibration (~1.7 um at 0.1 W). Moreover, the
lead-free transducers exhibit a small lateral vibration (0.05 pm at 0.1 W), which is essential for
producing a small or narrow bond. The transducers have successfully bonded the aluminum
wire on the standard die and gold-plated PCB. The bonds are of good quality, having a smaller
deformation ratio (as compared to the commercial PZT transducer) and high bond strength
(exceeding the industrial requirement). These clearly show that the lead-free piezoelectric
ceramics are promising candidates for replacing the lead-based ceramics as a driving element
in the future generation of wire bonders.

2. Lead-free Piezoelectric Ceramics

Lead-based piezoelectric ceramics, represented by Pb(Zr,Ti)O; (PZT) and PZT-based multi-
component materials, have been widely used for piezoelectric actuators, sensors,
transducers as well as microelectronic devices due to their excellent piezoelectric properties.
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However, they contain a large amount of lead (more than 60 wt%). As lead is highly toxic
and will vaporize during processing of the ceramics, there is a rising concern about
manufacture as well as disposal of products containing PZT. To date, the lead-free
piezoelectric ceramics that have been extensively studied belong to the bismuth-layered and
perovsike structures. Bismuth-layered ceramics are featured with low permittivity and high
Curie temperature, and hence they have been widely studied for high-temperature sensor
applications. For perovskite-type structures, KosNapsNbOs-based and BigsNagsTiOs-based
piezoelectric ceramics have attracted considerable attention because of their good
piezoelectric properties, and have been considered the most promising alternatives to lead-
based piezoelectric ceramics.

KosNagsNbO; (abbreviated as KNN) is a solid solution of ferroelectric KNbOs; and
antiferroelectric NaNbOs, with the composition K/Na = 50/50 close to the morphotropic
phase boundary. It has a high Curie temperature (above 400°C), good ferroelectric properties,
and large electromechanical coupling coefficients. A dense and well-sintered KNN ceramic
(e.g., prepared by the hot-pressing technique) possesses a high density (p= 4.46 g/cm?3) and
good piezoelectric properties (piezoelectric coefficient ds; = 160 pC/N and planar-mode
electromechanical coupling coefficient k, = 0.45) (Jaeger & Egerton, 1962). However, because of
the high volatility of alkaline elements at high temperatures, it is very difficult to obtain dense
and well-sintered KNN ceramics using a conventional sintering process, and the ceramics
usually exhibit worse piezoelectric properties (ds; = 80 pC/N, k, = 0.36) and low density (p=
425 g/cmd). A number of studies have been carried out to improve the sinterability and
properties of KNN ceramics; these include the formation of solid solutions of KNN with other
ABO:s-type ferroelectrics or nonferroelectrics, e.g., LINbO3 (Guo et al., 2004), BigsNaosTiO3
(Zuo et al., 2007), BaTiO3 (Ahn et al., 2005), Ba(Ti0.95Zr005)O3 (Lin et al., 2007a), SrTiO; (Wang et
al., 2005), LiTaOs; (Guo et al., 2005), and LiSbOs (Lin et al., 2007b), the substitutions of
analogous ions (e.g., Li*, Sb>* and Ta>*) for the A-site K* and Na* or the B-site Nb5* ions (Saito
et al,, 2004; Lin et al., 2008a), and the use of sintering aids, e.g., CuO (Lin et al., 2008b) and
K54Cu13Ta10029 (Matsubara et al., 2005). Among various KNN-based ceramics, KNN ceramics
co-modified with Li and Ta have been widely studied, and good piezoelectric properties have
been reported for several compositions, e.g., (KosNaos)oosLioos(NbogoTao10)Os and
(KosNaos)o.97Lio.03s(NbosoTao20)O0s (Saito et al,, 2004). Recently, our studies have shown that
CeO; and MnO, are effective in improving the piezoelectric properties of the
(Ko.475Nag475Li0.05) (Nbo.92Tao0sSbo03)Os ceramic (Lee et al,, 2008; Lee, 2008). For the ceramic
added with 0.4wt% CeO, and 0.4wt% MnO,, the piezoelectric and dielectric properties become
optimum, having a ds; of 200 pC/N, a relative permittivity & of 1150, a loss tangent tan & of
1.9%, a kp of 0.43 and a mechanical quality factor Qn, of 80.

BiosNaosTiO3 (abbreviated as BNT) is a perovskite-structured ferroelectric having Bi3* and
Na* complex on the A site of ABOs-type compounds with a rhombohedral symmetry. It has
a high Curie temperature (T. = 320°C) and strong ferroelectricity, exhibiting a relatively
large remanent polarization (P, = 38 nC/cm?) and a high coercive field (E. = 73 kV/cm) at
room temperature (Takennaka et al., 1991). Since its discovery by Smolenskii et al. (1961),
many studies have focused on this lead-free ferroelectric ceramic. However, because of its
high conductivity and coercive field, the poling of the ceramic is difficult and inefficient. As
a result, BNT ceramics usually exhibit much weaker piezoelectric properties (ds3 = 73-80
pC/N) as compared with Pb(Zros5,Ti048)Os ceramics (dsz = 223 pC/N) (Yoshii et al., 2006). In
order to improve the poling process and enhance the piezoelectric properties, a number of
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studies have been carried out; these include the formation of solid solutions of BNT with
other ABO:;-type ferroelectrics or nonferroelectrics, e.g. BNT-BaTiO; (Takennaka et al., 1991;
Xu et al., 2008), BNT-Bio5Ko5TiOs (Yoshii et al., 2006), BNT-KNbOj3 (Fan et al., 2008), BNT-
BiAlOs (Yu & Ye, 2008), BNT-SrTiO; (Hiruma et al., 2008), BNT-KNN (Kounga et al., 2008),
BNT-Big5Ko5TiO3-KNbO;3 (Fan et al., 2007), BNT-Bios5Ko5TiOs-BiFeOs (Zhou et al., 2009) and
BNT-Bio5Ko5TiOs-BaTiOs (Nagata et al., 2003; Wang et al., 2004a; Li et al., 2005; Makiuchi et
al., 2005), the substitutions of analogous ions for the A-site (BipsNaos)* or B-site Ti** ions, e.g.
(Bi1/zNa1/2)Ti1.X(ZI‘11/3Nb2/3)XO3 (Zhou & Liu, 2008), (Bio_5Nao_5)0_94Ba0_0(,ZryTi1.yO3 (Yao et al.,
2007) and (BiosNaos)1-15xBixTiOs (Wang et al., 2004b), and the doping of metal oxides, e.g.
Ta-doped 0.94BNT-0.06BaTiOs (Zuo et al., 2008) and CeO,-doped BipsNag44Ko0sTiOs (Li et
al, 2007). Among various BNT-based ceramics, the ternary systems (BiosNags)TiOs-
(BipsK0.5)TiO3-BaTiO; have relatively high piezoelectric and good dielectric properties for
compositions near the morphotropic phase boundary. Our studies have shown that after the
doping of bismuth lithium titanate (BiosLio5)TiOs, both the electromechanical coupling
factors and mechanical quality factors of the ceramics can be further improved and the
dielectric loss can be reduced (Choy et al., 2007).

In the following  sections, the  preparation and  characterization  of
(K0_475Nao_475Li0_05)(Nbo_nga0_055b0_03)O3 added with 04wt% CeO, and 04wt% MnO,
(abbreviated KNLNTS) and 0.885(Bio45Nao45)Ti03-0.05(Bio,5K0A5)TiO3—O.015(BioA5LioA5)Ti03-
0.05BaTiO; (abbreviated as BNKLBT) lead-free piezoelectric ceramics, in the form of ring,
will be presented. The ceramic rings will be used, as the driving elements, to fabricate
ultrasonic wirebonding transducers.

2.1 Preparation of Ceramic Rings

2.1.1 KNLNTS

The KNLNTS ceramic rings were prepared by a conventional mixed oxide method using
analytical-grad metal oxides or carbonate powders: Na,COs (99.95%), KoCO3 (99%), LixCO;
(99%), NbOs (99.99%), TaxOs (99.99%), SbOs (99%), MnO, (99.99%) and CeOa, (99.9%). The
powders in the stoichiometric ratio of the composition (Ko47Nag47sLio0s)(INboo2Tao0sSbo.3)O3
were first dried and mixed thoroughly in ethanol using zirconia balls for 10 h. After the
calcination at 900°C for 2 h, 0.4wt% CeO, and 0.4wt% MnO, were added. The mixture was then
ball-milled again for 10 h and mixed thoroughly with a poly(vinylalcohol) (PVA) binder solution,
and then uniaxially pressed into ring samples. The samples were finally sintered at 1140°C for 4 h
in air. Silver electrodes were fired on the top and bottom surfaces of the samples. The ceramic
samples were poled under a dc field of 4 kV/mm at 150°C in a silicone oil bath for 30 min.

2.1.2 BNKLBT

The conventional mixed oxide technique was used to prepare the BNKLBT ceramic rings.
Reagent-grade BixO3 (99.9%), NaxCO3 (99.95%), KoCOs (99%), LixCO3 (99+%), BaCOs and
TiO> (99.9%) were used as raw materials. The raw materials were weighed according to the
formula 0.885(Bi0‘5Na0,5)Ti03-0.05(Bio,sKoAs)TiO‘O,-O.015(BioA5Lio,5)TiO3-0.OSBaTiO3. The powder
was ball milled in ethanol using zirconia balls for 10 h. Calcination was conducted at 800°C for
2 h. After calcination, the mixture was dried and PVA was added as a binder for granulation.
The granulated powders were pressed into rings. The compacted rings were sintered at
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1170°C for 2 h in air. Silver electrodes were applied on both surfaces of the rings and fired at
650°C. The samples were poled in silicone oil at room temperature under 4 kV/mm for 10 min.

2.2 Material Properties

The KNLNTS and BNKLBT ceramics have been characterized in detail in our previous
works (Lee et al, 2009; Chan et al., 2008). Table 1 lists some of the general material
parameters of the ceramics, while the material parameters (with conventional symbols) used
for the FEM simulations are summarized in Table 2. The material parameters for the PZT
(APC 840) ceramic which is currently used in the commercial wirebonding transducers are
also listed in Table 1 for comparison. The ceramic rings prepared in this work were
characterized and similar results were obtained. The density p of the ceramics was
measured using the Archimedes method. The relative permittivity e, and loss tangent tan &
were measured using an impedance analyzer (HP 4294A) at 1 kHz. The piezoelectric
coefficient d33 was measured using a piezo-d33 meter (Z]J-30, China).

Material parameters KNLNTS BNKLBT ngﬁpc
Density p (kg/m3) 4600 5780 7516
& (at 1 kHz) 1150 766 1112
tand (%) 1.9 1.61 0.75
ke 0.32 0.524 0.357
kp 0.43 0.328 0.59
ka1 0.26 0.188 0.32
dss (pC/N) 200 163 254
Qnm radial) 80 142.1 774.5
Poisson’s ratio o 0.39 0.278 0.395
Young’'s modulus Y 87 110.5 94.22

Acoustic impedance Za

(MREVI) 30 26.4 357

Table 1. Piezoelectric, dielectric and mechanical properties of the KNLNTS, BNKLBT and
PZT ceramics (Lee et al., 2009; Chan et al., 2008).

cr1 (GPa) ¢, (GPa) c13(GPa) 33 (GPa)  cify (GPa)  Ceq (GPa)
KNLNTS 195 124 64 173 32.7 35.3
BNKLBT 146 53 41.8 147 474 46.7

5 (C/m) ey (C/m) ey (C/m2) &) e p
KNLNTS 8.4 -16.3 114 614 746 4630
BNKLBT 5.9 -3.91 14.6 258 444 5780

Table 2. Material parameters of the KNLNTS and BNKLBT ceramics (Lee et al., 2009; Chan
et al., 2008).
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3. Ultrasonic Wirebonding Transducers

An ultrasonic wirebonding transducer is a device to provide ultrasonic energy to form
intermetallic bond between a fine aluminium/gold wire and the bond pad of a chip in a
wirebonding process. The schematic diagram of an Uthe 70PTL ultrasonic wirebonding
transducer is shown in Figure 1. The transducer consists of three main parts: an ultrasonic
driver, a horn and a wedge. The driver is a bolt-tightened Langevin transducer which is
used to convert electrical energy into axial vibration along its length. It consists of four
piezoelectric ceramic rings, which are connected electrically in parallel and mechanically in
series and sandwiched between the front and back plates by a pre-stressed screw. The driver
is operated at its fundamental axial mode (i.e. half-wave resonance) to provide maximum
power efficiency. The horn has an exponential profile which couples and amplifies the axial
vibration of the driver to provide a maximum vibration across the horn tip. The amplified
vibration is then transmitted to the wedge tip, resulting in an oscillatory shear force parallel
to the bonding wire and the bond pad surface. The wedge is fixed into a hole drilled at the
horn tip by a small screw inserted axially so that it can be replaced for different IC packages
and periodic quality assurance. The transducer is designed to operate at the 1.5-wavelength
axial mode, i.e. the transducer (including the driver, the horn and the wedge) resonances at
the second axial mode. For most of the commercial ultrasonic bonding systems, the
operation frequency is around 65 kHz.

Back plate

/ Piezoelectric rings
% J / Front plate
) A

Ultrasonic
Driver

Fig. 1. Explosive diagram of the ultrasonic wirebonding transducer (Lee et al., 2009).

4. Computational Analysis of Vibration Characteristics

The overall performance of the transducer is affected not only by the dimensions of the
components (which determine the resonance characteristics), but also by the material
properties of the components, including the piezoelectric ceramic rings as the driving
element and the front and back plates. Computer analysis of the vibration characteristics of
the transducer hence becomes essential before the frication of a transducer with optimum
performance. Finite element method (FEM) is a numerical simulation method commonly
used for studying the performance of the transducer. In the following sections, FEM
modeling, using a commercial code ANSYS 9.0, of the vibration characteristics of the
KNLNTS ceramic rings and the corresponding KNLNTS transducers will be reported.
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4.1 Ceramic Rings

4.1.1 Vibration Modes

The finite element model of the ceramic ring is shown in Figure 2a. The outer diameter of
the KNLNTS ceramic ring was fixed at 13.6 mm (for matching with the commercial
transducers), while the inner diameter and thickness were varied in the ranges of 2 to 9 mm
and 1.5 to 3.5 mm, respectively. The ring was polarized along the thickness direction, and
the electric field was applied on the top and bottom surfaces. The material parameters listed
in Table 2 were used for the simulation. In general, five resonance modes are observed in the
frequency range of 1 kHz to 2 MHz. The simulated vibration mode shapes at each resonance
mode and the (out-plane) surface displacement along the radial direction are shown in
Figures 2b-2f. As the KNLNTS ceramic has been assumed to be lossless in the simulations,
only the relative displacement is plotted. To confirm the simulation results, the surface
displacement of a ceramic ring was also measured using a Polytec laser vibrometer, giving
the results plotted in Figure 2 for comparison. It can be seen that mode 1, mode 2 and mode
4 are associated with the three fundamental resonance modes, namely the radial mode, wall
thickness mode and thickness mode, respectively. Mode 3 and mode 5 are associated with
the complex resonance modes, resulting from the coupling between vibrations along
thickness and radial directions. The simulation results have shown that if the wall thickness
(outer radius - inner radius) and thickness of the ring are closer, the resonance responses
become more complicated.

4.1.2 Dimension Optimization

In practice, the operation of a bolt-tightened Langevin transducer is based on the thickness
mode vibration of the driving element. Accordingly, the effective electromechanical
coupling coefficient kg, for mode 4 is maximized. ke is a measure of the conversion
efficiency between electrical and mechanical energy at a particular resonance mode, and is
defined as (Berlincourt et al., 1964):

keff = 1_(fr /fa )2 (3'1)

where f; and f, are the resonance and anti-resonance frequencies. Based on the simulated
impedance spectra, f;, f, and hence ket were determined for ceramic rings with different
inner diameters and thicknesses, giving the results shown in Figure 3. It can be seen that the
calculated k¢ depends on the dimensions of the ring, showing a maximum value at an inner
diameter of 5.2 mm and a thickness of 2.3 mm.
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Fig. 2. Vibration mode shapes and the out-plane surface displacement profiles
(m, experimental values; —, FEM values) for a ceramic ring at various resonance modes
(Lee, 2008).

4.2 Wirebonding Transducers

As the transducer (except the wedge) had an axial-symmetry structure about its central (z)
axis, they were modeled as a 360° sector of elements with symmetry boundary conditions
applied the z axis. Similar to the commercial transducers, the front and back plates were
designed to have the same length. The shape and dimensions of the horn and wedge
currently used in the commercial transducer were used. All the components, including the
piezoelectric ceramic ring, were assumed to be lossless in the simulations, and the metal
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Fig. 3. Variations of kei with (a) inner diameter and (b) thickness for the KNLNTS ceramic
ring (Lee, 2008).

components were further assumed to be isotropic. For the ease of meshing, the thread of the
pre-stressed screw was ignored, and the screw was simplified to be a cylindrical rod.
Simplification was also made to the front plate where the thread and threaded bore were
removed. The ring-shaped copper electrodes were assumed to be very thin, and thus were
not included in the simulations. All the components in the assembly were assumed to have
perfect mechanical coupling to each other. The h-type approach was applied to the
simulations, and good convergence of the results was reached by successively increasing the
number of solid elements and the number of nodes.

4.2.1 Optimization of the Front and Back Plates

Stainless steel is widely used for the front and back plates in the commercial PZT
transducers. It is not expensive and has an acoustic impedance (46 MRayl) relatively close to
that of PZT (Table 1). For transducer applications, a good match of the acoustic impedance
between the ceramic driving elements and metal components is important, as it can promote
the coupling of ultrasonic energy. As shown in Table 1, the KNLNTS ceramic has a lower
acoustic impedance (30 MRayl) as compared to PZT. The coupling of ultrasonic energy may
hence become inferior. Therefore, titanium alloy was used for the front and back plates in
fabricating the KNLNTS transducer (abbreviated as KNLNTS-Ti transducer). The acoustic
impedance of titanium alloy is about 27 MRayl, which is much closer to that of the KNLNTS
ceramic. It is expected that the energy coupling and hence the performance of the KNLNTS
transducer can be improved. For comparison purposes, KNLNTS transducers using
stainless steel front and back plates (abbreviated as KNLNTS-SS transducer) were also
fabricated.

Using the material properties listed in Table 2 and the optimum dimensions of the ceramic
ring (outer diameter = 13.6 mm, inner diameter = 5.2 mm and thickness = 2.3 mm), the
resonance frequencies of the KNLNTS-Ti transducer were simulated and the corresponding
resonance modes were examined. The material parameters of the metal parts, including
stainless steel and titanium alloy, used for the calculation can be found elsewhere (Lee, 2008).
Based on the simulation results, the optimum dimensions of the front and back plates for
fabricating a wirebonding transducer with an operation frequency near 65 kHz were
determined. The optimum length for the front and back plates for the KNLNTS-Ti
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transducer is 10.5 m, while that for the KNLNTS-SS transducer is 8 mm:. It is noted that the
length of the stainless steel plates currently used in the commercial wirebonding PZT
transducers is also 8 mm.

4.2.2 Vibration modes

The simulations have showed that there are a large number of resonance modes of the
KNLNTS-Ti transducer. For example, 90 modes are found in the frequency range up to 150
kHz. However, some of them, in particular those at high frequencies, are very weak, giving
a very small effective electromechanical coupling coefficient (ke < 0.05). These modes
cannot be excited effectively by the electrical driving signal in practice, so they are not
considered. On the other hand, some of them are found to be excluded by the electrical
boundary conditions and hence cannot be excited in practice.

Table 3 summarizes the effective modes for the KNLNTS-Ti transducer in the vicinity of the
operation frequency (65 kHz). The modes are named according to their sequence from the
low frequency end. Based on the simulated mode shapes, the modes can be categorized into
three main groups; namely the axial mode, the torsional mode, and the complex flexural
mode. Mode 34 is the axial mode and has a resonance frequency of 65.798 kHz, suggesting
that it is the operation mode. It is the 1.5 wavelength axial mode and has a maximum k¢ of
0.317. The deformed shape and the axial profile of the transducer are plotted in Figure 4.
The axial motion of the horn tip transmits to the wedge and causes the wedge to vibrate in a
flexural manner. As shown in Figure 4b, the axial nodal point is located at the mounting
barrel and the axial motion, after amplified by the horn profile, exhibits a maximum axial
vibration at the horn tip. Physically, a pure axial excitation (of the ceramic ring) produces an
axial front-to-back motion (along the length direction of the transducer) in the ultrasonic
horn, which in turn, causes a large displacement at the tip of the wedge. As the motion is
essentially in line with the wire to be bonded, the vibration mode is suitable for the
operation.

The mode shapes for modes 31 to 38 are shown in Figure 5. Apart from the axial mode, the
transducer can vibrate in other complex modes. For example, mode 33 is a flexural mode,
making the wedge to vibrate in the left and right direction. At mode 37, the transducer
vibrates in the up-and-down direction. As all the modes shown in Table 3 have a non-zero

Mode number f: (Hz) fa(Hz) Kefs Mode shape
31 53512 54889 0.220 1A Axial mode
32 57798 58327 0.130 Complex mode
33 62502 62515 0.020 Flexural mode
34 65798 69395 0.317 1.5 A Axial mode
35 67146 67358 0.079 Flexural mode
36 67407 67552 0.065 Torsional mode
37 69739 70900 0.180 Flexural mode
38 70019 70019 0.000 Barrel mode

Table 3. Modal results of the KNLNTS-Ti transducer (Lee, 2008).
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(b)

Fig. 4. (a) Deformed shape and (b) the axial vibration profile of the transducer at the 1.5-A
axial mode (Lee, 2008; Lee et al., 2009).

Kest, they can be excited in practice. However, the lateral flexural motions from side to side
and the torsional motion are not desirable for the applications, as they would tend to
deteriorate the bond quality as a result of diminishing the purity of the axial excitation
through the loss of the input energy to other vibrations.

5. Lead-Free Ultrasonic Wirebonding Transducers

Similar to KNLNTS, BNKLBT ceramic rings were also used to fabricate the wirebonding
transducers with either the titanium alloy front and back plates (abbreviated as BNKLBT-Ti
transducer) or the stainless steel front and back plates (abbreviated as BNKLBT-SS
transducer). BNKLBT also has a low acoustic impedance (26 MRayl), which is closer to that
of titanium alloy (27 MRayl) than PZT (46 MRayl). The BNKLBT ceramic rings had an outer
diameter of 12.7 mm, an inner diameter of 5.1 mm and a thickness of 2.3 mm. Following
similar procedures, the optimum length for the front and back plates for the BNKLBT-Ti
transducer was determined as 10 m, while that for the BNKLBT-SS transducer was 8 mm.
For comparison purposes, PZT transducer, with stainless steel front and back plates,
(abbreviated as PZT-SS) was fabricated. The PZT ceramic rings (APC 840), supplied by
American Piezo Ceramics Inc., are the same as those currently used in the commercial
wirebonding transducers. A photograph of the ultrasonic drivers for the KNLNTS-Ti and
KNLNTS-SS transducers is shown in Figure 6a, while a photograph of the KNLNTS-Ti
transducer is shown in Figure 6b.

5.1 Electrical Characteristics

The electrical impedance and phase spectra (measured using an HP 4294A impedance
analyzer) of the KNLNTS-Ti, KNLNTS-SS, BNKLBT-Ti, BNKLBT-SS and PZT-SS
transducers are shown in Figure 7. It can be seen that the strongest resonance mode for all
the transducers occurs in the frequency range of 62-68 kHz, i.e. in vicinity of the designed
operating frequency 65 kHz. At this resonance frequency, the transducer vibrates in the 1.5-
L axial mode, providing a large front-to-back vibration at the tip of the wedge. As compared
to the PZT-SS transducer, the lead-free transducers exhibit less spurious vibrations; but the
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operating mode is weaker and the impedance at resonance frequency (Z) is higher. The
observed Z; for the KNLNTS-Ti, KNLNTS-SS, BNKLBT-Ti and BNKLBT-SS transducers are
120 Q, 200 Q2 and 130 Q and 130 Q, respectively, while that for the PZT-SS transducer is 20 Q.

AN AN

AN

Mode 33

Mode 34

Fig. 5. Mode shapes for the resonance modes around 65 kHz (Lee, 2008).

@)

KNLNTS-SS KNLNTS-Ti

Fig. 6. Photographs of (a) the drivers for the KNLNTS transducers, and (b) the KNLNTS-Ti
wirebonding transducer prototype (Lee et al., 2009).
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Fig. 7. Frequency plot of the electrical impedance and phase angle for the transducer
prototypes: (a) KNLNTS-Ti, (b) KNLNTS-SS, (c) BNKLBT-Ti, (d) BNKLBT-SS; and (e) PZT-
SS (Lee et al., 2009; Chan et al., 2008).

5.2 Vibrational Characteristics
As the vibration of the wedge tip is directly related to the wirebonding operation, the

vibration characteristic of the wedge was important and hence was investigated. The
transducer was affixed to a sample holder with similar clamping conditions to a
wirebonding machine. An ultrasonic generator operating in a digital phase-locked-loop
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Tip Side (S) AN Tip Front (F)

Fig. 8. Schematic diagram showing the positions of the vibration measurement. The arrows
indicate the incidence of the laser beam and hence the vibration direction (Lee et al., 2009).

mode was used to drive the transducers at the corresponding resonance frequency and a
constant power of 0.1 W. The vibrations at the front of the wedge tip (or tip front) and the
side of the wedge tip (or tip side), were measured, using a Polytec laser Doppler vibrometer
(OFV-303 and OFV-3001 controller processor). Figure 8 shows schematically the positions of
the measurements.

Figure 9 shows, as an example, the temporal profile of the axial displacement at the tip front
of the KNLNTS-Ti transducer. During the bonding process, envelop of sine waves at the
transducer resonance frequency is sent to the transducer. As it takes time for the transducer

4.0
2.0
—_
2
(0]
%0 0.0
G
>
-2.0
40k =~— Rise time Fall time ==
Effective bonding time :
6.0 1. 4 1 1 1 1 1 Nl
0 5 10 15 20 25 30 35 40
Time (ms)

Fig. 9. Axial vibration response at the tip front of the KNLNTS-Ti transducer (Lee, 2008).

to response to the excitation for increasing or decreasing the vibration amplitude to the
desired level, there exists response times called the rise time or fall time as shown in the
temporal profile (Fig. 9). It has been found that both the rise and fall times for the lead-free
transducers are about a few milliseconds, which are comparable to those of the PZT-SS
transducer.

The observed vibration amplitudes at different positions of the transducers are compared in
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Table 4. It can be seen that the vibration amplitudes at the tip front of the KNLNTS-Ti and
BNKLBT-Ti transducers are larger (~65%) than those of the KNLNTS-SS and BNKLBT-SS
transducers. This should be attributed to the better match of the acoustic impedances
between the lead-free ceramics and the titanium alloy plates. By the converse piezoelectric
effect, the piezoelectric ceramic ring converts electrical energy to mechanical energy. The
mechanical energy is the source of the vibration, firstly transferred to the metal plates in the
driver and then transferred to the horn. The acoustic impedance between the piezoelectric
ceramics and the metal plates (front and back plates) is a critical factor that determined the
efficiency of energy transfer in the ultrasonic wirebonding transducer. A better match of the
acoustics impedances results in an increase in efficiency and hence an improvement in axial
vibration performance.

Tip Front (um) Tip Side (um) F/S ratio
KNLNTS-Ti 1.728 0.046 37.6
KNLNTS-SS 1.093 0.035 31.2
BNKLBT-Ti 1.669 0.082 20.2
BNKLBT-SS 0.956 0.085 11.3
PZT-SS 1.693 0.191 8.9

Table 4. Vibration amplitudes of the transducers driven at the corresponding resonance
frequency and a constant power of 0.1W (Lee et al., 2009; Chan et al., 2008).

With the use of the titanium alloy front and back plates, both the lead-free transducers
exhibit a large vibration at the tip front, ~ 1.7 pm, which is very close to that of the PZT-SS
transducer (Table 4). However, the PZT-SS transducer produces a larger lateral vibration,
giving a larger vibration amplitude at the tip side (0.191 um) and thus a smaller ratio of the
axial displacement to the lateral displacement, especially the F/S ratio. It should be noted
that the actual vibrations of the wedge tip during wire-bonding may be different from the
measurements on an un-loaded wedge tip (as shown in Table 4). Nevertheless, it is apparent
that a large lateral vibration will produce a large bond width which is not desirable for real
applications, in particular for miniaturization. As shown in Table 4, both the KNLNTS-Ti
and BNKLBT-Ti transducers give a smaller lateral vibration (0.046 and 0.082 pm,
respectively). This should be attributed to the low electromechanical coupling coefficient in
the lateral direction (ks1) of the ceramics (Table 1). The transfer of energy to the lateral
vibration at the driving element is small, so the lateral vibration of the tip is effectively
reduced. Similar results have been reported for the transducers using 1-3 ceramic/polymer
composites as the driving element (Chong et al., 2004). k3; of a 1-3 composite is generally
reduced, so the performance of the composite transducer is enhanced.

The output power of the ultrasonic wirebonding transducer can be varied in different
bonding conditions and the output power is determined by the electrical input power. It is
important to have a transducer with high stability for industrial applications. The vibrations
at the tip front and tip side for the transducers at different powers are shown in Figures 10.
In general, all the vibration displacements increase with increasing power. However, it is
seen that the F/S ratio remains almost unchanged at different powers.
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Fig. 10. Variations of (a) the vibration at the tip front, (b) the vibration at the tip side and (c) the
F/S ration with input power. (Lee, 2008; Chan et al., 2008).

5.3 Wire-bonding Performance

The KNLNTS-Ti transducer was mounted on an automatic wire bonder (ASM AB530) for
evaluating the wire-bonding performance (Fig. 11). A print circuit board (PCB) consisting of
a standard die (ASM 96AAA) and a number of gold-plated bond pads was used for the
evaluation. In each test, an aluminum wire with a diameter of 25 um was first bonded on
the die (1st bond) and then on the bond pad of the PCB (2rd bond) under a bond force of 0.30
N. The transducer was driven at 320 mW for the 1st bond and 390 mW for the 2nd bond, both
for a duration of 20 ms. The quality of the bonded wire was examined by an microscope
with a 200-times magnification for a visual inspection and then by a pull tester for a
standard pull test. The visual inspection involves visual checking of the appearance and
deformation ratio of each bond point, while the pull test is a destructive test aiming to
measure the pull force of each bonded wire by pulling it at its loop top vertically until
rupture occurs. The term good bond is defined as a wire bond possessing both higher pull
force and smaller deformation ratio with smaller standard deviations. The most desirable
case is breaking at the wire span followed by breaking at the bond neck. For a poor bond, it
may be completely peeled off from the bonding surface in the pull test because of the weak
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Fig. 11. Photograph showing a KNLNTS-Ti transducer mounted in the bracket of the
bondhead assembly of an ASM model AB530 automatic wire bonder for bonding gold-plated
printed circuit boards (Lee, 2008).

intermetallic adhesion between the wire and the bonding surface. For the nonstick bond, the
wire cannot stick on the bonding surface on the completion of the whole bonding period.
The SEM micrographs of the bonds are shown in Figures 12a-c. The wire deformation is
usually characterized by a ratio of the bond width to the diameter of the wire D (25 um). The
deformation ratio produced by the KNLNTS-Ti transducer is about 1.60D, which is
relatively small as compared to that produced by the (commercial) PZT-SS transducers
(1.94D). This is in good agreement with the vibration amplitude measurements (Table 4) and
should be attributed to the small lateral vibration of the KNLNTS-Ti transducer. There was
no bond failure during bonding, and most of the failures for the pull test were neck break
(Fig. 12d) with a few exception of weld off. This indicates that the adhesion in the interfaces
of the bond wire and the bonding surface is good. The averaged pull strength (the
maximum force applied to the wire in the pull test) is about 0.5 N, which clearly exceeds the
industrial requirement (0.4 N). All these results clearly show that the KNLNTS-Ti
transducer is ready for use in the wirebonding applications.

6. Conclusion

Lead-free KNLNTS and BNKLBT piezoelectric ceramic rings have been successfully
prepared and used as the driving elements for fabricating ultrasonic wirebonding
transducers. In order to improve the energy transfer between different parts of the
transducer, titanium alloy has been used to fabricate the front and back plates. The
dimensions of the ceramic rings and the titanium alloy plates have been optimized to give
an operation frequency of ~65 kHz. Because of the better matching of the acoustic
impedances, an effective transfer of vibration energy is achieved in the KNLNTS-Ti and
BNKLBT-Ti transducers, leading to a large axial vibration (~1.7 um at 0.1 W). Probably
attributed to the low planar electromechanical coupling coefficient ks; (0.26 and 0.188,
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FE_SEM éEI 5.0kV X10 1mm WD 389mm SEI 5.0kV X200 100pum WD 5.8mm

Fig. 12. SEM micrographs of (a) a chip bonded with wires, (b) the top view of the 1st bonc
(c) the side view of the 1st bond, and (d) the neck break of 1st bond after the pull test (Lee «
al., 2009).

respectively), the lead-free transducers exhibits a small lateral vibration (0.046 and 0.082 pm,
respectively, at 0.1 W), which is smaller than that of the PZT transducer (0.191 pm) and is
essential for producing a small or narrow bond. Moreover, the KNLNTS-Ti transducer has
successfully bonded the aluminum wire on the standard die and gold-plated PCB. The
bonds are of good quality, having a small deformation ratio (1.60D vs. 1.94D for the PZT
transducer) and high bond strength (> 0.4 N). These clearly show that the KNLNTS and
BNKLBT lead-free piezoelectric ceramics are promising candidates for replacing the lead-
based ceramics as a driving element in the future generation of wire bonders.
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1. Introduction

Energy harvesting, also known as power harvesting or energy scavenging, consists in using
ambient energy to power small electronic or electrical devices. That includes
thermoelectrics, piezoelectrics and electrodynamics, among other options, which begin now
to be used in a growing variety of applications.

This chapter focuses on piezoelectrics, whose use for the purpose of generating electricity is
actually not a recent idea (McLean Nicolson A., 1931). Piezoelectric materials have high
power densities, but setting up large amount of these materials for high power applications
is technically difficult. Consequently, they cannot compete with electromagnetic devices for
most of usual applications of electrical energy production. Nonetheless, piezoelectric
materials have recently encountered renewed interest for miniaturized energy harvesting
devices from ambient vibrations. Drastic increase of international research efforts has been
observed since last ten years in this field (Anton et al., 2007), and commercial products are
becoming available (Energy Harvesting Forum (Online)). Such energy harvesting devices
aim at replacing batteries in very low power electronic devices such as wireless sensors
networks and control systems. Their use for recharging batteries of mobile electronic devices
is also under development (Krikke, 2005). Maintenance free, self-powered devices for their
lifetime has become an industrial objective for the next few years. However, there are
further mountains to climb from self-powered devices become commonplace.

A deepened analysis of the papers published during last decade in the field of piezoelectric
energy harvesting reveals that significant part of the works focused on mechanical
optimization without taking into account constraints of the electrical side of the problem.
Contrariwise, another part of these works has studied optimization from the electrical point
of view without taking into account the effects reciprocally induced on the mechanical side.
As a result, the solutions proposed were often non-optimal and sometimes very far from
concerns of practical applications. Effective applications of piezoelectric energy harvesting
concept actually require overall analysis of the problem (Mitcheson et al, 2007; Lefeuvre et
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al, 2009). To highlight all the aspects of this multi-physics optimization problem, this chapter
exposes first the different energy conversions involved from ambient vibrations to usable
electricity. The effects of couplings which link each stage of the energy conversion process
are clearly identified.

Based on generic single degree of freedom model of the electromechanical part, effective
methods for analyzing power output and energy conversion cycles of piezoelectric energy
harvesting devices have been presented (Guyomar et al, 2005; Shu et al, 2006). Such analysis
show in particular the importance of properly processing the current and the voltage
delivered by the piezoelectric material for enabling effective energy conversion process. This
side of the power optimization problem has been broadly investigated by the authors of this
chapter. They have in particular proposed novel techniques which greatly improve energy
transfers compared to conventional techniques (Lefeuvre et al, 2004). The so-called SSH
techniques (SSH stands for “Synchronized Switching for Harvesting”) were derived from
piezoelectric semi-passive techniques formerly developed by Richard et al. (Richard et al.,
1999) for vibration damping.

Parallel-SSHI and Series-SSHI were the first techniques proposed by the authors for the
purpose of energy harvesting. Then, other techniques such as SECE and DSSH were
developed (Lefeuvre et al, 2006a; Lallart et al, 2008c). Practical interest of these techniques
has been demonstrated through several prototypes, with important efforts for lowering
consumption of electronic circuitry needed for implementation (Lefeuvre et al, 2006b; Lallart
et al, 2008b). Perspectives of Microsystems applications has motivated developments
specifically dedicated to very-low piezoelectric voltages (Makiara et al, 2006; Lallart et al,
2008a; Garbuio et al, 2009).

This chapter presents the evolution of the synchronized switching approach, from the
original techniques to the last advances in this domain. The different techniques are
compared in term of theoretical performances, and practical implementation issues are
discussed. Finally, future trends, challenges and development perspectives for piezoelectric
energy harvesting are outlined in the conclusion of this chapter.

2. Energy conversion steps

Take into account of each step of the energy conversion chain appear essential for effective
optimization of energy harvesting devices. For this purpose, accurate analysis and
modelling of mechanical and electrical interactions related to energy conversions which
occur at each stage of the system are required.

General diagram of mechanical-to-electrical energy conversion through piezoelectric effect is
depicted in Fig. 1. Input mechanical energy may have various origins, such as shocks or
vibrations, with various frequency spectrums. This mechanical energy is transmitted to the
piezoelectric material through an important element of the device, so called “mechanical
structure”, which may act as a band-pass filter (in steady state operation), but also as
intermediate mechanical energy storage tank (in impulse mode of operation). Variations of the
strain/stress of the piezoelectric material enable conversion from mechanical to electrical energy:
an alternating electric charge is generated on the piezoelectric electrodes by converse effect.
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It must be noted that resulting AC piezoelectric voltage and current are neither suitable for
energy storage devices nor for small electronic or electrical devices. These devices actually
require DC voltage. So, another element must be included in the energy conversion chain:
the so called “electrical interface”, whose basic function is AC to DC conversion of electrical
energy. In addition, this electrical interface may ensure the function of output voltage
regulation. But the most profitable effect which may be induced by this last interface is
overall optimization and improvement of the electromechanical energy conversion.

Input
Mechanical Variable Electrical Output
Energy | Mechanical strain/ stresi Piezoelectric Energy | Electrical ‘Eéectrlcal
7| structure "| Material 7| Interface » bnergy
(shock or (AC) (DQO)
vibration)

Fig. 1. General energy conversion diagram of piezoelectric energy harvesting devices.

Optimization of the energy conversion process based on the principle of impedance
matching has been proposed by Ottman et al. (Ottman et al., 2002). This principle is actually
a well known method for determining the impedance of the electric load which maximizes
the power of an electrical generator knowing its internal impedance. Indeed,
electromechanical structure of the energy harvesting devices can be considered as
equivalent to an electrical circuit composed of an electrical current generator connected to
an “internal” impedance network. Since actual electric load usually don’t behave like the
desired “optimal load”, emulation of the optimal load impedance can be achieved using
DC-DC switching mode electronic power converters included in the “Electrical Interface”
block. Several energy-efficient solutions designed for the purpose of emulation of the ideal
load impedance have been proposed (Ottman et al, 2003; Roundy et al, 2004; Lefeuvre et al,
2006b). The SSH optimization techniques, which are based on fundamentally different
approach, are also part of the “Electrical Interface” block.

3. Electromechanical modelling

Large diversity of mechanical structures associated to various piezoelectric materials has been
investigated for energy harvesting. Most common ones are cantilever and diaphragm, such as
depicted on Fig. 2. These structures are mechanically excited by ambient vibrations which
creates the base motion. Forces induced by inertial effect and stiffness of the structure thus
result in strain/stress variations of the piezoelectric material. Such vibrating electromechanical
devices can be modelled as single degree of freedom mass+spring+damper+piezo coupling
near a resonance frequency, as shown on Fig. 3 (Richards et al., 2004; Guyomar et al., 2005;
Badel et al.,, 2007). In this approach, an effective mass M is bounded on a spring of effective
stiffness K, on a damper of viscous coefficient C and on a piezoelectric element characterized
by effective coefficient o and capacitance Cy. These effective coefficients depend on materials
physical characteristics and on design of energy harvesters. They may be derived using modal
analysis (Wang et al., 1999; Badel et al., 2007).
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Fig. 2. Cantilever and diaphragm electromechanical structures for energy harvesting.
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Dynamic equation of the electromechanical structure is given by (1), where the effective
mechanical displacement u is the difference of the seismic mass displacement u, and the
generator’s base displacement u;. This equation shows in particular the action of the inertial
force on the system, which is the product of the effective mass M and the base mechanical
acceleration i, . The effective piezoelectric coefficient o defines the relation of the effective

piezoelectric force Fp and the piezoelectric voltage V. This coefficient also defines the
relation of the piezoelectric internal current I with the mechanical speed u, as written in (2).

M-i+C-u+K-u+Fp=M-ij 1)
Fp=a-V

{,_a. )
=a-u

Owing to its simplicity, such an analytical model of the electromechanical part is very
convenient for energy conversion analysis. This is actually the simplest way for taking into
account all the electromechanical interactions.

T_ Piezoelectric
u:z Dynamic Mass M element

1 .
e S| @), Dz [

\Base
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Fig. 3. Single degree of freedom electromechanical model.



Piezoelectric material-based energy harvesting
devices: advances of SSH optimization techniques (1999-2009) 169

4. Standard AC-DC interface

The electrical energy generated by the electromechanical part of the energy harvester, whose
modeling was presented in the previous section, is transmitted here to the circuit
represented on Fig. 4 (a). The typical application considered here is the recharging of an
electrochemical battery. The battery needs stabilized DC voltage while the vibrating
piezoelectric element generates an AC voltage (Fig. 4 (b)). So, the electrical interface
connected between the piezoelectric element and the battery must ensure electrical
compatibility. The so called “standard” interface is the simplest way to achieve this function:
the piezoelectric voltage is first rectified by the diode bridge, and then the controller (DC-
DC Converter) ensures the power optimization and voltage regulation.

()

+ pCeDC | —=—
|4 Ve x| Converter - Viar A Vieer

Co - _X ________ ’ \" """
N - > t
Piezoelectric element \k 40 ’ ~

(a) ' (b)

Fig. 4. (a) Standard electrical interface. (b) Typical waveforms of displacement and voltages.

4.1 Steady-state analysis

The model equations (1) and (2) are solved at the resonance frequency of the single-mode
resonator. The base excitation of the energy harvester is considered here with sinusoidal
displacement u; of magnitude U; and angular frequency o (3). As shown on Fig. 4 (b),
nonlinearities are induced by the electrical circuit on the piezoelectric voltage V. In spite of
this, the displacement u of the electromechanical part is assumed to be sinusoidal. Indeed,
effective electromechanical coupling is generally not important enough in practice to
observe the impact of the voltage nonlinearities on the displacement.

u, = U, sin(w-1+¢) €)

For the sake of simplifying the analysis, the DC part of the electric load composed of the DC-
DC converter and the electrochemical battery (Fig. 4 (a)) is modeled in the following
developments by an equivalent resistor R which consumes same power as the actual load:

P=V?/R. Losses due to the voltage drop across the diodes of the rectifier are neglected.
Electrical equations of this circuit (Ottman et al., 2001; Lefeuvre et al., 2006b) and equations
(1) (2) (3) lead to the following expression (4) of the power P supplied by the energy
harvester at the resonance angular frequency @ (Guyomar et al. 2005, Lefeuvre et al. 2006a):

P Ra? . M?*0}U} @
(RCy, +(12)F (C+2Ra? I(RCy, + (12 ]
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One or two different values can be found for the optimal load resistance which maximizes
the power, depending on the electromechanical figure of merit of the electromechanical
part. This figure of merit is defined as the product of the global coupling k squared and the

electromechanical quality factor Qas:

aZ

kK*Q, =
Ou w,CC,

©)

For weak values of the electromechanical figure of merit, k°Q,, <7, only one optimal value

Ropt of the load equivalent resistance maximizes the power. Expressions of Ry and the
corresponding maximal power are the following:

_ T
? T 2C0,
b T O, MU ©
max 2 (7z-+k2QM)2 C

For higher values of the electromechanical figure of merit, k°Q,, > 7, two different optimal

value R,y of the load equivalent resistance maximizes the power. In this case, expressions of
Rgpt and the corresponding maximal power become:

2a-7C,C+ 2ayja’ - 2CyCo,
" 20(Cp, ) @)
M*w!U}

8C

Inlim =

Thus, according to these results, maximization of the power generated by the energy
harvester can be summarized as choosing an optimal value for the load equivalent
resistance R. The value of this resistor is determined by the electromechanical characteristics
of the system and by the excitation frequency.

4.2 Resistor emulation using DC-DC converters

DC-DC switching mode power converters technology is well known for its high efficiency,
which typically reach 80% to 99%. They enable accurate dynamic control of their power flow
through their active power switches and dedicated regulation circuitry. Thus, such DC-DC
converter technology appears ideal for efficient emulation of the optimal load resistor, while
transferring most of the harvested energy to the actual load. Control strategy and related
regulation circuitry must be designed in such a way that the input voltage and the input
current of the converter vary proportionally. Such function is, by principle, achievable with
any switching mode converter topology, but with some input and output voltage limitations.

In the context of our application, the input voltage range is directly related to the considered
level of vibration, while output voltage range is determined by the characteristics of the
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electrochemical battery. Ottman et al. have for instance presented solutions for resistor
emulation using buck DC-DC converter (Ottman et al., 2002; Ottman et al., 2003). Such
converter architecture has intrinsically output voltage lower than input voltage. For this
reason, energy harvesting cannot be optimized at low level of vibration. In other words, this
converter may be used if the open circuit piezoelectric voltage is most of the time higher
than the battery voltage. Conversely, the boost converter architecture has output voltage
higher than input voltage. So, it may be used for energy harvesting of very low level
vibrations. The buck-boost DC-DC converter architecture represented on Fig 5 (a) offers
more degrees of freedom, with output voltage higher or lower than input voltage.

Theoretical study of this circuit and experimental evaluation for optimization of
piezoelectric energy harvester has been presented by Lefeuvre et al. (Lefeuvre et al., 2006b).
In this study, the control unit of this circuit turns on and off the MOSFET transistor at
constant switching frequency. Variation of the duty cycle enables to control the power flow.
Compared to other topologies, the main advantage of this buck-boost converter is the
possibility of emulation of resistance with extremely simple control circuitry, and hence the
power consumption of this circuitry is drastically reduced. Owing to this property,
experimental results confirmed the possibility of optimally recharging a 4.8 V NiMh battery
(2x2.4 V) with piezoelectric voltage magnitude in the range of 1.6 V to 5.5 V (Fig. 5 (b)).
Overall efficiency of this interface, taking into account the rectifier losses, the buck-boost
converter losses and the control circuit consumption was found to be between 71% and 79%
for output power starting from 200 pW up to 1.5 mW. The emulated load resistance could be
fixed at the value which was found to be optimal (12 kQ) at resonance frequency of the
piezoelectric cantilever bimorph (66.4 Hz) with acceleration values of the mechanical
excitation in the range of 0.5to 2 g.

Generally speaking, the main challenge in the design of optimization interfaces and related
control circuitry is to reach reasonably high efficiency (Mitcheson et al., 2007). In other
words, the electrical power losses are critical and it is generally difficult to reduce them
below acceptable level compared to the power generated by the piezoelectric material. The
control circuitry often appears to be the most consuming part. For this reason, DC-DC
converters which enable load resistance emulation with extremely simple control principles
are of great interest.

Piezoelectric cantilever

beam
i i i
r% % K bat
1¥1 \l,
i,
+ Shaker ¥
Cr Control 1l -
v, + —_
—T —a Vbut
) §VL =
- +
Buck-boost
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Fig. 5. (a) Buck-boost converter architecture. (b) Experimental setup.
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5. The SSH techniques

5.1 Origin of the approach

The SSH techniques have their origins in nonlinear semi-passive techniques formerly
developed for structural vibration damping using piezoelectric transducers. The first one, so
called SSDS technique, is schematically depicted in Fig. 6 (a). In this simple circuit, the
piezoelectric electrodes are connected to a switch. The control principle is to close for a very
short time period this switch in each time a maximum of electrostatic energy is reached. As
the switching time is very brief, the piezoelectric element is almost always in open-circuit
conditions. So, the maxima occur when the displacement reach an extremum (Richard et al.,
1999). When the switch is closed, there is therefore a fast dissipation of the electrostatic
energy by joule effect in the resistance of the circuit. The typical voltage, displacement and
speed waveforms are depicted on Fig. 6 (a) in the case of sinusoidal vibration. Such a
dissipation of energy induces damping of the mechanical structure, whose attenuation Assps
expressed in Eq. (8) is derived from the electromechanical model (1), (2), (3) and (5). According
to (8), SSDS attenuation depends on the electromechanical figure of merit defined in (5).

1
Agsps =——F———
1+ il’czQM ®)
T

The second semi-passive damping technique presented here, so called “SSDI” technique,
only differs from the previous one by an inductor added in series with the switch, as
depicted in Fig. 6 (b). The principle of control is quite similar to SSDS, but instead of
removing the piezoelectric charge and resetting the voltage to zero, the effect of the switch is
a quick inversion of the piezoelectric voltage obtained by electrical oscillation, as shown on
Fig. 6 (b). The time duration of the inversion is typically determined by the half-pseudo-
period (9) of the resonant electric circuit composed of the piezoelectric capacitor Cy and the
inductor L. The voltage inversion is not perfect due to internal losses of the circuit, and is
characterized by the inversion ratio y defined in (10). In this second case, the mechanical
vibration attenuation Asspy at the resonance frequency is given in (11) (Richard et al., 2000).

t, =74 LC, 9)
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Physical interpretation of these nonlinear treatments applied to the piezoelectric voltage is
that they create piezoelectric forces that are opposed to the speed and the excitation force at
resonance frequency. A deepened analysis shows that the piezoelectric force is similar to a
dry friction (badel et al. 2007). But the difference with pure dry friction is that the
piezoelectric force magnitude is proportional to the displacement magnitude. The



Piezoelectric material-based energy harvesting
devices: advances of SSH optimization techniques (1999-2009) 173

magnitude of this force depends on the electromechanical figure of merit, but also on the
inversion ratio in the case of the SSDI, whose inductor artificially magnifies the piezoelectric
voltage amplitude.
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Fig. 6. Block schematic and associated waveforms of (a) SSDS and (b) SSDI techniques.

5.2 Parallel SSHI technique

The parallel SSHI technique was the first SSH method derived from SSD (Lefeuvre et al.,
2004; Guyomar et al., 2005). In comparison to the standard AC-DC interface described in
section 4, the switching system of the SSDI circuit (Fig. 6 (b)) is simply added in parallel
with the piezoelectric element to obtain the parallel SSHI circuit represented in Fig. 7 (a).
Typical voltage waveforms are shown in Fig. 7 (b) in the case of sinusoidal mechanical
excitation of the energy harvester. At time fo, the displacement u reaches a minimum and the
bridge cease to conduct. This coincides with the beginning of the piezoelectric voltage
inversion through the switch S and the inductor L. Then, the voltage V varies proportionally
to the displacement u until the DC voltage Vz is reached. So, the rectifier bridge conducts
and transfers electrical energy to the battery. Half of the energy conversion cycle ends at
time #;, and the second half-cycle happens symmetrically, until the end of the period.

A Vel

Piezo L R

(@) (b)
Fig. 7. (a) Circuit schematic and (b) typical waveforms of the parallel SSHI.
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As in the case of the standard AC-DC interface, the DC load is modelled by a resistor R for
the sake of simplifying calculation of the generated power. However, operation of the
energy harvester is unmodified if the load resistor is replaced by a DC-DC converter
followed by a battery, as depicted in Fig. 4 (a) in the case of the standard circuit.

Electrical equations of the parallel SSHI circuit and electromechanical equations (1), (2) with
sinusoidal base excitation displacement (3) lead to the expression (12) of the power P
supplied by the energy harvester at the resonance angular frequency o, (Guyomar et al.
2005). This power reaches a maximum for the optimal value of the load resistance. The
optimal load resistance cannot be analytically expressed but its value can only be
numerically derived from (12). The maximum of power supplied by the energy harvester
with its optimal load is well approximated by the analytical expression (13).

_ 4Ra* M?0?U?
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5.3 Series SSHI technique

The series SSHI is similar to the parallel SSHI technique presented previously, but the
switching system is connected in series to the piezoelectric element instead of being
connected in parallel. The circuit used by this technique is represented on Fig. 8 (a). It was
found by another approach and described under another name by Taylor et al. (Taylor et al.,
2001). The switching system is operated in the same way as for the parallel SSHI technique.
Thus, the piezoelectric element is always in open-circuit configuration except during the
voltage inversion sequences. So, the piezoelectric voltage variation is an image of the
mechanical displacement u except when the switching device is turned on. Typical voltage and
displacement waveforms in case of sinusoidal mechanical excitation are shown in Fig. 8 (b).

Piezo R

(a) (b)
Fig. 8. (a) Circuit schematic and (b) typical waveforms of the series SSHI.

Electrical equations of the series SSHI circuit and electromechanical equations (1), (2) with
sinusoidal base excitation displacement (3) lead to the expression (14) of the power P
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supplied by the energy harvester at the resonance angular frequency @.. Equation (15) is an
analytical approximation of the maximum power supplied to the optimal load.
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5.4 SECE technique

The SECE technique basically consists in extracting promptly and entirely the electric energy
converted by the piezoelectric element on each extremum of the mechanical displacement u.
From the standpoint of the piezoelectric element, the effect is identical to the SSDS technique
presented in section 5.1. But instead of being dissipated by Joule effect, this electrical energy
is transferred to the load (Lefeuvre et al., 2006a). The circuit used for this technique is
composed of a bridge rectifier, a flyback-type switching mode power converter and an
electric load (Fig. 9 (a)). The power converter is controlled by the on and off states of the
transistor T. When the piezoelectric voltage V reaches an extremum, the transistor is turned
on and the electrostatic energy of the piezoelectric element begins to be transferred to the
coupled inductor L. When voltage V passes at zero, all the electrostatic energy has been
removed from the piezoelectric element and the transistor is turned off. The coupled
inductor value is chosen so that duration of the energy extraction sequence is very short
compared to the vibration period. Thus, the piezo is on open-circuit configuration most of
the time and its voltage is a piecewise function of the mechanical displacement u. Typical
voltage and displacement waveforms are depicted in Fig. 9 (b) in case of sinusoidal
mechanical excitation.
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Fig. 9. (a) Schematic and (b) typical waveforms of SECE.

Energy transfer sequences of the SECE circuit and electromechanical equations (1), (2) with
sinusoidal base excitation displacement (3) and the figure of merit definition (5) lead to the
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expression (16) of the power P supplied by the energy harvester at the resonance angular
frequency .
2 k*0,, M?*0'U?

2
P (1+ 4 kZQM) c (16)
v

Compared to the techniques previously presented, the power harvested using the SECE
technique is not influenced by the characteristics of the electric load (voltage, resistance ...).
In other words, in this particular case there is no need for additional resistor emulation
circuit for power optimization.

5.5 Comparison of harvested powers

The four techniques can be compared by observing in each case the evolution of the power
harvested power as a function of the electromechanical figure of merit k2Qn. Fig. 10 shows the
evolution of the normalized harvested power in comparison to the maximum power which can
be harvested using the standard circuit. These magnitudes are plotted for the standard, Parallel
SSHI, Series SSHI and SECE techniques. In each case, the load is chosen to maximize the power
supplied by the energy harvester and y has been fixed at 0.76 for the Series and Parallel SSHI.
These charts show that the harvested power has the same limit P;, (defined by Eq. (7)). This
limit is reached for k2Qu > 7 in the case of the standard technique, whereas for the Parallel
and Series SSHI techniques the power tends asymptotically towards this value. And for the
SECE technique the power reaches this maximum for k&2Qu = /4.

In practice, if we consider that the quantity of used piezoelectric material is roughly
proportional to the figure of merit k2Qu;, then these results mean that to harvest a certain
percentage of the maximum recoverable power P, SSH techniques permits reducing
dramatically the quantity of piezoelectric material in comparison to the standard DC
technique. In this sense, SECE appears theoretically like the most interesting technique.
However, Series and Parallel SSHI may be better in practice, depending on the losses of the
circuits used for implementing of the different techniques. But compared to the standard
technique, reduction by a factor 3, or more, of the piezoelectric material amount is generally
possible using SSH techniques.

Normalized harvested power

Electromechanical figure of merit K0y,

Fig. 10. Harvested powers as a function of the electromechanical figure of merit.
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5.6 Deepened analysis of SSH techniques
Further to the original SSH techniques emergence, several works were proposed for
deepening their analysis in various case of operation.

Badel et al. (2005) studied the problem of piezoelectric energy harvesting in pulsed
operation. This kind of operation typically happens when the energy harvester is excited by
mechanical shocks and impacts. Contrary to the case of continuous excitation, the vibration
amplitude of the energy harvester decreases more or less rapidly after each excitation shock,
depending on the system mechanical losses and also on additional damping effect induced
by the energy harvesting process. So, the efficiency of energy harvesting in pulsed operation
mode is strongly dependant of the speed of conversion of the mechanical energy into
electrical energy. It has been theoretically shown and experimentally verified that the
Parallel SSHI is the most effective technique, with typical improvement by factors 2.5 to 5 of
the amount of energy harvested by comparison to the standard technique.

Lefeuvre et al. (2007) analyzed the problem harvesting energy from broadband vibration
using multimodal resonant electromechanical structure. Comparison of the standard and
SECE techniques showed that both techniques allows to effectively to harvesting energy in
this case of operation. However, SECE exhibits two major advantages. First, contrary to the
standard technique, SECE don’t need adaptation of the load for optimal energy conversion.
It must be pointed out that such load adaptation, which depends on the vibration frequency,
is peculiarly complicated to achieve in multimodal and broadband cases of operations.
Second, SECE is more efficient and can harvest up to 4 times more energy than the standard
technique for electromechanical systems with relatively small figures of merit (k2Qu < 2).

Shu et al. (2006; 2007; 2009) compared the effect of frequency deviation from resonance on
the performances of the Standard, Series SSHI and Parallel SSHI techniques. They
demonstrated that both Series and Parallel SSHI interfaces significantly improve the energy
harvester bandwidth. In addition, the Parallel and Series SSHI behavior were shown to be
similar to that of a strongly coupled standard system operated respectively at the short
circuit resonance and at the open circuit resonance.

6. Evolution of the SSH techniques

During these last years, several novel energy harvesting techniques derived from the
original synchronized switching principle have expanded the “SSH family”. Main advances
concern improvement of efficiency of the electrical interfaces in the case of low piezoelectric
voltages, together with improvement of the power harvested in the case of weak
electromechanical figures of merit.

6.1 SSH interfaces for low piezoelectric voltages

As mentioned before, design of energy efficient electrical interfaces is a major issue for
energy harvesting. This problem is technologically difficult to solve at very low power
levels, typically below tens of microwatts, because of power losses of electronic components.
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In the case of low voltages, the main problem comes from voltage drop across components,
such as threshold voltage of the diodes used for voltage rectification, which significantly
diminish efficiency of energy harvesting devices. This problem appears at low vibration
level which results in a low piezoelectric voltage magnitude, typically below 1 or 2 volts.
This problem becomes critical in the case of ultralow voltage such as that of MEMS-based
(MicroElectroMechanical Systems) energy harvesting devices, whose magnitude reaches
barely a few tens of milivolts. Indeed, such voltages are lower than the threshold voltage of
the diodes commonly available.

An approach for reducing the voltage drops consists basically to limit the number of diodes
used for voltage rectification. In this context, Makiara et al. (2006) have proposed a half-
bridge circuit for the Parallel SSHI technique. The voltage rectifier requires only two diodes
instead of four in the original Parallel SSHI circuit (Fig. 11 (a)). As a consequence, power loss
inherent to the diodes threshold voltage is divided by two. The control principle of the
switch is the following: when the piezoelectric voltage is maximal, corresponding to a
maximum of mechanical displacement, the switch is toggled on “point 2”. And, conversely,
when the piezoelectric voltage is minimal, the switch is toggled on “point 1”. However,
despite very simple control principle, truly self-powered implementation of this half-bridge
Parallel SSHI circuit is difficult in practice. Indeed, holding on the electronic switch during a
half period of vibration consumes a lot of energy compared to the brief on state required by
the original Parallel SSHI. This is why theoretical power gain brought by this circuit could
have been verified using external power source for the control circuitry only.

Another half-bridge circuit was proposed by Lallart et al. (2008a) for implementation of the
Series SSHI technique. The switches control principle is the following: when the
piezoelectric voltage reaches a maximum the switch S1 is briefly turned on (during a time
period equivalent to a half of the resonance period of the LCy circuit) and conversely when
this voltage reaches a minimum the switch S2 is briefly turned off. Compared to the original
Series SSHI, voltage drop due to the rectifier is limited to the diode threshold voltage Vp
instead of 2Vp. This makes a big difference in terms of efficiency when the piezoelectric
voltage magnitude is only a few times bigger than Vp. Experimental validation of this circuit
with truly self-powered electronic control circuitry showed for instance more than 60%
increase of the power supplied by the energy harvesting device compared to the original
Series SSHI with piezoelectric voltage magnitude below 2 V.

Point 1l

Point 2
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Fig. 11. Half-bridge SSH circuits: (a) Parallel SSHI (b) Series SSHI.
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Ultimate reduction of the losses due to the threshold voltage of the diodes was brought by
using the SSHI-MR circuit proposed by Garbuio et al (2009) (“MR” stands for Magnetic
Rectifier). This SSHI-MR circuit is depicted in Fig. 12. Typical waveforms of this technique
are very similar to those of Series SSHI. The main difference of the circuit comes from the
magnetic transformer T which replaces the inductor L of the Series SSHI. This transformer
has two primary windings and one secondary winding. The coupling factor m is chosen to
be far greater than one. Each primary coil is connected in series with one switch (51 or SI).
The secondary winding is connected to the smoothing capacitance Cs in parallel with the
load R; through a diode D that ensures a proper charge flow. When the voltage or the
displacement is maximal (respectively, minimal), the switch S1 (respectively, S1’) is closed.
As a consequence, electrical resonance occurs between the piezoelectric capacitance Cy and
the primary leakage inductance of transformer. The switch is opened after a half of the time
period of resonance for the inversion of the piezoelectric voltage, exactly like in the Series
SSHI technique. The inversion is characterized by the inversion factor y in the same way as
the series SSHI inversion coefficient.

The use of the transformer T in association with the single diode rectifier brings significant
gain in term of efficiency. Indeed, the losses due to the diode threshold voltage Vp are here
proportional to Vp/m compared with 2Vp for the original Series SSHI circuit. Thus, energy
harvesting with extremely low voltage levels is possible. And, as the current is very low, the
losses in the transformer are negligible. Moreover, the transformer enables to increase the
output voltage, which is often desirable for the compatibility with electronic circuits.
Experimental validation of this circuit showed the possibility of harvesting energy from
piezoelectric voltages as low as 30 mV, making possible operation of the energy harvesting
devices in environments having extremely low levels of vibration.
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Fig. 12. SSHI-MR circuit.

6.2 Power improvement in the domain of weak electromechanical figures of merit

The DSSH circuit (DSSH stands for “Double Synchronized Switch Harvesting”) is an
association of the Series SSHI circuit and the buck-boost version of the SECE circuit (Lallart
et al., 2008c), as depicted in Fig. 13 (a). An intermediate energy storage capacitor Ciy is
included, which brings an additional degree of freedom in the control of the energy
conversion process. This intermediate energy tank is used here for controlling the trade-off
between energy harvesting and the intrinsic damping effect of the energy harvesting
process. In addition, use of the SECE circuit makes the harvested power optimal whatever
the load characteristics (i.e. no influence of the load equivalent resistance).
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The control principle of this circuit can be decomposed into four different steps. First step:
the switches S1 and S2 are open and no energy transfers from the piezoelectric element to
the load. Second step: when the piezoelectric voltage Vj is maximal (or minimal), S1 is
closed and a part of the piezoelectric energy is transferred to the intermediate capacitor Ci,
while voltage V) is reversed, like in the case of the original Series SSHI technique. Third
step: 51 is opened, and S2 is closed until all the energy of Ciy; is transferred into the inductor
L2. Fourth step: S2 is opened and all the energy of L2 is transferred to the load (modeled
here by a storage capacitor Cs and a resistor Ri). Thus, the switching sequence is
synchronized with the piezoelectric voltage (or displacement) extrema, so that the energy
conversion cycle is very near to that of the Series SSHI

Detailed analysis of the DSSH technique shows that the energy conversion is optimal when
the value of C;; is very large compared to that of the internal capacitance of the piezoelectric
element Cy in the case of very weak values of the figure of merit. For higher values of the
figures of merit, C;,; value must be chosen as defined in the following equations:
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Fig. 13. (a) DSSH circuit, (b) power as a function of the electromechanical figure of merit.

In these conditions, the power P harvested using the DSSH technique is optimal and is can
be expressed by the following equations:
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Variation of the normalized power harvested by the DSSH, SECE and Standard techniques
as a function of the figure of merit k2Qu is compared in Fig. 13 (b). These charts clearly show
the interest of the DSSH technique, whose power is much more important than that of the
two other techniques for very weak values of the electromechanical figure of merit. From
another point of view, using the DSSH technique reduces the constraints of design of the
electromechanical part in terms of quality factor and electromechanical coupling. In
particular, the amount of piezoelectric material can be drastically reduced compared to
energy harvesting devices using the standard technique.

The DSSH technique presents significant advantages for energy harvesting, but its practical
implementation is a little bit more delicate than that of the SECE or the SSHI techniques.
Truly self-powered control circuit of the DSSH has been demonstrated, and despites the
cumulated losses of the two conversion stages, performances of this technique remain much
better in practice than that of the standard and SECE techniques in the domain of weak
figures of merit.

7. Conclusion

Piezoelectric materials are of major interest for high efficiency, low-power energy harvesting
from ambient vibration. Owing to decrease of power consumption of electronic devices,
increasing variety applications could benefit of such “infinite” lifespan micro-sources of energy.

Based on a single degree of freedom {spring + mass + damper} mechanical system
associated to the piezoelectric electromechanical coupling, this chapter analysed first the
electromechanical power converted in association with the so-called standard electrical
interface, commonly found in piezoelectric energy harvesting devices. Then, the original
SSH techniques, derived from semi-passive piezoelectric damping techniques, were
presented. Compared to the Standard electrical energy processing, SSHI (series and parallel)
and SECE techniques enable significant improvement of harvested power. With the seismic
mechanical structure considered here, the power is in particular strongly increased at weak
values of the electromechanical figure of merit k2Qpy. As a result, compared to the standard
approach, the amount of piezoelectric material can be reduced by factor 4 or more, thus
enabling the design of compact, high efficiency energy harvesting devices. Reduction of the
power dependence to the excitation frequency is another advantage brought by these
techniques. Practical interest of the proposed approach has been shown in an energy
harvesting devices designed for supplying the nodes of a wireless network used for
structural health monitoring (Guyomar et al., 2007). Interest of these techniques for
pyroelectric energy harvesting has also been demonstrated (Sebald et al., 2008).
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This paper presented then the techniques recently derived from the original SSH
techniques. Half-bridge parallel and series SSHI interfaces have increased the efficiency of
the related techniques in the case of low piezoelectric voltages, making possible the
energy harvesting from low-level vibrations. The SSHI-MR circuit has then even more
reduced the problems related to voltage drops, so that energy can be harvested in the case
of piezoelectric voltages as low as a few tens of millivolts. The DSSH interface, which was
derived from both the series SSHI and SECE circuits, showed the possibility of
dramatically increasing the power harvested using electromechanical structures with
extremely weak figures of merit. The general principle of processing the piezoelectric
voltage synchronously with the mechanical excitation offers large degrees of freedom for
power improvement as well as reduction of the sensitivity to variations of the load and to
drift of the excitation frequency, so it is highly probable that novel interfaces based on the
original SSH principle will be proposed in the future.

Current challenges in the field of piezoelectric energy harvesting concern the robustness
to frequency mistuning and the improvement of the power harvested from broadband
vibrations. Indeed, efficient piezoelectric energy harvesters operate in resonant mode.
Consequently they exhibit narrow bandwidth and only a small part of available energy
can be harvested. Among solutions investigated to address this problem, the most
promising way is based on bistable electromechanical structures (Eturk et al, 2009; Stanton
et al, 2009). Compared to usual resonators, these non linear resonators exhibit enlarged
bandwidth while keeping advantage of high power conversion capability. Ongoing works
aim at evaluating the interest of associating the SSH techniques with the non linear
piezoelectric resonators.
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1. Introduction

In this time of technological advancements, conventional materials such as metals and alloys
are being replaced by polymers in such fields as automobiles, aerospace, household goods,
and electronics. Due to the tremendous advances in polymeric materials technology, various
processing techniques have been developed that enable the production of polymers with
tailor-made properties (mechanical, electrical, etc). Polymers enable new designs to be
developed that are cost effective with small size and weights (Gurunathan et al., 1999).
Polymers have attractive properties compared to inorganic materials. They are lightweight,
inexpensive, fracture tolerant, pliable, and easily processed and manufactured. They can be
configured into complex shapes and their properties can be tailored according to demand
(Gurunathan et al., 1999). With the rapid advances in materials used in science and
technology, various materials with intelligence embedded at the molecular level are being
developed at a fast pace. These smart materials can sense variations in the environment,
process the information, and respond accordingly. Shape-memory alloys, piezoelectric
materials, etc. fall in this category of intelligent materials (Zrinyi, 2000). Polymers that
respond to external stimuli by changing shape or size have been known and studied for
several decades. They respond to stimuli such as an electrical field, pH, a magnetic field,
and light (Bar-Cohen, 2004).These intelligent polymers can collectively be called active
polymers.

One of the significant applications of these active polymers is found in biomimetics—the
practice of taking ideas and concepts from nature and implementing them in engineering
and design. Various machines that imitate birds, fish, insects and even plants have been
developed. With the increased emphasis on “green” technological solutions to
contemporary problems, scientists started exploring the ultimate resource—nature—for
solutions that have become highly optimized during the millions of years of evolution.
There are many types of active polymers with different controllable properties, due to a
variety of stimuli. They can produce permanent or reversible responses; they can be passive
or active by embedment in polymers, making smart structures. The resilience and toughness
of the host polymer can be useful in the development of smart structures that have shape
control and self-sensing capabilities (Bar-Cohen, 2004).
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Polymers that change shape or size in response to electrical stimulus are called electroactive
polymers (EAP) and are classified depending on the mechanism responsible for actuation as
electronic EAPs (which are driven by electric field or coulomb forces) or ionic EAPs (which
change shape by mobility or diffusion of ions and their conjugated substances). A list of
leading electroactive polymers is shown in Table 1.

Ionic EAP Electronic EAP
Ionic polymer gels (IPG) Dielectric EAP
Ionic polymer metal composite (IPMC) Electrostrictive graft elastomers
Conducting polymers (CP) Electrostrictive paper
Carbon nanotubes (CNT) Electro-viscoelastic elastomers

Ferroelectric polymers

Liquid crystal elastomers (LCE)

Table 1. List of leading EAP materials

The electronic EAPs such as electrostrictive, electrostatic, piezoelectric, and ferroelectric
generally require high activation fields (>150V/um) which are close to the breakdown level
of the material. The property of these materials to hold the induced displacement, when a
DC voltage is applied, makes them potential materials in robotic applications, and these
materials can be operated in air without major constraints. The electronic EAPs also have
high energy density as well as a rapid response time in the range of milliseconds. In general,
these materials have a glass transition temperature inadequate for low temperature
actuation applications.

In contrast, ionic EAP materials such as gels, ionic polymer-metal composites, conducting
polymers, and carbon nanotubes require low driving voltages, nearly equal to 1-5V. One of
the constraints of these materials is that they must be operated in a wet state or in solid
electrolytes. Ionic EAPs predominantly produce bending actuation that induces relatively
lower actuation forces than electronic EAPs. Often, operation in aqueous systems is plagued
by the hydrolysis of water. Moreover, ionic EAPs have slow response characteristics
compared to electronic EAPs. The amount of deformation of these materials is usually much
more than electronic EAP materials, and the deformation mechanism bears more
resemblance to a biological muscle deformation. The induced strain of both the electronic
and ionic EAPs can be designed geometrically to bend, stretch, or contract (Bar-Cohen,
2004).

The principles of operation of EAP in actuator mode consist of applied electric field thought
the thickness that contacting this one, and stretching in the area. As with many actuator
technologies, electronic EAP are reversible and can be operated in generator mode. In this
mode of operation, mechanical work is done against the electric field, and electrical energy
is produced. Thus, the electronic EAP is acting as an electromechanical generator transducer
in this mode of operation.

Technologically, the generator mode of electronic EAP is potentially as important as the
actuator mode. Actuators are indeed pervasive in modern technology, yet the critical need
for new energy systems, such as generators, may be more important than the sheer number
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of possible applications. Moreover the current trend in electronic devices is their integration
in most of common systems in order to extend the number of functions and to improve their
reliability. The recent progresses in ultralow-power electronics allow powering complex
systems using either batteries or environmental energy harvesting. Although large efforts in
battery research have been made, such powering solution raises the problem of limited
lifespan and complex recycling process. The current energy requirement thus leads to the
research of other energy sources for mobile electronics. Strong research effort and industrial
development deal with energy harvesting using piezoelectric materials, one of the most
promising solutions for direct power supply and energy storage for low power wearable
devices. However, those materials tend to be stiff and limited in mechanical strain abilities;
so for many applications in which low frequency and large stroke mechanical excitations are
available (such as human movement). Organic materials, however, are softer and more
flexible; therefore, the input mechanical energy is considerably higher under the same
mechanical force. Piezoelectric polymers such as PVDF, unfortunately, have a much lower
piezoelectric coefficient compared to the piezoelectric ceramic materials. A study has shown
that the energy harvesting is lower than with piezoelectric ceramic bimorphs (Liu, et al.,
2004). Electrostatic-based systems, such as dielectric elastomers, typically require a very
high electric field intensity (20-120 V/pm) to achieve a significant energy harvesting
(Pelrine, et al., 2001). A recent research shown that the polyurethane and P(VDF-TrFE-CFE)
which are an electrostrictive polymers were capable of generating strains above 10% under a
moderate electric field (20V/pm) ) ( Guiffard, et al. 2006; Guiffard, et al., 2009), thus leading
to them being considered as potential actuators. Furthermore, these materials are
lightweight, very flexible, have low manufacturing costs and are easily moulded into any
desired shapes. Moreover the mechanical energy density is comparable to that piezoelectric
single crystals (Ren, et al., 2007).

There exist different methods for harvesting mechanical to electrical energy using
elestrostrictive polymer, the first point of this chapter provide a brief overview of the most
used methods. The second paragraph presents a method for enhancing the
electromechanical responses of elestrostrictive polymer using conductive particules, with a
presentation of the process of fabrication. The third points discusses pratical consideration
such as circuit topologies, but also a comparison between the other technology for
harvesting energy. In fact, electrostrictive polymer is much more competitive for some
applications compared with others, and it is important to identify general advantage or
attractive features of electrostrictive polymer for energy harvesting.

2. General principles of the electrostrictive polymer generator mode

Electrostriction is generally defined as a quadratic coupling between strain (Sj) and
polarization (Pr):

Em = gr';z;Pn + 2'lemn'Tkl'Pn
S" = Siﬁd']’;{l + Qijmn'Pm I)n

g

@)

where sPyq is the elastic compliance, Qju is the polarization-related electrostriction
coefficient, €Ty is the inverse of the linear dielectric permittivity, and T is the stress.
Assuming a linear relationship between the polarization and the electric field, the strain Sj
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and electric flux density D; are expressed as independent variables of the electric field
intensity Ei, Ei and stress T by the constitutive relations according to equation (2)(Ren, et
al., 2007):

S; =M E E +s5,.T,
D, =&, E, +2.M,.E, T,

i

@)

here sEjj is the elastic compliance, M is the electric-field-related electrostriction coefficient,
and &7y is the linear dielectric permittivity.

There exist two methods for harvesting energy when using an electrostrictive material, the
first consists in realizing of cycles, whereas the second involves in working in the pseudo
piezoelectric behaviour.

2.1 Energy harvesting using cycles

This method, proposed by Y. Liu et al (Liu, et al., 2005), was inspired by the process for
harvesting energy in the case of dielectric elastomers. The mechanical-to-electrical energy
harvesting in electrostrictive materials is, as an example, illustrated in the mechanical
stress/strain and electric field/flux density plots shown in Fig. 1. Initially, the material
presented in Fig. 1 had no stress applied to it. When a stress was applied, the state traveled
along path A. Finally, the applied stress was reduced. Due to the change in the electrical
boundary conditions, the contraction path did not follow path A but path B. Both in the
mechanical and electrical planes, the material state traversed a closed loop. In the
mechanical plane, the rotation designated that the net energy flow went from the
mechanical to the electrical. The areas enclosed in the loop of the mechanical and electrical
planes were equal and corresponded to the converted energy density in units of J/m3.

S B D; ‘{ \

T, E
Fig. 1. An energy harvesting cycle

Ideally, the energy harvesting cycle consists of a largest possible loop, bounded only by the
limitations of the material. Y. Liu et al. have analyzed electrical boundary conditions that
can be applied in order to obtain an optimized energy harvesting. They demonstrated that
elestrostrictive materials have significant electric energy densities that can be harvested. Of
the electrical boundary conditions investigated in their work, the best energy harvesting
density occurred when the electric field in the material was increased from zero to its
maximum value at a maximum stress, and then returned to zero at a minimum stress (Fig.



Electrostrictive polymers as high-performance electroactive polymers for energy harvesting 189

2). They used the concept of a coupling factor, as defined in the IEEE standard of
piezoelectrics (IEEE 1988), which is a useful figure of merit for energy harvesting, and is

given in equation (3):
k= ®
W +W,

Here W1+W is the input mechanical energy density, and W is the output electrical energy
density.

A constant electric field Eo exists from state 1 to state 2 as the stress is increased to Tmax.
From state 2 to state 3, the electric field is increased from Ey to Ej, then kept constant until
the stress is reduced from Tmax to 0 from state 3 to state 4. At zero stress, the electric field is
reduced to Ey, returning to state 1. In the dielectric-field plot, the paths 1-4 and 2-3 are not
parallel, which is due to the stress dependence of the dielectric constant. The converted
energy Wi can be expressed by equation (4):

W, =T, (E - E) @

The input energy density W, = (1/ 2)ST 2

max - and thus the coupling factor, are given by

equation (5):

M(E} - E;)

k=

%sTm +M(E} - E; )
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T, Fo Ei 3
Fig. 2. An energy harvesting cycle under constant electrical field condition as the material is
stressed and unstressed.

K. Ren et al (Ren, et al.,, 2007) investigated a means of using this method for harvesting
energy. The experiment was carried out under quasistatic conditions at 1 Hz. The electric
parameters were Eg=46 MV /m and E1=67 MV/m, and with this technique, they were able to
harvest 22.4 mJ/cm? for a transverse strain of 2%. This can be compared to results reported
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in the literature, for piezopolymers and piezoceramics with a conventional energy harvesting
scheme, in which the energy harvesting was below 5 mJ/cm3 (Poulin, et al., 2004).

2.2 Energy harvesting in pseudo piezoelectric behaviour

Another way of harvesting energy using electrostrictive polymers consists of working in the
pseudo piezoelectric behavior. For this, the electrostrictive polymer was subjected to a DC-
biased electric field. As the polymer was not piezoelectric, it was necessary to induce
polarization with a DC bias in order to obtain a pseudo piezoelectric behavior (Guyomar, et
al., 2009; Lebrun, et al., 2009; Cottinet, et al. 2010).

An isotropic electrostrictive polymer film contracts along the thickness direction (the electric
field direction) and expands along the film direction when an electric field is applied across
the thickness, assuming that only a nonzero stress is applied along the length of the film
(Fig. 3). The constitutive relation (2) can then be simplified as:

S, :M3|.E32+S|E1'Tl ©)
D, =&l .E, +2.M, .E,.T,
. o oD,
The current induced by the transverse vibration can be measured as [ = J. dA, where
t
4

A corresponds to the area of the electrostrictive polymer. The current produced by the
polymer can thus be related to the strain and electric field by:
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where 8E3 / Ot and 8S1 / Ot are the time derivates of the electrical field and strain.
Since a DC can be given by:

as,

Iy =2.M, Y B, [Ldd ®)

A
with ]/SEZY , and where Y is the Young modulus.

Assuming a constant strain, the relation between the displacement and the strain S; in the
polymer can be expressed according to equation (8):

AL u
ST ©)
0 0
where AL=u is the amplitude of the transverse displacement, and Ly is the initial value of the
length.
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Fig. 3. Mechanical configuration of an electrostrictive polymer

The electric impedance of a polymer vibrating at a given frequency can be modeled by an
equivalent electric circuit. Figure 4 displays the most commonly adopted form of an
electrical scheme (Cottinet, et al. 2010), where C;, is the capacitance of the clamped polymer
and Ry(®) is a resistance representing the dielectric losses and conduction (static losses at
zero frequency). Both these factors are functions of the frequency caused by the relaxation
phenomenon. The third branch is the motional branch, modeled by a current source Iy (7)
that is capable of modeling the harvested current from vibrations.

Fig. 4.The equivalent electric circuit of an electrostrictive polymer
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A previous study (Cottinet, et al. 2010) has demonstrated that it was possible to neglect R.
The dynamic model of the current can thus be simplified as:

ou C@V

Ih Za(Edc).a— p.E (10)

— 2M, . Y.AE, and where u is the displacement.
L

0

This expression is similar to the typical system of an equation in the case of the
piezoelectricity (Badel, et al. 2005). Results obtained with this method are presented in
section 4.

with ( E, )

2.3 Conclusions

For both techniques presented above, the electrostrictive coefficient M appears to be an
important parameter in order to increase the energy harvesting of the polymer. Therefore,
the next section provides a description of the various methods available to increase this
coefficient.

3. Enhancing the electrostrictive coefficient

The electromechanical transduction properties of any electrostrictive polymer are
intrinsically regulated by the dielectric permittivity of the material. In fact, Eury et al. (Eury,
et al., 1999] and Guillot et al. (Guillot, et al., 2003) have demonstrated that the electrostrictive
coefficient (M) was proportional to e(e-1)?/(Y. &). The aim of the present section is to
provide an overview of the available methods for increasing the permittivity of an
electrostrictive polymer. Modifying a polymer matrix in order to increase its dielectric
permittivity means acting on the dipolar moments of the material and, therefore, on its
polarization.

3.1 Methods for increasing the dielectric permittivity

Currently, a variety of methods are available in order to increase the dielectric permittivity
of polymer materials. These may be classified into two main groups: those involving
composites and those based on new synthetic polymers. The first approach concerns the
dispersion of a filler into the polymer matrix. The second strategy, on the other hand, deals
with the synthesis of new materials with tailored characteristics.

A composite is a heterogeneous substance consisting of two or more materials which does
not lose the characteristics of each component. Moreover, this combination of materials
brings about new desirable properties. Naturally occurring composites include tendon,
bone, bamboo, rock, and many other biological and geological materials. Composite
engineering has become a very common methodology in the field of materials for achieving
a set of specific properties.

There exists a large choice of fillers that may increase the dielectric and conductive
properties, among others, of a polymer. The use of high-permittivity inorganic fillers is a
well-established approach to improve the dielectric constant of a polymer matrix (Mazur,
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1995). In particular, powders of ferroelectric/piezoelectric ceramics, showing very high
dielectric constants (e,=1000 for lead magnesium niobate- PMN), can, in principle, give rise
to significant increments of the permittivity. Gallone et al. (Gallone, et al. 2007) have
demonstrated that it was possible to obtain a fourfold increase in permittivity of a silicone
elastomer at 10 Hz by charging the material with 30vol% lead magnesium niobate-diacrylate
(PMM-PT).

Despite it being possible to considerably improve a material’s dielectric properties by using
ceramic fillers, such a method is not always suitable for enhancing the actuation or
mechanical-to-electrical conversion properties (Szabo, et al.,, 2003). In fact, ferroelectric
ceramic fillers are usually extremely stiff, which is likely to cause a loss of strain capabilities
in the resultant composites as well as a loss of flexibility.

Insulators are not the sole candidate materials as suitable fillers. In fact, dielectric
improvements can also be achieved with conductive fillers, as described in the following.
The use of conductive fillers as a possible means to increase the dielectric permittivity is
interesting since free charges not only contribute to conduction, but also possibly give rise to
Maxwell-Wagner polarization. Such insulator-conductive composite systems are prone to
show losses with a peroclative behavior, which may result in a dramatic increase of their
conductivity at filler concentrations exceeding a certain threshold. The percolation threshold
represents the filler concentration at which conducting paths are formed between particles
in contact with each other in the matrix. The increase of the dielectric permittivity in a
composite follows equation 11.

=g Vpervolati(m B Vﬁller (11)

gc()mpoxite matrix v
Sfiller

Here, €composite and €matrix represent the dielectric permittivity of the composite and the
matrix, respectively, Vpercolation is the filler percolation concentration, and viipers is the filler
concentration.

Unfortunately, the maximum increase in composite permittivity is achieved close to the
percolation threshold (Dang, et al., 2002). In light of this fact, reducing the stiffening
introduced by inorganic filler and simultaneously exploiting the dielectric enhancement
when conductive fillers are introduced to a polymer matrix is very interesting. The work of
Zucolotto et al. (Zucolotto, et al., 2004) demonstrated that the perocolation threshold can be
lowered down to 5 wt% in a case of a styrene-ethylene-butylene terpolymer with carbon
black particles, which is an evident advantage in terms of mechanical properties.

An ideal approach in order to obtain elastomers with specific improved dielectric properties
is represented by a challenging synthesis of new molecular architectures. There exists
various approaches for obtaining polymer-like blends of known polymers, or
copolymerization,etc. Lehmann et al. developed a process for synthetically modifying the
dielectric properties of liquid -crystalline elastomers; in this type of material, the
polarization phenomena can be enhanced by the rearrangement of the lateral group chains
and the creation of crystalline regions (Lehmann, et al., 2001).

Blending of different polymers can result in novel materials with potentially attractive
properties. For example, Huang et al. (Huang, et al., 2004) proposed a blend of polyurethane
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and phthalocyanine, which also included PANI, and at 1 Hz, they obtained a permittivity of
800 for the composition 14-15-85 vol % PANI-Pc-PU.

The different methods available for enhancing the dielectric permittivity of polymers are
listed in Table 2 which also gives the advantages and drawbacks of each technique. Random
composites represent readily applicable approaches suitable for increasing the dielectric
permittivity of elastomers. In the long run, the challenge consists in synthesizing a new
highly polarizable polymer. All this research is necessary to achieve new generations of
electrostrictive polymers, operating at lower electric fields.

Type of fillers Advantages Drawbacks
£ | Dielectric + high dielectric permittivity | - large percentage of filler
§ - increase in elastic modulus
g
3
§ Conductive + high dielectric permittivity | - increase in conductivity
= for low percentage of filler - decrease of maximum
é voltage possible to apply.
T | Nofillers + very high dielectric - process of realization
= permittivity complex
5 + no problem of conductivity
§ + no mechanical
E reinforcement

Table 2. Comparison between the different methods for enhancing the dielectric permittivity

3.2 Methods developed in the laboratory

Smart materials are primary elements in energy harvesting in that they represent the first
stage of converting ambient vibrations into electrical energy. Consequently, the
optimization of such a material is very important.

According to the amazing physical properties of nanofillers, e.g., carbon nanopowders or
silicon carbide nanowires, random composites can be realized in the laboratory. Two types
of commercially available polymers have been employed in this work: polyurethane and
P(VDF-TrFE-CFE). Moreover, two composites were synthesized specifically for the study.
These polyurethane composites were prepared in the laboratory, using a thermoplastic
polyurethane - the 58887 TPU elastomer (Estane) - as the matrix. The neat polyurethane (PU)
films as well as their filled counterparts were prepared by solution casting (Guiffard, et al.
2006; Guiffard, et al., 2009). The PU granules were dissolved in N,N-dimethylformamide
(DMF) at 80°C for 45 minutes, and two types of inorganic fillers (i.e., a carbon black
nanopowder (C) and silicon carbide (SiC) nanowires coated with a carbon layer) were
individually ultrasonically dispersed in DMF. Subsequently, the SiC nanowire solution at
0.6 g/1 was mixed with the dissolved PU under mechanical stirring at 80°C for 1 hour, after
which this viscous mixture was poured onto glass plates and cured at 50°C for 24 hours to
remove most of the solvent. Figure 5 summarizes the fabrication process of the composites.
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Fig. 5. Principle of realization of the polymer composite

3.3 Characteristics of the composites

The microstructure of the composites was investigated by scanning electron microscopy (SEM)
on samples fractured in liquid nitrogen and sputtered with a thin gold layer prior to the SEM
observations. The degree of filler dispersion in the polymer matrix and the binding between
the nanocharges and the matrix determined the properties of the composite materials. SEM
images of the fracture surfaces of the composites are presented in Fig. 6. Figures 6.a and 6.b
respectively depict the dispersion of a carbon black nanopowder and SiC nanowires within the
PU matrix. Both filler types were found to be well dispersed in the matrix which was in good
agreement with the nonconduction state observed in the composites.

10 pm

Fig. 6. (Left to right) Morphology of fractured surfaces of the composites filled with (a) a
carbon black nanopowder fillers and (b) SiC nanowires.

In order to evaluate the contribution of space charge, the dielectric constant of the
composites loaded with fillers was measured using an HP 4284A LCR meter over a broad
range of frequencies (from 0.01 Hz to 1 MHz) at room temperature. Figure 7 shows the
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variation in dielectric constants for a pure PU material and filled composites versus
frequency. A large decrease in the dielectric constant was observed at around 1 Hz for both
composites when the frequency increased. Such a behavior is known to be due to the loss of
one of the polarization contributions (interfacial polarization, orientation polarization,
electronic polarization, atomic polarization, etc) of the dielectric constant value (Mitchell,
2004). Considering the value of the frequency, this decrease can be unambiguously
attributed to the loss of the space-charge-induced interfacial polarization contribution. It can
moreover been seen that the contribution of the space charge can be neglected for
frequencies below 5 Hz.

As further shown in Fig. 7, the dielectric constant of the C-filled and SiC-filled
nanocomposites was consistently higher than that of the pure PU composite. As expected, at
higher frequencies, the gap between the values of the dielectric constant for pure PU as
opposed to for the nanocomposites was not very high, which confirmed the fact that the
filler content was low in comparison to the threshold value. Moreover, the space charge
mechanism did not contribute to the dielectric constant. The incorporation of conductive
charges probably also increased the space charge density in addition to intrinsically induced
by the existence of soft and hard segments within the matrix. Similar observations have been
reported by Dang et al., (Dang, et al., 2002), who assumed an additional contribution to the
quantity of accumulated charge when fillers were used.

As previously reported, (Nurazreena, et al. 2006) the percolation threshold depends not only
on the size, shape, and spatial distribution of the fillers within the polymeric matrix but also
on the processing. It is clear that the percolation threshold must be different when
employing SiC nanowires as opposed to a carbon black powder as fillers. This remark can
explain the slight difference observed between the permittivity of the two composite types
in addition to the fact that the two fillers had not been incorporated in equal content.

16 T

———— PU pur
—— PU1Wi%C
147 PU 0.5wt%SiC ||

dielectric permittivity

0 2 4 6
10 10 10 10
frequency (Hz)
Fig. 7. The variation in the dielectric constant for a pure PU material and filled composite vs
frequency.
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4. Energy harvester characterization

This section describes the setup developed for characterizing the harvested power. It also
includes a discussion of the obtained results and a comparison to the model mentioned in
section 2.2.

4.1 Principle of measurement of the harvested power

Figure 8 provides a schematic representation of the setup developed for characterizing the
power harvested by the polymer film. The mechanical system consisted of a shaker and a
capacitive sensor. The shaker produced a vibration force in sinusoidal form, causing the
sample to undergo a transverse vibration. The capacitive sensor (Fogale MC 940) recorded
the transverse displacement of the sample from which the strain S; was calculated. The
electrostrictive polymer was subjected to a DC biased electric field, produced by a function
generator and amplified by a high-voltage power amplifier (Trek Model 10/10). As the
polymer was not piezoelectric, it was necessary to induce a polarization with a DC bias in
order to obtain a pseudo-piezoelectric behavior. The electroactive polymer was excited both
electrically and mechanically, in order for its expansion and contraction to induce a current
measured by the current amplifier (Keithley 617), thus giving rise to “an image” of the
power harvesting by the polymer, due to electrical resistance (R.). In this setup, the current
was chosen as it is known to be less sensitive to the noise from the electrical network (50 Hz)
and in order to avoid problems of impedance adaptation. All the data was monitored by an
oscilloscope (Agilent DSO 6054A Mega zoom).

S
oscilloscope H :
P | . E High-voltage
L 1 amplifier
-~ 1 1
| Current Dﬂ ! H
amplifier — = :
) ' ! Function
« +—+— Polymer generator
Capacitive —_ B H
sensor i g
1 Function
E generator
1
Shaker E
T~ i .
0 Power amplifier
é‘l—’ ;
R i
B 3

Fig. 8. A schematic of the experimental setup for the energy harvesting measurements.

A purely resistive load was directly connected to the electrostrictive element (Fig.8). In this
case, the voltage on the load R. was alternating. Considering equation (10) and the
resistance of the load, the dynamic voltage on the electrostrictive element can be expressed
in the frequency domain as a function of the displacement, the angular frequency o.
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Starting from equation (12), the harvested power can be written as a function of the
displacement amplitude um:

B VW _ T (13)

harvested _AC = 2 R

R 1+(R.CL0) 2

with Vi, as the maximum voltage.

The harvested power reaches a maximum Pharvested_ac_max for an optimal load Rep:_ac, and the
optimal load resistance can be calculated according to :

2
— 2 2 2
athw.vtedﬁAC _ 1 (RC.Cp.aJ) Edc.a) u,

7 14
OR, (] + (RC.Cp.a))z) 2 (14)
OF,
_harvested_AC _ ywhen R2 — _ 1 and thus the power is at maximum for
aRc ¢ C; .0)2
R, = L R
c Cp w» opt _AC (15)
Consequently, for the matched load the maximum power harvested is equal to
a(E )2 o
Pharvexted AC max # (16)
- 4.C

p

4.2 Validation of the model
Preliminary measurements for the determination of the theoretical results of the harvested

power have also been performed to evaluate the values of a( E dc) =2.M,.Y.AE, / L.

Current measurements under short circuit conditions have been carried out for the former,
as the short-circuit current magnitude Iy is given by equation (7). Assuming a uniform strain
in the material, the short-circuit current can be expressed as:

I, =2.M,,.AY E, 0.5, (17)
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The short-circuit current was performed at 100 Hz for a constant strain of 0.5% and for
different electric fields (Fig. 11). As expected, a linear relation between the current and the
electric field was observed, and a previous study demonstrated the validation of this model
(Lebrun, et al. 2009).

The choice of the frequency is not trivial, since most potential vibration sources have their
fundamental vibration mode bellow 200 Hz, as demonstrated by Roundy et al. (Roundy, et
al.,, 2003), and summarized in Table 3.

Vibration source Fundamental frequency vibration (Hz)
Clothes dryer 121
Windows next to a busy road 100
People walking 1

Table 3. Vibration sources and their fundamental vibration mode
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Fig. 9. The short-circuit current versus the static electric field for a constant strain of 0.5% at
100 Hz for P(VDF-TrFE-CFE).

In order to access the validity of the model of the harvested power presented in section 2.2
(egs. (12) and (22)), various measurements were carried out. Figures 10 presents the power
versus the electric field, for a constant electric load and strain (S:=0.25%), as well as the
power harvested as a function of the strain for a constant electric field (Eq.=5V/pm), with
the same electric load (Rc=500kQ2). As expected from the model, a quadratic dependence
between the power and the static electric field strain was observed. The experimental results
thus validated the developed model for evaluating the harvested power.

To assess the validity of the model, various measurements were carried out. Figure 11
presents the power versus electric load for a given electric field (5 V/um) and strain (0.2%)
at 100 Hz. This data pointed out the existence of an optimal load resistance, as theoretically
expected according to equation (15)
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Fig. 10. (Left to right) The harvested power as a function of the static electric field, for a
constant strain of 51=0.2%, and the harvested power versus the transverse strain for a biased
field of 5 V/um, in both cases for a P(VDF-TrFE-CFE) at 100 Hz and Rc=500 kQ.
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Fig. 11. The harvested power in AC for a constant electric field of 5 V/um and a strain of
0.2% at 100 Hz.
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4.3 Harvested power versus polymer

Table 4 gives the harvested power density for the polymer and composites at Eq.=5 V/um,
5,=0.25% and 100 Hz, for their matched load. The power density for the polymer and
composites was very low. Although this could be considered a disappointing result, one
should keep in mind that in the electrostrictive case, the power was proportional to the
square of the bias field (eq. 16), evaluated in Table 4 for a relatively low bias value. For
example, doubling the value of the bias field to 10 V/pm (which is still quite low) would
result in a power that was four times larger.

The output power of the composites with C nanofillers, SiC fillers, and pure PU under the
conditions given below was estimated to be 1, 0.41, and 0.25 pW/cm3, respectively. The ratio
between the estimated harvested power for the pure PU film and the nanofilled composites
was equal to 3 in the case of C nanofillers and 1.4 for SiC fillers. This ratio was almost
identical to the ratio of the square of the film permittivity, which was in good agreement
with the fact that M3 is practically proportional to eo(e.-1)2/ (Y. &) and with the expression of
power harvesting according to equation (16).

Obviously, the PU loaded with 1%C exhibited the highest dielectric permittivity and power
density in the case of PU. However, with pure PU and for the same power density, an
electric field of 10 V/um was necessary, which was two times as high as for PU 1vl%C. The
way of introducing the conductive particles into the polymer matrix was very interesting
since it was possible to create a material capable of harvesting power under low electric
fields. The highest power density of 180 pW/cm3 was obtained with the terpolymer matrix
of P(VDF-TrFE-CFE). This seemed to be a very promising material, especially if
nanoparticles were induced in the matrix.

Type & Y (MPa) Power harvested (uWW/cm3)
Pure PU 4.8 40 0.25
PU 0.5%SiC 5.6 70 041
PU1%C 8.4 40 1.0
P(VDF-TtFE-CFE) 42 500 180

Table 4. Material characteristics and harvested power density at 100 Hz for a static electric
field of 5 V/um and a transverse strain of 0.2%.

Nevertheless, the dielectric permittivity is not the only parameter to vary when attempting
to optimize the harvested power; it depends on the application. For example, if a large strain
of more than 100% is available, e.g., during human walking, a polymer able to support such
a large strain before plastic transition is necessary. An example of such a material is PU,
since it can be stretched up to 400%. This can be compared to the maximum for a P(VDE-
TrFE-CFE), which is only 40%.

Two techniques exist for harvesting energy when utilizing electrostrictive polymers. The
first was proposed by Ren et al. (Ren, et al., 2007) and consists of creating an energetic cycle,
whereas the second involves applying a bias voltage for working in the pseudo piezoelectric
behavior. Table 5 presents a comparison between the two methods. The energy harvesting
based on the pseudo-piezolectric behavior was lower than the cycle-based energy
harvesting. Although this could be considered a disappointing result, one should keep in
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mind that the strain in our case was ten times lower and the electric field was fourteen times
lower. The model demonstrates that the energy harvesting was proportional to the square of
these two conditions (strain and electric field), so for the same configuration, the energy
density was 30 mJ/cm3 for a system working in the pseudo piezoelectric state. This density
was approximately the same as in the case of Ren et al.

The great advantage of our method for mechanical energy harvesting consists in this
technique requiring only a static field for its operation. The technique is consequently very
simple to realize and implement, using for example batteries, or for an autonomous system,
employing a piezoelectric material to produce the bias voltage.

Method Material S1(%)  Es(V/um)  Energy harvesting (J/cm3)
pseudo-
piezoelectric ~ P(VDF-TrFE-CFE) 0.2 5 1.8.10%
P(VDEF-TrFE)
cycle [Ren 2007] 2 67 22.4.103

Table 5. Comparison between two methods for harvesting energy.

4.4 Practical considerations

There exists a large number of detailed designs of electrostrictive polymer generators. An
exhaustive description is beyond the scope of a single chapter, and furthermore, the
technology is rapidly evolving. However, some general aspects can be considered based on
the above analysis.

Figure 12 shows two general block diagrams of simplified electrostrictive generator circuits.
Electrostrictive polymer, are often operated by a relatively high voltage (500V-2000V).

)

Step-up voltage
Battery p-up ©
E converter

= \ )
Mechanical
R excitation
AC/DC
converter

—

Initial charge

Mechanical
excitation

Battery
or
electronics devices

AC/DC
converter

(b)

Fig. 12. Two conceptual circuit topologies for electrostrictive polymers generators
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Portable applications are powered with lower voltages compatible with battery power.
Moreover, in order to generate the bias voltage required for working in the pseudo-
piezoelectric behavior, a step-up voltage converter has to be part of the generator circuit as
in Fig. 12. Typically, they use high-speed switching with inductors or transformers, though
other methods such as piezoelectric converters are also known. One such option is to use
rechargeable low-voltage batteries for applying the bias electric field, as shown in Fig. 12 (a).
However, a possible drawback of this design is that the static electric field must be raised in
voltage relative to that of the battery. A step-up converter is needed in this case, which leads
to increased costs. The important issue in this case is however not so much the added cost
but the additional power loss from the conversion. Note that in configuration (b), only the
generated energy has to be converted. The bias voltage was provided by means of other
materials, like piezoelectric ceramics, which rendered it possible to create an autonomous
system without batteries.

Electrostrictive polymer leakage is another practical consideration in power generation.
Such leakage is a direct loss to the system. The importance of leakage phenomena depends
very much on both the electrostrictive resistivity and the frequency operation. Leakage
losses may influence the choice of polymer, but good dielectric materials can generally be
identified to address this issue for most applications. For example, PU has such an
outstanding resistivity that leakage losses may be insignificant (Cottinet, et al. 2010).

The biggest advantage of electrostrictive polymers might be the point that, in addition to a
good dynamic range, they operate best at relatively long strokes and modest forces. This is a
difficult part of the design space to address using conventional smart materials such as
piezoelectrics ceramics. Moreover, it is a very common mechanical input available from a
number of sources in the environment, such as human motion and wave power.

5. Applications of electrostrictive polymers for energy harvesting

Virtually any application where there is a need of electrical energy is a potential application
for electrostrictive polymer generators. Figure 13, presents the orders of magnitude of the
powers consumed by various CMOS electronic equipment that could be powered by
miniature energy harvesting devices. This data shows the potential applications of
electrostrictive polymers for energy harvesting. The harvested power density reported in
this paper would be enough to power complex devices such as watches or RFID tags.
However, this material is much more competitive for certain applications as opposed to
others, and it is important for a new technology to identify general and specific areas of
application where it can be the most competitive. A general advantage and drawback of the
various classes of EAPs for energy harvesting are summarized in Table 6. All the materials
exhibit a high energy harvesting density, except for the ionic polymer. Nevertheless, the
main advantage of this material is that it does not require any other polarization tension in
order to operate. It is thus possible to realize autonomous systems without batteries.

The difference in energy harvesting between dielectric elastomers and electrostrictive
polymers is not very large. The great advantage of dielectric elastomers is the possibility of
having high strains of more than 400% as compared to electrostrictive polymers (100%).
However, the former materials require higher electric fields, causing the size of the device to
increase, in addition to the loss due to the conversion of the high voltage.



204

Piezoelectric Ceramics

100ny s
N 9
10nW /
D N
Ay

N
100UW N N
N N

10uW
N

1uV\/\

100mwW
N

10mwW N
S

AY

Tmw N

N

\\ UP laptop
N

AN

GSM
PALM, MP3

N Transceiver bluetooth

N
N
N

N
RFID Tag
Electronic watch or upC nanowatt microchip

32 kHz oscillator

Stanby

Miniature FM receiver
Hearing aid

UP desktop

Fig. 13. The various powers consumed by CMOS electronic devices (Sebald, et al., 2008).

Type Conditions Energy advantage inconvenient
harvesting

Dielectric

elastomer

- Silicone 73 , 13m]/g + high energy - high voltage for

(Pelrine, et al. E2=160MV/m density harvesting

2001) ? , + cheaper energy

- Acrylique E2=160MV/m 400m]/g + high strain - significant loss

(Pelrine, et al. - passive material

2001) (requires voltage
to operate).

IPMC

-Nafion® 117 + active - expensive

(Brufau, et al. 5=0.2% 8nJ/cm3 material - works at low

2008) frequency

Electrostrictive

polymer + high energy - passive material

- P(VDE-TrFE) S1=2%, 22.4mJ/cm?® | density for low

(Ren, et al., E2=67MV/m electric field

2007) + low loss

- P(VDE-TrFE- + high working

CFE) 51=0.2%, 1.8pu]/cm? | frequency

E2=5MV/m

1 value of the transverse strain for the energy harvesting density
2 value of electric field for the energy harvesting density
3 not indicated in the paper
? not indicate in the paper
Table 6. Non-exhaustive synoptic table of the different methods used for harvesting energy
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Compared to piezoelectric generators, electrostrictive polymers may offer advantages such
as lower cost, lighter weight, or smaller size. These materials are well suited for harvesting
energy from human motion. Natural muscle, the driving force for human motion, typically
works at low frequencies and is intrinsically linear; two characteristics where electrostrictive
polymers offer advantages. They are also interesting for wave motions with relatively low
frequencies of 0.1 Hz to 1 Hz, and high amplitudes (wave heights on the order of 1 m are
common).

Many other interesting applications exist for electrostrictive polymer. Remote and/or
wireless devices are growing in use; an ideal devices can harvest their own energy thereby
eliminating the need for battery replacement. Electrostrictive polymers are well suited for
these applications if mechanical energy is available, as might be the case in portable devices
carried by people, animals, or automobiles. Moreover, it is possible to deposit such materials
on large surface, which is very interesting for health monitoring in the wings of airplanes,
for example.

In summary, the major advantages of this technology include the lighter weight, greater
simplicity, and lower cost.

6. Conclusions

Electrostrictive polymer composites for energy harvesting have been developed and tested
using different types of polymers. A good agreement between the modeled data and actual
results was found. Various means of increasing the intrinsic characteristics of the polymers
was also studied A comparison between the different techniques for harvesting energy has
been realized, and demonstrated the simplicity and advantage of working in the pseudo-
piezoelectric behavior.

Future work will concern the research of polymer matrices and novel fillers to increase the
permittivity of the resultant composites and consequently their capabilities of harvesting
electrical energy upon mechanical vibrations. As an example can be mentioned P(VDF-
TrFE-CFE) filled with carbon particles. Another point of research within this topic will
concern an optimization of electrical boundary conditions on our harvester by using a non-
linear technique.

The present chapter demonstrates the potential for future application. In fact, one of the
most important trends in the electronic equipment technology from its origins has been the
reduction in size and the increase in functionality. Nowadays, small, handheld, though very
powerful, devices are commercially available. They allow the user to play music, to
wirelessly communicate or to compute practically everywhere. The size of such devices is
becoming so small that the term wearable device is being used instead of portable device;
they can be integrated in everyday objects such as watches, glasses, clothes, etc.
Electrostrictive polymers have demonstrated excellent performances. Numerous
applications appear feasible, but challenges remain. Electrostrictive polymers seem to be
more advantageous for applications requiring low or variable frequencies, low cost, and
large areas. Currently, piezoelectric (PZT) materials are the most popular options for
harvesting mechanical energy because of their compact configuration and compatibility
with Micro-Electro-Mechanical Systems (MEMS). However, their inherent limitations
include aging, depolarization, and brittleness. Finding ways to circumvent these limitations
is the next exciting and puzzling challenge to achieve realistic EAP energy harvesters.
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biomedical engineering
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Centro de Investigacion y de Estudios Avanzados del Instituto Politécnico Nacional,
Meéxico

1. Introduction

In the solid-state materials there are the dielectrics called smart materials, which are those
that have the ability to manifest qualitatively properties under the external influence, such
as pyroelectric, piezoelectric and ferroelectric materials. Ferroelectric materials are those that
exhibit spontaneously electrical polarization and the polarization has more than one
possible equilibrium orientation, similar to ferromagnetic materials, ferroelectrics present
“domains” or areas in which the polarization is oriented in certain crystallographic
direction, by means of applying an intense electric field (E), it is possible to reorients the
domains in the direction of the nearest electric field allowed by the material structure and
inducing dipole moments inside matter. Independent of the structure of the constituent
material a cylindrical symmetry in the polarized ceramics is induced (Jaffe & Cook, 1971).

The fact that an applied E field induces dipole moments inside material objects has two common
physical mechanisms for the creation of these induced dipole moments inside matter. The first is
the rotation of existing polarized region (“dipoles”) inside the material into partial alignment
with the applied field. These sub regions can be individual molecules, as in the polar molecules
of water, or domains consisting of thousand of atoms, as ferroelectric ceramics. The second
mechanism is the creation of dipoles by charge separation of initially nonpolar atoms or
molecules (Wai-Kai, 2005); in this case, the electron clouds are pulled in one direction by the E-
field, while the positive nuclei are pushed in the opposite direction as shown in Fig. 1.

Fig. 1. Polarization of the material by an electric field to create dipoles through matter
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Among such piezoelectric materials, Barium titanate (BaTiOs;) and Lead Lanthanum
Zirconate Titanate (PLZT) are well known materials. BaTiOz is a ferroelectric classic
perovskite structure and PLZT is a ferroelectric solid solution with wide-ranging material
properties that depend on its composition (Moulson & Herbert, 2003; Plonska & Surowiak,
2006). Several studies have been carry out in order to study the influence of compositionally
modified ceramic bodies, the addition of a variety of elements to obtain a doped ceramic is
one of the most important research line, another line is the study of multilayer capacitors
based on these materials, having these concepts in mind, a metallic wire implanted in the
transversal way in the middle of a ferroelectric ceramic is use as control electrode, once
upon the ceramic is poled this piezoelectric bulk is called ceramic-controlled piezoelectric
(CCP), the metallic wire has more than one propose in the ceramic: using this wire
implanted, a free ceramic face is obtained, this face is used in order measure optic and
mechanic events, the wire in total immersion into the ceramic serve as control electrode
which allows to develop several applications.

Recently, we have fabricated bulks of BaTiOs single plate and PLZT single plate, using a Pt-
wire of 300 pm of diameter, this wire was implanted into ceramics to get a free face in order
to measure optic and mechanic events. Our structure design includes a modified electrode
configuration. The Pt-wire was chosen as implant because it possesses high resistance to
chemical attack, it has excellent high-temperature characteristics (melting point 1768.3 °C),
and it has a stable electrical properties and thermal conductivity with small variations
(Touloukian et al., 1970).

When CCP is polarized, the mobile charges in the Pt-wire accumulate on the surface until
the field they produce completely cancels the external applied field within Pt-wire, thereby
producing equilibrium. Then inside Pt-wire which is in electrical equilibrium, the electrical
field is zero as shown in Fig. 2. By this statement, we really mean that the net charge is
distributed over a section of the surface having a thickness of several atomic layers not in
the geometrical sense (Gonzélez & Suaste, 2009).

Fig. 2. Electric field waves a cross Pt-wire (top view).

The Pt-wire cylinder dimensions are 10 mm high and 0.3 mm diameter, this superficial area is
9.42 mm?2. The superficial area of one side face of the ceramic is 78.53 mm?2. When we compare
this both superficial area, the ceramic is 8.33 times greater than Pt-wire superficial area.
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Pt-wire implanted into PLZT ceramic bulk develops a singular performance in the CCP due
to the domain’s coating on Pt-wire. This type of domain wall separates domains polarized
perpendicularly to each other and when CCP is polarized the field should be such as to
exert opposite torques on the polar axes of opposite domains, but not large enough as to
permanently rotate the polarization. A similar effect is obtained by applying a suitable stress
to the ceramic, as the piezoelectric effect has a different sign in antiparallel domains. When
CCP is poled, over Pt-wire is originated a great concentration of domains due to dipoles
were oriented over all external part of itself. These concentrations achieve free flux charges
around Pt-wire when CCP is excited by stress or LASER illumination on the side face as
shown in Fig. 3.

Pt wire

Polarization of
PLZT ceramic

Concentration- domains

Fig. 3. Scheme from CCP and its distributed domains in around Pt-wire

Considering that ferroelectric and piezoelectric materials can be used as sensors and
actuators. Piezoelectric pressure and acceleration sensors are now commercially available as
well as a variety of piezo-vibrators. The development of ultrasonic motors for a variety of
new applications has been exhibited and widespread in recent years. Besides, ferroelectric
materials generally have excellent electro-optic properties due exhibit photovoltaic effects
under near-ultraviolet light and thus seen as promising candidates for application in optical
communications systems of the future using Pt implants.

When the PLZT is illuminated after poling, voltage and current can be generated due to the
separation of photo induced electron and holes by its internal electric field. This is because
the photovoltaic effect occurs within the material and is considered to be an optical property
of the material itself and show application potentials for realizing energy transfer in micro
electromechanical systems and optoelectronic devices (Sturman & Fridkin, 1992; Ichiki et al.,
2004, 2005).

The sample fabrication, how the CCP behaves to the temperature on its dielectric constant
(with and without implant), the ceramic structure, mechanical and optical performance, and
some important applications are described in the following sections (Suaste et al., 2009).
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2. Fabrication

The oxide-mixing route is the most used method for commercial purposes although it has
several limitations, like difficulties in achieve microscopic compositional uniformity, is one
of the cheaper methods to get ferroelectric ceramics, the method involve the general steps:
mixing and grinding, calcination, grinding, shaping, densification, and finishing, which will
be next briefly described.

Mixing: the raw powders are weighted in an appropriated portion with an allowance for
the impurity and moisture content, the grain size is uniformed by grinding usually this part
is wet by means of include some liquid to agglutinated the powder.

Calcination: the calcinations purpose is to begin the reaction by the firing the powders at
temperatures around 800 - 1100° C depending of the material kind, this step not always is
necessary, it depends on the material kind.

Shaping: in this stage the required dimensions and shape are forming by molding the
powders and applying pressures that are around 75 - 300 MPa, is in this step that a Pt - wire is
put into the middle of the ceramic in transversal way in order to obtain the third electrode.

Densification: also know as firing, it is made in a refractory recipient and at temperatures of
80 to 90 % of material melting temperature in which the constituent ions have the mobility
for the solid state sintering process take place.

Finishing;: the finishing involves the polishing, machining (if it is necessary), and metallizing.

In our case the ceramic design includes a modified electrode configuration described as follows: a
Pt-wire as control electrode in total immersion into the ceramic, the function of this extra
electrode is to provides mobile charges in the ceramic, Pt-wire implanted into Lanthanum
modified PZT (PLZT) and Barium titanate ceramic bulk develops a particular performance in the
CCP due to the domain’s coating on wire and increases the analysis area as Fig. 4. shows.

PLZT

Pt wire
Sense surface F

Pt-wire—"" |
(Electrode)

Polarization of
PLZT ceramic

Concentration- Electrode
domains a) b)

Fig. 4. a) Diagram of Pt-wire position in piezoceramic and domains representation, b) PLZT
ceramic image

Energy Dispersive Spectroscopy (EDS) was made in order to verify the chemical interaction
between Pt-wire and ceramic, this analysis was made in the Pt-wire ceramic boundary, Pt-
wire and ceramic and reveals that no chemical reaction occurs as shown in Fig. 5.
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Fig. 5. Scanning Electron Microscopy (SEM) and EDS made in a barium titanate ceramic
with Pt-wire implanted, numbers and (*) represent points in which an EDS was made.

Studies of the dielectric constant e as function of temperature in BaTiOs and PLZT ceramic
samples (with and without Pt-wire) were carried out. Curie temperature (T.) was measured
by the dielectric constant method.

Samples were heated at a rate of 10-C/min, until 600-C, the capacitance was measured at 1 kHz
with a Beckman LM22A RLC bridge. The dielectric constant was determined by expression 1.

E=—o 1
oA &)

Where C is the capacitance in F, [ is the thickness of the sample in m, A the sample area in m?2
and g the vacuum permittivity = 8.85 x 10-12F/m.

Results are shown in Fig. 6 for BaTiO3 and PLZT ceramics respectively and indicate that T.
for BaTiO; remains equal and PLZT has a 15°C shift while dielectric constant drops from
3916 to 2846 and 6923 to 5889 with Pt-wire for BaTiO3 and PLZT respectively.
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Fig. 6. Dielectric constant piezoelectric ceramics: a) BaTiO; and b) PLZT.
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3. Experimental Setups

To validate and determine sensible characteristics of the CCP, two experimental setups
(mechanical and optical) were used. Over a free side face of CCP were selected six random
specific zones to get optical and mechanical signals as shown Fig. 7.

PLZT ceramic

Fig. 7. Selected zones for realizing optical and mechanical analysis.

Optical setup

Figure 8 shows, the first experimental setup, to obtain the photovoltaic current magnitude,
of those six zones, a fiber-coupled LASER system BWF1 mod, BWEF-65015E/553369
modulated at 3 Hz of frequency with a wavelength of 650 nm and a maximum LASER
illumination of 160 mW/cm?2 were used. We include a set of lenses to reduce the LASER
beam spot to a 0.5 mm of diameter size. The CCP was placed on an X-Y translation
microscope stage. The electrical contacts from CCP were connected to an SRS-Low Current
Noise Preamplifier SR570 to get records. Those records were registered by an Oscilloscope
Agilent DSO3062A measuring their peak to peak voltage to construct its graphics which the
Z-axis is the magnitude of the photovoltaic current of each record.
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Fig. 8. Experimental setup to determine the ceramic sensibility of six random zones
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Photovoltaic current (pA)

Fig. 9. Photovoltaic current generated by an illumination of 160 mW /cm? on six zones of CCP.
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Fig. 10. Electrical current was generated by a force of 53 mN on six zones of CCP.

This setup consists of constant weight pulse (gram-force) at a frequency of 2.26 Hz over the
CCP in the same zones such as optical setup. The components of this setup were on a 24V
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CD control motor Micro Switch 33VM82-020-11. The CCP was struck in a pulsed form
controlled by a mechanism developed in our laboratory the experimental setup is described
in Fig. 10. The force applied was 53.9 mN and signals were record in a SRS-Low Current
Noise Preamplifier. Those records were registered by an Oscilloscope Agilent measuring
their peak to peak voltage to construct its graphics which the Z-axis is the magnitude of the
photovoltaic current of each record.

4. Applications

Optical applications

Due to pyroelectric properties that CCP has, it is possible to develop low frequency sensors
which allow detecting some light wavelengths from ultraviolet to infrared, as show in the
next three experimental setups.

The first optical application consisted of obtaining an electrical signal of CCP between a side
face and the Pt-wire electrode due to pulsed LASER beam that affected the opposed side
face, for the stimulus it was used a He-Ne LASER and an optical chopper. The reference
signal was obtained from controller chopper output and CCP signal was increased and
recorded by a Low-Noise Current Preamplifier and Oscilloscope respectively.

—1

C

Fig. 11. CCP used as pulsed LASER beam detector. a) He-Ne LASER, b) Optical Chopper
system, ¢) Chopper controller system d) CCP, e) Amplifier, f) Oscilloscope.
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Fig. 12. Graphics from schematic setup, 1) Chopper pulse signal (reference) 2.11 Hz 2) Signal
obtained from CCP 2.11 Hz
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In the second optical application, CCP was used as visible light detector; a stroboscope was
used to a 3.1 Hz, the light sparkles in one of the faces of CCP to a distance of 5 cm and on the
sensor of a Standard Light Detector. Electrical signals were obtained, magnified and
registered in an oscilloscope.

S

| Freas3. 106H:

A)
Fig. 13. CCP used as visible light detector. A) Schematic diagram, a) Stroboscope, b) CCP, c)
Standard Light Detector, d) Amplifier, e) Oscilloscope, B) Graphics from schematic setup, 1)
Reference signal from Standard Light Detector, 2) Amplified signal from CCP.

B) CHiw 2.00U/) CH2e 50.8U/ 100 . Bus/ 0BkSa/s

The third application is an acoustical-optical application where CCP is used as sound
emitter; its electrical AC source was 60 Hz at 270 V Peak-Peak, this sound was detected by a
metallized PVDF film which reflects He-Ne LASER beam to a Standard Light Detector
DETN12 as shown in Fig. 14(A). The electrical responses from PVDF film and Standard
Light Detector were observed in the oscilloscope, Fig. 14(B).

CH 1~ 28.8mU/ | CHZ~ 2 .86mU/ 18 . 88us /

Fig. 14. CCP used as acoustical-optical sound emitter, detected and modulated optically with
PVDF. A) Schematic diagram, a) 60 Hz at 270 V Peak-Peak source, b) CCP, c) Metallized PVDF
film, d) He-Ne LASER, e) Standard Light Detector, f) Oscilloscope, B) Graphics from schematic
setup, 1) Reference PVDF signal, 2) Signal obtained from Standard Light Detector.
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In the optical applications, it is possible to be appreciated that He-Ne LASER beam in one of
the side faces of CCP was register satisfactorily and that was compared with the chopper
controller signal is illustrated in Fig. 11. Also, CCP is sensible to visible light on one of side
faces of CCP that was compared with reference light detector and obtained a waveform as
shown in Fig. 13. Additionally, on operation mode of acoustical-optical, CCP worked as a
good sound emitter of AC signal having as a receiver a PVDF film, demonstrated in Fig. 14.

Mechanical Application

Mechanical application, CCP was used as impact sensor on a 24V CD control motor Micro
Switch 33VMS82-020-11 with dc analog tachometer included, CD motor was struck in a
pulsed form controlled by a mechanism developed based on a relay system controlled by
push bottom is illustrated in Fig. 15(A). The acquisition was realized from the tachometer
output (reference signal) and CCP side face and Pt-wire electrode, both signals were
registered in an oscilloscope and displayed in Fig. 15(B).

Mechanical, in Fig. 15(A) shows the CCP as well as a good vibrations sensor and the
obtained graphics by CD motor tachometer and CCP were displayed in Fig. 15(B).
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Fig. 15. CCP used as vibrations detector. A) Schematic diagram, a) DC Source, b)
Tachometer, ¢) DC motor, d) struck zone, e) Impact pulsed device, f) Controlled push
bottom, g) Oscilloscope, h) CCP, B) Graphics from schematic setup, 1) Signal from
tachometer, 2) Signal from CCP.
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Thermal application

Thermal application, CCP was used as pyroelectric sensor from 25 °C to 80 °C obtaining
change of current. CCP was coupled onto external surface of a furnace with a hole, in Fig.
16(A), acquisition temperature is shown. To measure current signal, it was put as reference a
digital thermometer and for obtaining of variation in electric charge (or current) in an
amperemeter, illustrating the tendency of the variation of electrical charges of CCP as
shown in Fig. 16(B). Thermal, also responds to the changes of temperature as pyroelectric
sensor with an ascending tendency as is demonstrated in Fig. 16(B).
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Fig. 16. CCP used as pyroelectric sensor. A) Schematic diagram, a) Digital thermometer, b)
Temperature Control, c) Heater, d) Amperemeter e) CCP, f) Thermal Isolation, g) Furnace,
h) Temperature Sensor, thermocouple type J, i) Furnace test window, B) Current graphic, I)
Signal recorded from CCP, II) Tendency from signal recorded.

Electrical applications

For electrical application, three experimental setups were used. In the first electrical
application, CCP was used as resonant element of high frequency oscillator based on CMOS
inverter (Frerking, 1978), where Pt-wire electrode is connected to ground and high
frequency signal of 41.66 MHz were obtained from logical inverter output is illustrated in
Fig. 17(A). This signal was registered in an oscilloscope as Fig. 17(B) is displayed.

CH2~ 2008mU - 20.88ns/
B)

Fig. 17. CCP used as oscillator in a parallel resonator circuit. A) Schematic diagram, a) CMOS

inverter, b) CCP, c) Oscilloscope, B) Graphics from schematic setup, 1) Signal obtained 41.66 MHz
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When CCP is tried as important part of a high frequency oscillator circuit, it works well
connecting Pt-wire electrode to ground illustrated in Fig. 17. Using the same electrical circuit
but now adding a signal generator (sinusoidal, triangular wave or square wave) to Pt-wire
electrode input, superposition of high and low frequency waves were obtained in Fig. 18.
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Fig. 18. CCP in a parallel resonator circuit enabling Pt-wire electrode as input signal. A)
Schematic diagram, a) TTL inverter, b) CCP, c) Signal generator, d) Oscilloscope, B) Graphics
from schematic setup, 1) 10KHz CCP input signal (sinusoidal, triangular wave, square wave)
in Pt-wire electrode, 2) Wave superposition signals obtained from logical inverter output.

Electrical application, CCP as it bases of a logic gates. Fig 19(A) illustrates schematic diagram
where CCP is exposed to two TTL signals, input S1 in one side face electrode was 2.5 KHz,
input S2 in the other side face electrode was 10 KHz and output S3 was in Pt-wire electrode.
As result of S3, it has a (offset zero) displaced giving rise to that the signal has positive and
negative values (5.84 V Peak-Peak). The output S3 exhibits a clearly suppression of logical
pulses (0 and 1) from S2 at the moment that Sl is in positive (digit value “1”) and no
suppressing pulses (0 and 1) while S1 is negative (digit value “0”) as shown in Fig. 19(B).

b o et e o v
—t | ]
1 |
Sl |

&
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Fig. 19. CCP used as it bases of logic gates obtained of two digital TTL signals. A) Schematic
diagram, a) CCP, b) Oscilloscope, B) Graphics from schematic setup, S1) 2.5 KHz TTL input
signal on CCP electrode, S2) 10 KHz TTL input signal on electrode of CCP, S3) 5.04 V Peak-
Peak output signal obtained from Pt-wire electrode.
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Adding a diode on output S3 is possible to eliminate negative part from signal. Thus, to
obtain an equivalent logic gate that it explains the behavior of the circuit, a truth table is
realized such as Table L. In addition, getting from it a Boolean function by means of
Karnaugh maps (Maini, 2007) resulting a F; and F. Boolean expressions, where F;
implementation is a logic gate NOR with inverted input S2 and F. is a logic gate AND with
inverted input S1, illustrated in Fig. 20.

Logical application, CCP associated to digital signals is appraised great versatility of the
device, which allows glimpsing to the CCP like a device to be used similar to the logic gates
demonstrated in Fig. 20.

S1 52 S3

= 31
Fi=S1482 o, Q >:»— s3
= S1—o
F,=5192
? sz—} 53

Fig. 20. Truth table for CCP obtained from waveform timing diagram as shown in Fig. 17(B),
in the left Boolean expressions F1 and F2 and their implementations. The result of F1 it was
a logic gate NOR with inverted input S2 and the result of F2 was a logic gate AND with
inverted input S1.
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5. Biomedical engineering applications

Piezoelectric Plethysmograph sensor based on Lead Lanthanum

Zirconate Titanate bulk ceramic-controlled piezoelectric, implanted with Pt wire
Piezoelectric methods seem to be the most promising for skin microcirculation studies; the
analysis of the skin mechanic pulse piezoelectric detection provides valuable selective
information on blood flow on upper skin layers, cutting off the influence of the deeper
arteries and veins (Caro, 1978). CCP offers a great variety of applications in medical physics
such as the human pulse detection called piezoelectric plethysmograph sensor (PZPG).

The periodical increase of blood volume in micro-vessels due to their dilatation during the
systolic raise of pressure with the following diastolic contraction over each heartbeat causes
corresponding changes in the absorption of the mechanical signals which travel within the
working volume. The human vascular system is elastic and multi-branched, and each
branching partially reflects back the pressure wave (Janis, 2005).

The experimental setup used in order to get the patient’s cardiac pulses was as follows: he
was placed in a supine position and in order to record the electrical activity of his heart, the
electrocardiographic (ECG) electrodes were placed on the lead I, the PZPG was placed on
the index finger of the patients’ left arm, as shown in Fig. 21 in order to measure the blood
flow that results from the pulsations of blood occurring with each heartbeat. The ECG and
PZPG signals were registered and measured their peak to peak voltage. PZPG sensor
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guarantees electrical isolation of the patient. Its size PZPG can be adjusted to the fingertip
measurements, it can easily be extended by means of spare bands, therefore it is possible to
take PZPG measurements from different locations of the body, e.g. forehead, forearm, knee,
neck, in this context it is possible to use the CCP as base of frequency modulated
transmitter, in this mode the modified ceramic is used as part of resonator circuit in an
oscillator at the same time an electrocardiographic signal is applied to the CCP by the Pt-
wire having as result a frequency modulated signal (Gutierrez & Suaste, 2009).
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Fig. 21. Experimental setup of Piezopletysmograph in order to obtain fingertip pulses

Opacity sensor (OPS) based on photovoltaic effect of Ferroelectric PLZT ceramic

with Pt wire implant

When the PLZT is illuminated after poling, voltage and current can be generated due to the
separation of photo induced electron and holes caused by its internal electric field. This is
considered an optical property of the material itself which has potential applications for
supplying energy transfer in microelectromechanical systems and optoelectronic devices
(Sturman & Fridkin, 1992). The steady current in the absence of applied voltage, called
photocurrent, is considered the result of photo carriers and the asymmetric electromotive
force induced by near-ultraviolet radiation (Tonooka et al., 1998). Therefore, photocurrent is
a very important parameter for optical detection (Qin et al., 2007). The behavior of the
photovoltaic effect in ferroelectrics is similar to that of the photovoltaic effect in
semiconductor p-n junctions.

The semiconductor p-n junction is an interface; in order to extract an electrical output, it is
indispensable to apply a bias voltage to it; however, this electrical stimulus is unnecessary
for producing the photovoltaic effect on ferroelectrics.

There are three types of photovoltaic samples (Kobayashi et al., 2005) namely, a bulk single
plate (Morikawa et al., 2000), a bulk bimorph (Brody, 1983) and film (Ichiki et al., 2006). The
single plate exhibit high voltage; the bimorph has a large degree of distortion, fast
mechanical response, and is suitable for mechatronics; the film shows a high current output
and is a good current source for the optical sensor of the MEMS. Thus, the output power of
the film is still one order of magnitude lower than that of the bulk structures reported here.
This new type sensor has some interesting advantages such as free upper face (it is not
necessary to add any electrodes), it is a better voltage source than multilayer film PLZT and
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the output from the photovoltaic effect of bulk PLZT is controllable by only varying the light
intensity (Ichiki et al., 2005).

The thickness of each thin sample was measured on OPS and the values obtained are show
in Table I. Two types of oil were used as liquid samples: soy oil and linseed oil. The thin
materials and liquids were analyzed on the first setup in a one-dimensional way, other
materials like plant leaves, a steel nut and a cross made with single-sided adhesive copper
conducting tape 3M Code 1181 were recorded in a bi-dimensional scan.

Photovoltaic currents from translucent samples were obtained by the one-dimensional
experimental setup described below. Fig. 22 shows the first setup used in order to obtain
photovoltaic current from translucent samples. In this case, a fiber-coupled LASER system
with a wavelength of 650 nm was used (Suaste & Gonzalez, 2009; Suaste et al., 2010). This
LASER was modulated to a frequency of 3 Hz with a Beckman Industrial Function
Generator; the distance between sample and LASER beam was 1 cm. The electrical contacts
(on the lower side face electrode and Pt-wire) of the sensor were connected to an SRS-Low
Current Noise Preamplifier in order to obtain photovoltaic current. These signals were
registered by an Oscilloscope Agilent which measured their peak to peak voltage.
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Fig. 22. One-dimensional experimental setup of OPS system.

In the one-dimensional setup, the OPS showed satisfactory results because it reacted to a wide
range of detection which allowed to have higher resolution at a higher intensity of
illumination. Photovoltaic current was 688 pA, in the region of highest illumination intensity,
160 mW/cm? for the OPS without sample. The graphic of OPS shows a clear difference among
thin materials and liquids, Fig. 23. The OPS recording without samples determines 0% of
opacity; while for the recordings with samples, this percentage increased according to the
characteristics of each of them. Table I shows the percentage of opacity at 91.43 mW/cm?2 of
illumination; this value was chosen as example of the opacity percentage of each sample.
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Fig. 23. The OPS detected curves for different liquids and thin solids.

Liquids and thin materials |Thickness (um) % of Opacity
samples measured on OPS

Plum peel 76.2 91.7
Carbon paper 36.56 84.33
Paper sheet 101.6 76.61
Linseed Oil 100 60.82
Yellow apple peel 88.9 36.84
Transparent Plastic Bag 63.5 12.28
Glass 152.4 12.28
Acetate paper 109.22 5.26
Soy Qil 2 100 1.17
Soy Oil 1 100 2.92

Table 1. Opacity percentage of different liquids and thin materials at 91.43 mW/cm? of

illumination using one-dimensional setup.

The second experimental setup used to obtain 2D opacity images from a plant leaf (Myrtus
communis), steel nut and a copper cross is shown in Fig. 24 fiber-coupled LASER system
was modulated at the same frequency of the first setup but in this case, a set of lenses which
reduce the LASER beam spot to a 0.5 mm of diameter size was used. The sample was placed
on the OPS and both were placed on an X-Y translation microscope stage.
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Fig. 24. Bi-dimensional experimental setup of OPS sys;em.
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The analysis of each sample was done millimeter by millimeter with a total of 100 points
recording for each sample. The electrical contacts from OPS were connected to an SRS-Low
Current Noise Preamplifier in order to obtain 2D scans; these signals records were
registered by an Oscilloscope which measured their peak to peak voltage in order to
construct a 3D graphics in which the Z-axis represents the magnitude of the photovoltaic
current of each record.

In the bi-dimensional setup, firstly a 2D scan response without sample was obtained; the
records were from 1 to 10 in Y-axis and from a to j in X-axis, this graphic shows a great
increment in the Pt-wire zone because the ferroelectric domains are very close to each other.
The maximum photovoltaic current response was 3.28 pA at 160 mW/cm? of illumination;
the photovoltaic current response was lower because the LASER beam spot area was
smaller. In Fig. 25 is showing the response without simple of OPS.
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Fig. 25. OPS response without sample in a Bi-dimensional scan, a) 3D representation of OPS,
b) Top view of OPS in 2D scan.
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Fig. 26. OPS response with a steel nut, to the right a little picture of the steel nut, a) 3D
Graphic, b) 2D scan.
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Figure 26 shows the magnitude of the photovoltaic current of the steel nut registered by the OPS.
The edges associated with the graphic are due to the curved form of the nut which dispersed the
light and caused that the signal was detected in an area different to the one expected.
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Fig. 27. OPS response with a copper cross, a) 3D graphic, b) 2D scan.

Finally, the acquisition of the signal of the copper cross, on the OPS, was obtained in order
to verify each point of the sample so that its image could be constructed, Fig. 27.

These results demonstrated that the OPS allowed to perform 2D scanning and thus
generated 3D graphics or images of opacity which varied according to the porcentage of
opacity of each sample in the bi-dimensional setup.

Quantitative sensitivity comparison with other types of opacity/transmission would be
relative due to the chemical compositions of each sensor and because finally whatever the type
of sensor, they only give a percentage measure parameter. The most significant differences
among ferroelectric sensors and Si based sensors are: 1) Si based sensors require electrical
external supply and do not have domains; in contrast ferroelectric sensors do not require an
external electrical supply; 2) the Si based sensors have greater sensitivity than ferroelectric
sensors but these last offer a good response at extreme temperatures, up to 570 °C, according
to its chemical composition (ferroelectric phase transition) (Jona & Shirane, 1993).

6. Conclusions

It was shown that the PLZT bulk with Pt-wire has the following advantages: (1) the increase
in surface analysis is superior because of the role of Pt-wire that works as a third electrode.
(2) The OPS has a useful working range of photovoltaic current because it can capture a
power of 330 mW /cm? of LASER illumination and give a photovoltaic current response of
1280 pA. Furthermore, the range of operating temperature of the OPS reached the Curie
temperature of 365 °C, while a standard silicon photo detector operating up to 125 oC
maximum; due to those parameters, the sensor proposed in this work can be used at much
higher temperatures and higher illumination intensity as compared to conventional Si based
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OPS. (3) The OPS is easy to manufacture and its size can be modified. The production cost is
lower than that of any other semiconductor photo detector. (4) It allows to perform 2D
scanning and generate 3D graphics or images of opacity depending on the percentage of
opacity of the sample in the bi-dimensional setup. In general, the OPS offers good versatility
as a sensor of opacity due to its ferroelectricity and could have novel applications such as
before transplant 2D cornea scan in order to verify its opacity, 2D scan opacity of insects
(Entomology), before transplant one-dimensional skin scan in order to analyze its color, one-
dimensional scan on real time of CO; car emissions (Chamberlain, 2008; Dekking, 1948;
Matusik et al., 2002).

Finally, the novel device CCP that has recently been developed such as is described in this
chapter, offers a window of opportunity to develop, the circumstances are right for working
in diverse fields of applied research.
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1. Introduction

Reducing the dimensions of macroscopic biological or chemical laboratories is
advantageous, the small scale allowing the integration of various processes on one chip,
analogous to integrated microelectronic circuitry. The microfluidic technology based on the
“lab-on-a-chip” principle allows the usage of very small biological material quantities,
decreases the quantity of reactives and waste and increases the speed in obtaining the
results making use of automatization, integration, modularization and parallel processing
(Southern, et al., 1999; Cai, et al., 2002). Such integration is prerequisite for a fully automated
data management system covering all steps of a given chemical or biological process.
Finally, the miniaturization results in enhanced precision by providing more homogenous
reaction conditions in a shorter time (Pollack, et al., 1999; Hames & Higgins, 1990).

Surface acoustic wave (SAW) devices as nano-pumps and micro-mixers used in microfluidic
bio-medical applications are one of the uprising domains today. Surely, the conventional
pumps cannot be used for the displacement of the very small liquid quantities on the
substrate’s surface. To move such little liquid quantities in a “lab on a chip”, integrated
nano-pumps on the substrate’s surface, are used. Using a piezoelectric substrate as support,
SAWs are generated by application of an alternative signal with a suitable frequency and
amplitude to a system of interdigital transducers (IDT). SAWs are launched on the
substrate’s surface normally on the IDT lines and move like the water waves on the surface
of a lake. This movement is used to move small drops of liquid on the substrate’s surface.
Concerning the use of SAWs in micromixing applications, although the wavelengths are of
the order of micrometers and wave amplitudes are of the order of nanometers, they are
sufficient to produce fluidic nanocurrents inside the liquid droplets. These nanocurrents
have chaotic movements that superimpose allowing mixing of their content. One of the
applications of this microfluidic applications are “in situ” hybridization stations. In these
stations, standard micro-meshes of DNA, proteins or other biological fluids are put in
contact with a piezoceramic substrate supporting a SAW. Microagitation of the fluids
during the incubation dramatically shortens the hybridization time (Toeg] et al., 2003).
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However, biological fluids (biological media, cell suspensions, various solutions and some
chemicals) may be very aggressive to the materials used in biomedical engineering. It is a
less studied aspect of biocompatibility.

In this respect, two aspects were studied: (i) the influence of a piezoceramic substrate on a
biological medium represented by a cell population and (ii) the influence of this biological
medium (a cell suspension) and processing chemicals on this kind of substrate (possible
surface damaging, roughness or porosity increase).

2. Elements concerning fabrication technology of biocompatible piezoelectric
ceramics

The known materials with piezoelectric properties are potassium sodium tartrate
(NaKC2H406.4H20) also known as Rochelle salt, barium titanate (BaTiOs), lead titanate
(PbTiOs), lead zirconate titanate (PbZr14TixOs), zinc oxide (ZnO), aluminium nitrate (AIN),
etc. One of the most used piezoelectric ceramic is the lead zirconate titanate (PZT) (Jaffe et
al. 1971). It presents excellent piezoelectric properties, high Curie temperature and high
spontaneous polarization, properties that made it widely used in electrical applications. By
using bulk PZT substrates, the working frequency is extended to about 20 MHz, limited by
the thickness and porosity of the active piezoelectric element.

The modified PZT ceramic, doped with different elements, can be prepared through a
classical technology (Setter, 2002) following a flow shortly presented below.

The active piezoelectric elements used as substrates in SAW micromixing components were
elaborated in this technology in which, in the first stage, the ceramic powder is obtained and
then, it is further processed into a bulk element through shaping, pressing and sintering
processes. These two stages are complementary and constitute the technological flow in the
conventional ceramic processing.

The processing developed in these two main stages is given in the table below:

No. Stages Processing Intermediary products
1. Elaboration of the dosage Ceramic powder
ceramic powder homogenization
milling
calcination

milling
properties testing
2. Elaboration of bulk | shaping Ceramic plates - active
ceramic pressing piezoelectric elements

sintering

cutting/ lapping/polishing
electrical poling
morphological/structural
investigation

properties testing

Table 1. The main two stages in the conventional ceramic technology
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Each main stage ends with a specific control of the powder respectively of the bulk material.
The main properties of the ceramics, as requested by the application, are: a prevailing
perovskit type crystalline phase, high purity and homogeneity of the ceramic material,
micronic dimension of the ceramic grains, high densification (that means the lowest possible
porosity), fine superficial roughness of the ceramic plates and, last but not least,
biocompatibility with the biologic medium to be handled.

These characteristics are achieved starting with the powder processing in the first stage of
the technological flow. It is necessary to obtain fine granulated ceramic powder because,
mainly the sintering process, contributes to the growth of the ceramic grains.

The apparent density of the bulk is determined both by the granulation of the ceramic
powder and by the pressing conditions. For a granulation controlled ceramic powder,
significant differences occur between the normal uniaxial pressing process, followed by
sintering, and the hot pressing or isostatic pressing process. The roughness of the bulk
surfaces, very important for the quality of the interdigital structures, is dependent on the
ceramic granulation. The roughness of the surfaces is obtained by mechanical processing
(grinding, lapping, polishing) and sometimes by chemical corrosion.

In order to get products with the requested characteristics, the development of the
elementary processing has to be controlled and optimized. A schematic presentation of the
technology used for the preparation of PZT ceramics is given in Fig.l. The following
important facts can be extracted:

- the purity, of the raw materials (1);

- the efficiency of the mixing processes and the possible impurification (2);

- the reactivity of the materials mixing and the reduction of the PbO loss (3);

- the optimizing of milling by granulation control (4);

- the sintering conditions (9);

- the poling technique (11).

After homogenizing, the mixture is calcinated as a powder, with the aim:

a) of removing the residual water from the carbonates and the volatile impurities;

b) of obtaining the chemical reactions between the components (oxides and/ or
carbonates) and to get the solid solution;

¢)  of diminishing the volume reduction, due to the reactions;

The calcination temperature must be high enough to facilitate the reactions and, in the same
time, sufficiently low to enable the subsequent milling process. For the PZT system the
temperature has to also be low to avoid the PbO evaporation. The temperature, duration
and firing diagrams of the calcination have to be experimentally established for each
situation.

The milling contributes to the material homogenization and to the compositional differences
which appear after calcination. A milling to 1+10 um grain dimension is recommended. Too
large grains induce porosity and too fine grains determine colloidal properties of the
powder which disturb the technological process.

The sintering conditions of the piezoelectric ceramics are determined experimentally, too.
For PZT ceramics, sintering temperatures between 1100°C and 1300°C are recommended,
and special methods have to be used to maintain the partial pressure of PbO.
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Fig. 1. A schematic presentation of the classical ceramic technology
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The active piezoelectric ceramic elements have different shapes and dimensions, and also
smooth surfaces. High precision lapping machines are used with different abrasive
materials such as aluminium oxide, silicium carbide or diamond powder.
The piezoceramic active elements are obtained by electrical poling, this process being
specific for each application. It is important to get high remnant polarization values, thus
obtaining high piezoelectric properties. There are different poling modes:

e transversal, for a rectangular plate, withP LV,

e radial, for a disc element, with P LV,

e longitudinal, with P|| V for a cylindrical element,

e thickness, P ||V for a disc element,

e shearing, for a rectangular plate element.
where P is the electrical poling vector and V, the vibration vector. The corresponding
coupling coefficients are ka1, kp, kas, k; si respectively kis.
For each composition it is necessary to determine the optimum poling parameters, avoiding
the breakdown of the ceramic material determined by the porosity and different defects of
the ceramic element (cracks, dislocations, vacancies or other defects at microscopic scale).
The dielectric strength also depends on the thickness and shape of the ceramic samples.
The induced polarization into the ceramic sample depends on the poling duration, electrical
field and working temperature. The applied electrical field, together with an increased
temperature, accelerate the mobility and ordering of the dipoles. After poling, the measured
piezoelectric properties give, indirectly, the value of the induced polarization. The most
important parameter for the present application is the electromagnetic coupling coefficient,
directly correlated to the remnant polarization. The evaluation of the polarization degree of
the samples is made by measuring the fundamental resonance and antiresonance
frequencies, and also the first harmonic, as well as the electrical admittance characteristics in
correlation with the frequency. The resonance frequency corresponds to the maximum value
of the admittance, the antiresonance frequency to its minimum value. By using these values
one can compute the electromechanical coupling coefficients, the Poisson coefficient a.s.o.
The research focused on the technological variants able to produce submicronic and
nanostructured piezoelectric materials. Experiments were carried out on different
compositional variants and the results can be extended to other piezoelectric systems which
are interesting for applications.
For the micromixing application, a piezoceramic powder with submicronic granulation was
obtained, by using advanced milling processing (Kong et al., 2002). The obtained grain
dimensions were submicronic, in the range (500 - 1000 nm), the small dimensions
determining a densification of the ceramic bulk, the reduction of the surface roughness of
the active ceramic elements and the altering of some properties, mainly the dielectric losses.
A granulometric analysis of the ceramic powder was performed. Some results obtained on
PZT-F are given in the histograms in Fig.2. The milling duration was respectively 1, 2 and 3
hours and ceramic grain dimensions under 0.5 pm were obtained.
By increasing the milling duration one also observes the appearance of fine powder
agglomerations. Therefore it is necessary to find an optimum for the milling conditions in
order to reduce these agglomerations. The values obtained for the specific surface are given
in Table 2.
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This ceramic powder was used to get bulk active piezoceramic elements. Different thermal
treatments were studied to diminish the size increase of the grains in order to finally get
uniform and fine grained materials.

Milling Attritor Mill/ 1h Attritor Mill/ 2h Attritor Mill/ 3h
Area of the specific 23.44 20.88 17.49
surface [m2/cc]

Table 2. The area of the specific surface for a PZT-F powder for different milling durations.

T
1 5 1 5 10 50 100 500 1 51 510

(a) Milling duration: 1h (b) Milling duration: 2h

i Wi

100

T
A 5 1 5 10 50 100 500

(c) Milling duration: 3h

Fig. 2. The distribution of the dimensions of the ceramic grains after milling in an Attritor mill.

The influence of the thermal treatment on the grain dimensions was evidenced by
microscopic analysis. Thus, in Fig.3 the results obtained for a ceramic material of the PMN-
PT system, sintered three hours at 1000°C, 1050°C and respectively 1100 °C, are presented
(Blank D.H.A. et al., 2005; Moisin et al., 2006).
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Fig. 3. SEM images obtained for PMN-PT sintered at 1000°C/3h (a), 1050°C/3h (b),
1100°C/3h (c)

During the sintering process, the crystalline structure is fulfilled, in this example a
prevailing perovskit type structure was obtained. In the same time an increase of the
dimension of the ceramic grains takes place. In the images obtained through scanning
electronic microscopy (SEM), at the same magnification (5.000 X) one can observe the
appearance of ceramic grains having a mean dimension smaller than 1 um.

3. SAW resonators for use in micromixing applications

3.1. Interdigital transducers (IDT) for SAW generation

In this chapter, only some elements concerning the interdigital transducers as elements of
SAW resonators will be presented. More complete data may be found in literature as, for
instance, in (Morgan, 2007).

In order to convert an electrical signal in a surface acoustic wave structures consisting of
alternating conducting segments deposited on the surface of a piezoelectric material are
used. They are named InterDigital Transducers (IDT) and can be seen in Fig.4.
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Fig. 4. IDT structure on a piezoceramic substrate

By applying an electrical sinusoidal signal to the interdigital transducer set as in Fig.4, a
distribution of electric field components, as in Fig.5, results in the subjacent piezoelectric
material.

Ty

0

=
=
p N

ath=}, /2

Fig. 5. Electric field distribution induced by an interdigital transducer in a piezoelectric
material:

a) Realistic aspect of electric field lines;

b) Longitudinal approximation;

) Transversal approximation.

Due to the piezoelectricity of the substrate, mechanical deformations are generated which
generate Rayleigh surface waves. These waves propagate along the Oz axis. The surface
waves produced by the neighbouring transducer are added in-phase if the periodicity of the
interdigital structure is equal to half the wavelength 1o/2 at the frequency fo. This means:

A
at+b=-C (1)
2
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The wave generated by the semi-section between segments 1 and 2 (see the figure) which

2n
propagates in the negative direction of the Oz axis will be proportional with sin—(z + Vt),
A
0
where z is the distance on the Oz axis, v is the velocity of the wave and t is the time travelled.
If the condition (1) is fulfilled, this wave arrives under the semi-section between segments 2 and 3
with a phase shift expressed by:

- i—l(:(a-s-b):—n @

As a result, this wave will be added to the wave generated by segments 2 and 3 which have
a m/2 phase shift. The electric - elastic (and reverse) conversion induced by the interdigital
structure is a selective conversion and the transfer characteristic for a periodic transducer
with equal segments (uniform covering) is proportional to:

f-1,

sin| N
fo

=y ©)

No
fo

where N is the number of the sections of the transducer and fo is the synchronic frequency.
The synchronic frequency determines the periodicity of the IDT structure. For example, for a

frequency fo = 300 MHz on a lithium substrate (v = 3488 m/s) results Ao = fl =11.6 pm
0

that means a conductor width of 2.9 pm.
Conversion attenuation electric - elastic (and reverse) is defined as:

Py
a.(dB) = -10log — 4)
Py

where P is the active power at the electrical input of the transducer and P» is the active
power at the elastic output.

3.2. IDT fabrication and results concerning SAW resonant frequency

The SAW micro-mixer structures were processed (Sajin et al., 2005) on a piezoceramic
substituted Pb(TiZr)O; material known as PZT ceramic. The exact formula of this
substituted ceramic was PboooNdoes[(Ti053Z1r047)]Os. The ceramic wafer dimensions were:
diameter D = 40 mm and thickness T = 0.5 mm.

For the micromixing applications, the resonator structure was designed for a frequency
fo = 10 MHz. The wavelength, in this case, is A = 48 um allowing IDT lines with a width
w =12 pm. The distance between two IDT lines was, also, 12 pm.
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Two such structures obtained by a suitable photolithographic process on the same
piezoceramic wafer are shown in Fig.6 (a) where (a) is the metallization not removed from
the ceramic disk and (b) are the interdigital transducers (IDT) detailed in Fig.6 (b). The
micromixing zone is (c) and the ceramic surface of this zone will be the subject of further
biocompatibility experiments.

Fig. 6. SAW micro-mixer structure.
(a) - Two structures on a ceramic wafer; (b) - IDT structure; (c) - The micromixing zone.

The IDT system launches surface acoustic waves (SAW) in region (c) of the structure which
is the active mixing surface. There are two identical structures on the shown ceramic wafer.
In order to be used as micromixers, these structures will be separated by an adequate
diamond cutting operation. Subsequently, each of them will be mounted in a suitable
mechanical and electrical assembly in order to be used as a mixing device.

In order to verify the resonator functionality, the resonance frequency is measured. In this
respect, the active structure of the micromixing device comprising the IDT and the mixing
surface (see Fig.7) is cut out and mounted in a special test fixture especially conceived for
this measurement. The measuring setup is presented in Fig.8 while the SAW resonator
mounted on the test fixture is shown in Fig.7.

\

~

Fig. 7. The active structure of the micromixing device mounted on the test fixture
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Fig. 8. Measuring setup for the SAW resonator

The measurement results on the SAW launching capabilities comprising resonant frequency
and Sp; parameter for 2 devices are presented in Fig.9 (a) - (b).

Sample 2/7

8800000 9000000 9200000 9400000 9600000

8400000 8600000

Frequency (Hz) (a)

Sample 2/8

8400000 8600000 8800000 9000000 9200000 9400000 9600000

$21(dB)

Frequency (Hz)
(b)

Fig. 9. (a) and (b). Resonant frequencies for two SAW structures to be used in micromixers.
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The resonant frequency is about. 8.85 MHz. The frequency dispersion is due to limited
precision of the metallic lines forming the IDT. Indeed, as it was previously stated, the
roughness of the ceramic substrate is of prime importance, as a rough surface limits the
possibility to obtain the necessary narrow and long metallic lines. Two different illustrative
cases are exemplified in Figs. 10 - 11 and Figs. 12 - 13 respectively. The atomic force
microscopy (AFM) images in Fig. 10, with scan area sizes varying from 20 um to 5 pm,
depict the surface roughness of one of the substrates. Pits of about 6-8 um in size could be
noticed in the substrate topography in this case.

IMT- Bucharest oS IMT- Bucharest S
10019 5 nm
5009 .8 nom
0.0 nm 10008.5 nm 200171
0.0 nm 0.0 nm

File name: Ch_f1_00 File name: Ch_f1_01
Date: Sunday, May 9, 2004 Date: Sunday, May 9, 2004,

(@) (b)

1853.5 mm
IMT- Bucharest
S031.7 rm.
25159 nm
0.0 mn
0.0 nm 25159 nm 5031.7 am
0.0 nm
File name: Ch_f1_03
Doate: Sunday, May 2, 2004,
(©)
Fig. 10. Surface roughness for one of the used piezoelectric ceramics. Scan area size is
respectively:
(a) 20 pm
(b) 10 pm

(c) 5 um
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Fig. 11. Interdigital transducers obtained on the ceramic surface with the rougﬁness like in
Fig.10.

In this case the ceramic substrate was too rough to allow obtaining metallic lines accurate
enough for IDT applications. This is visible in the IDT structures presented in Fig.11. For
comparative purposes, remember that the widths of the metallic lines as well as the gap
between two lines are 12 pm.

8021 nm 168 5 nm
IMT- Bucharest IMT- Bucharest

200171 nem

10008.5 mm

T 0.0 xm T T T
0.0 mm 10012.5 nim 20033.1 nm 0.0 mm 499 8 nm 2997 6 nm
0.0 nm 0.0 nm
File name: Saw_h0l File name: Saw_h02
Drate: Thursday, May 6, 2004 Drate: Thursday, May 6, 2004
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Fig. 12. Surface roughness of the second piezoelectric ceramic. Resolutions were, respectively:
(@) 20 pm
(b) 10 pm
(o) 5 um

IDT lines obtained on this ceramic surface are shown in Fig.13. In this case, the better quality
of the ceramic surface allowed a much accurate definition of the IDT lines obtained with the
same technology as in the previous case (for comparison see Fig.11). The width of the
metallic lines in Fig.13 (measured by optical microscopy) is = 15 um and the space between
two adjacent lines is 12 - 13 um.

Fig. 13. IDT lines on piezoelectric ceramic with the surface roughness shown in ig. 12.

The measurements of the surface roughness in both cases (Fig.10 and Fig.12) were made
using an atomic force microscope (AFM).

3.3. Construction and use of the micromixing device

Finally, in order to handle it in the micromixing device, the piezoelectric ceramic wafer
carrying the SAW resonator is glued on a laboratory glass slide. Inside the box of the
micromixing device there is a space shaped to support a glass slide with the standard
dimmensions 76x26 mm?2 used in the laboratory medical techniques. Athwart of this slide
another slide is placed carrying the piezoelectric ceramic wafer. The whole micromixing device is
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presented in Fig.14 (a) ... (c) where Fig.14 (a) shows the glass slide carrying the SAW resonator,
Fig. 14 (b) shows the micromixer with the active mixing element (ceramic wafer carrying the
SAW resonator) in working position and Fig.14 (c) shows the assembled micromixer.

Fig. 14. (a) - The glass slide carrying the SAW resonator;
(b) - The micromixer with the active mixing element in working position;
(c) - The assembled micromixer

The alternative current is supplied to the mixing structure via a BNC connector and a
system of elastic contacts inside the mixing box.

3.4. Experimental results

A micromixing experiment involves the following stages:
e Small drops of the substances to be mixed are placed on the glass slide in a chessboard
arrangement. These droplets are placed only on the surface of the slide which will be
covered by the mixing surface of the SAW resonator - zone (c) in Fig.6.
e The glass slide is inserted in the micromixer box with the droplets upward.
e The glass slide having the SAW resonator attached is placed on the glass slide supporting the
substance droplets in such a manner that the piezoelectric wafer is in contact with the droplets of
substances to be mixed. Although the mixing box is provided with guiding elements for a perfect
placement of the SAW resonator, the operation will be undergone with care.
e The distance between the glass slide and the SAW wafer mixing surface is 50 um,
obtained by careful mechanical processing of the mixing box. This distance can be changed
between 75 pm and 20 pm.
o The lid of the mixing box is closed and the alternative signal with a frequency of 8.85 MHz is
applied to the SAW interdigital transducers through a coaxial cable fitted with a BNC connector.
Application of the alternative signal to the IDT launches the surface acoustic waves that
propagate on the piezoelectric ceramic wafer surface. These surface acoustic waves are
efficiently absorbed by the fluids placed on the glass slide inducing the mixing process.
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4. Study of the Bio-compatibility Between Piezoceramic Material and Biologic
Cell Suspension

In an attempt to use such a ceramic as substrate for a microfluidic surface acoustic waves
(SAW) micro-mixer, the compatibility between a PZT substituted piezoceramic and a
biological cell suspension was studied (Sajin et al., 2006). Two aspects were studied: (i) the
influence of this kind of substrate on the development of a cell population and (ii) the
influence of the cell suspension on the piezoceramic substrate.

4.1. Methods

First, the ceramic wafer was mirror polished on one face (the active face). Then, the wafer
was successively washed with tap water, deionized water and sterile water, in order to
remove all the remaining dust from the polishing process. Finally, the surface of such a
prepared wafer was analyzed by optical microscopy and by atomic force microscopy (AFM)
in order to estimate the roughness.

As biological medium a suspension of DC3F cells were used (pulmonary fibroblasts of
Chinese hamsters) in D-MEM buffered with PBS, in a concentration of 5x105 cells placed in
three 50 mm diameter Petri dishes.

The experimental ceramic wafer was put in a Petri dish containing the cell suspension. Two
other Petri dishes containing the same biological medium but without a ceramic wafer were
kept as controls. All Petri dishes were maintained at 37°C in 5% CO, atmosphere and were
observed daily for 4 days, in order to acknowledge the cell population development. Fig.15
shows the piezoelectric ceramic wafer in the Petri dish containing the biologic medium.

Fig. 15. Petri dish containing the ceramic wafer immersed in the cellular culture.

4.2. Influence of the piezoelectric ceramic substrate on biological fluids

The Figs.16 - 19 showing the development of cell cultures in experimental and in control
Petri dishes were taken on the 3td day of the experiment.

In Fig.16 (a) and (b) one may see, at the optical microscope, that in the control Petri dishes
the cells are attached on the dish bottom and walls. They form a continuous cellular layer
and the color of the culture medium is orange.
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Fig. 16. (a) and (b). Continuous cellular layer in two locations in the control Petri dishes on
the 3rd day of the experiment. Phase contrast microscopy 100x.

Fig. 17. (a), (b), (c) and (d) show the situation in the experimental Petri dish containing the
ceramic wafer at the same time, on the 3rd day.

© (d)
Fig. 17. (a) and (b). Groups of viable cells floating in suspension in two locations of the reference
Petri dishes on the 3rd day of the experiment. Phase contrast microscopy 100x.
(c) and (d). Clusters of dead cells in two locations on the Petri dish containing the
piezoceramic wafer, on the 3rd day. Phase contrast microscopy 40x.
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One may see, in Figs.17 (a) and (b) groups of viable cells floating in suspension. In Fig.17 (c)
groups of dead cells are visible floating in suspension near the ceramic wafer and in
Fig.17 (d) a cluster of dead cells are attached to the edge of the PZT piezoceramic wafer. Live
cells are not yet attached to the ceramic wafer and the culture medium is pink.

In the 4th day the experiment was stopped and the ceramic wafer was washed in HBSS and
fixed in glutaraldehide 25%. The result is visible in Fig.18 (a) and (b).

@ | ©)
Fig. 18. (a) and (b). Ceramic substrate after washing in HBSS and the fixation in
glutaraldehide 25%. Phase contrast microscopy (a) 20x ; (b) 40x.

One may see cellular groups attached to the piezoelectric wafer but without forming a
continuous layer. Finally, the surface of the ceramic wafer was treated for 4 min with trypsin
(6 ml / 370C). Then, the wafer was washed down with HBSS and deionized water. The
surface of the ceramic wafer after this operation is shown in Fig.19 (a) and (b). One may see,
again, the cellular groups but they do not form a continuous layer.

(b)
Fig. 19. (a) and (b). Aspect of the piezoceramic wafer surface after trypsin treatment. Phase
contrast microscopy: (a) - 20x; (b) - 40x

At the same time, the two control Petri dishes show an abundant cellular development.
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4.3. Influence of biological media on the piezoelectric ceramic substrate

The initial texture of the mirror polished piezoelectric ceramic was investigated by an
Atomic Force Microscope (AFM). The surface finish of the initial ceramic substrate is shown
in Fig. 20 (a) and Fig 20 (b), in 2D and 3D rendering, for two scan area sizes: 20x20 um?2 and
2x2 pum?2 respectively.
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Fig.20 (a) and (b). AFM recordings of the piezoceramic wafer surface roughness prior to the
experiments, in 2D and 3D views. Scan area: (a) - 20x20 pm?; (b) - 2x2 pm2.

One can see in Fig.20 (a) that the surface is relatively smooth, yet featuring several holes of
about 800 nm depths. One of these holes, together with its surrounding relatively flat area, is
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presented with higher resolution in Fig.20 (b). More measurements performed at different
locations of the sample surface essentially revealed similar features as those shown in Fig.20.
After the experiment, the ceramic wafer was cleaned and a new set of AFM measurements
was performed. The results are shown in Fig.21 (a) and (b) for 20x20 pm?2 and respectively
5x5 um? scan area, both in 2D and 3D views.
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Fig.21. AFM recordings of the piezoceramic wafer surface roughness after the experiments,
in 2D and 3D views. Scan area: (a) - 20x20 pm?;,  (b) - 5x5 pm?

As in the previous case, several additional scans were run, in different areas of the wafer, in
order to check the uniformity of the surface morphology. Analogous to the previous case, at
all locations of the ceramic surface, the morphological features were similar to those
displayed in Fig. 21.

AFM measurements allowed to ascertain that the roughness of the ceramic wafer surface
was essentially the same as it was prior to the experiments.
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A hole of about 750 nm depth could be seen in Fig.21 (b), comparable in size with the holes
in Fig.20 (a). A profile of this hole is shown in Fig. 22, proving that the depth of the cavities
featured in the initial surface topography (about 750 nm in this case) did not increase as a
result of the action of cellular suspension and chemicals used in experiments.
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Fig. 22. Depth profile of the hole in Fig.21 (b) - 3D.

Therefore, the AFM investigations revealed that the texture of the ceramic wafer surface
preserved its main features during the experiments.

As far as the cleaning of the piezoceramic wafer after the experiment is concerned, it was a
more difficult task than expected. In the photo displayed in Fig.23, one may see the
experimental ceramic wafer (left side) compared to a genuine one, of the same type and
polished in the same manner (right side).

e
= EF e
Fig. 23. Comparison between experimental ceramic wafer and a genuine one.

The photo was taken after a ceramic surface washing stage in a stream of deionized water.
The adherence of the cellular remains on the ceramic surface is remarkable. Even after using
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a very strong mixture of oxidants there were still some cellular remains on the ceramic
surface. The cellular remains could be totally removed only by re-polishing the ceramic
wafer surface, but this operation could drastically damage the SAW interdigital transducers.

4.4. Discussion on the biocompatibility between ceramic substrate and biologic medium
In order to obtain a microfluidic micro-mixer for applications in medicine and biology,
experiments were made on biocompatibility between piezoelectric ceramic and the
aggressive medium consisting of a biological cellular suspension and the chemicals used.
The objectives were to establish if this kind of ceramic substrate has an influence on the
development of a cell population and reciprocal, if the action of the biological medium and
chemicals could damage the surface of the ceramic wafer.

For the first objective, the growth of the cellular population was affected by the presence of
the ceramic substrate. As one may see in Fig.17, on the 3rd day of experiment the cells had
difficulties to fix themselves and grow on the ceramic substrate. Even on the 4th day, when
the experiment ended, the cells failed to form a continuous layer over the whole ceramic
surface (see Figs.18 and 19).

Regarding the second objective, the PZT ceramic surface was not affected. The substrate
roughness and the surface porosity were not modified following the contact with the cell
suspension and chemicals. As a negative aspect, the cellular remains (dead cells) on the
wafer surface are rather difficult to clean out.

A method of solving this last problem may consist in coating the entire mixing surface with
another material which is easy to clean, but this solution may reduce the mixing efficiency.
In addition, the question of the biocompatibility is transferred from the ceramic-biological
medium system to the ceramic protection layer-biological medium system.
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Piezoelectric-ceramic-based
microgrippers in micromanipulation

Xin Ye and Zhi-jing Zhang
Beijing Institute of Technology
P.R. China

1. Introduction

Microgrippers are widely applied in micromanipulation systems covering manufactural,
biological and medical fields, and are especially important in microassembly process. There
are several reasons. Firstly, as the size of microminiature parts is in millimetre or micron, the
strength and stiffness compared to those of macro components is much smaller and thus
microminiature parts are more easily damaged. Secondly, since geometric feature size for
most of microminiature parts ranges between 0.0lmm and 10mm, has not yet emerged a
microgripper with which the scope to clipping all parts can be achieved. Thirdly, adhesion
phenomena in microassembly process are a difficult problem that limits the development of
microgrippers. At the beginning of the century, scholars have included the microgripper
technology into research projects and made a lot of initial results. According to the driving
force, microgrippers can be divided into piezoelectric-ceramic-based (Heyliger & Brooks,
1995), electrostatic-based (Majumder et al., 2001), electromagnetic-force-based (Quandt, 1997;
Ashley, 1998), electric-based, vacuum, adhesive-material-based, shape-memory-alloy-based
clampers, and so on. Li Q. and Li Y. (Li Q. & Li Y., 2004) summed up a detailed overview of
microgripper profile and types.

Compared with other kinds of microgrippers, piezoelectric-ceramic-based microgripper is
the most widely used one. Piezoelectric ceramics, owing to the unique properties such as
direct and reverse piezoelectric effects, are utilized to generate controllable displacement in
microgrippers far and wide.

2. Two categories of piezoelectric-ceramic-based microgrippers

Generally, one microgripper consists of two parts, clamper and actuator. A clamper usually
contains two or more arms, and is driven by the actuator to grab tiny objects. Therefore,
according to two different functions of piezoelectric ceramics, piezoelectric-ceramic-based
microgrippers can be classified to two categories. The piezoelectric ceramic works as
clamper or actuator. Although piezoelectric ceramics are adopted widely through both
categories of microgrippers, the two mechanisms are constitutionally different.
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When piezoelectric ceramic works as clamper, piezoelectric bimorph or heterogeneous
bimorph is adopted in most cases. A piezoelectric bimorph consists of two piezoelectric
elements stacked up. The heterogeneous bimorph consists of a piezoelectric element on the
top of a non-piezoelectric element. Both elements of a piezoelectric bimorph serve two
functions, electric and elastic, while in a heterogeneous bimorph one element serves only an
elastic function, the other serves both functions. The microgrippers with piezoelectric
bimorph or heterogeneous bimorph can achieve greater deflections and clamping force
compared with those of the latter category. In addition, it is compatible with IC process.
However, the driving voltage is high and cracking of the bimorph is severe. We developed a
piezoelectric bimorph microgripper. The bimorph piezoelectric ceramics were chosen as the
clampers. Theoretically, two pieces of piezoelectric ceramic were stuck together in order to
form a laminated beam. Polarization of the two pieces was in the same direction, both along
the thickness direction. However, during actual preparation, a substrate layer was added
between the two piezoelectric layers. The structure is illustrated in Fig. 1. One end of the
laminated beam was fixed up to form a cantilever. After electric field was applied, one piece
of piezoelectric ceramics stretches while the other shrinks. Deformation direction can be
changed by exchanging positive and negative connections. The free end of the laminated
beam can be bent free to output force and displacement.

Polarization
direction Electric field

substrate

Piezoelectric
ceramics

Fig. 1. The structure and working principle of parallel bimorph piezoelectric ceramic
laminated beam.

When piezoelectric ceramic works as actuator, the clamper is usually a displacement
amplification mechanism based on flexure hinges. This kind of microgripper has great
advantages such as precise controllable output, zero friction, and zero clearance. However,
this kind of microgrippers can not be made small enough for the minimum size is to a large
extent limited by displacement amplification mechanisms and piezoelectric ceramics.
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3. Microforce detection technology used in microgrippers

Since the manipulated objects are tiny and fragile, it is crucial important to detect the
microforce during the micromanipulation process. Generally, microforce detection technology
develops towards two directions, contact and non-contact detection styles. In the process of
contact detection, hypersensitized force sensors are bonded with the clamper of microgrippers
and utilized to obtain voltage information which is deduced to microforce after rectification,
filtration, and amplification. During non-contact detection process, the clamping part’s tiny
deformation is detected by visual servo systems and then the microforce is deduced. In
addition, forces are usually converted into light, sound, electricity, or heat. Accordingly, new
experimental principle and technology, such as Optical Force Sensing method, are invented.
Meanwhile, as human eyes cannot distinguish objects in micromanipulation clearly, scanning
electron microscope (SEM), scanning tunneling microscope (STM), and atomic force
microscopy (AFM) are utilized in the non-contact detection process.

3.1 Contact microforce detection

Strain gauge pressure sensor is one of the most important part in contact microforce
detection devices. The main component is the resistance strain gauges. Resistance strain
gauge is a piece of a sensitive device that an electrical signal can be converted into the
measured strain. There are two categories of resistance strain gauges-metal strain gauges
and semiconductor strain gauges (Smits & Choi, 1990).

The working principle of metal strain gauges is deformation after external force leads to
changing resistance. Metal resistance strain gauge is divided into wire and foil strain gauges.
Semiconductor strain gauges work under external forces, apart from distortion takes places,
its resistance will change. Horizontal effect, creep and hysteresis of the semiconductor strain
gauge is quite small. And the frequency response range is wide for the information can be
measured from the static response to high-frequency dynamic strain. With the development
of integrated semiconductor manufacturing process, a variety of small and ultra-small
semiconductor strain sensors can be made combining this technology with semiconductor
strain gauges. Thus, the measurement system can be greatly simplified. The semiconductor
strain gauge is more sensitive than the metal strain gauge, but its non-linear error is also
bigger. Therefore, a semiconductor strain gauge with invariable electric current source has
chosen as the main component in the micro force sensing system (Liu & Xu, 1990).
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Fix the parallel bimorph piezoelectric ceramic to the main body of the micro-gripper. Here,
the piezoelectric ceramic can be used as a cantilever. Fig. 2 Shows the location of the
semiconductor on the parallel bimorph piezoelectric ceramic.

The cantilever performs parallel bimorph bending purely when it’s only effected by the moment
M, , the relationship between the end displacement W and M, is illustrated as follows.

M,
2FEI

)

Here, E is the equivalent Young's modulus.
So,

The relationship between the stress ¢ and the strain ¢ is shown as follows.
o=¢k 3)
The equation to calculate the stress on the pure bending cantilever is as follows.
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Here, y is the coordinate of the thickness direction; I is the moment of inertia of the section
of the cantilever. And, y equals half of the value of /i, which is 0.3 mm. By integrating
equations (2), (3) and (4), the following equation can be got.

hw
&= 7 ®)

A full-bridge circuit is applied to the invariable electric current source. The relationship
between the input current of the circuit /, and the output voltage V| is shown as follows.

Vo = R Kl e (6)

By integrating the equations (5) and (6), the relationship between the displacement w and
the output voltage of the full-bridge circuit ¥, can be illustrated as follows.

25
w=—" %)
R K, Ik

The output voltage of the full-bridge strain sensing circuit is given as follows.

U, =KeU, ®)
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Here, U, is the sensitivity of the full-bridge strain sensing circuit, which stays at 3V all
along the experiment; U, is the output voltage of the full-bridge circuit; K is the parameter
of the strain sensitivity; & is the strain.

According to the model of the force effected on the cantilever, the relationship between the
gripping force and the moment is given as follows.

Fo=M]/l, )

Here, /, is the length of the strain gauge.

3.2 Non-contact microforce detection

As we don't involve any non-contact microforce detection technology, an optical force
sensing system developed by (Yu & Bradley, 2000), illustrated in Fig. 3., is introduced.
Contact force is detected by a protuberance on a cantilever tip. The displacement of the
cantilever is obtained by that of orthogonal diode laser point. Thus, contact force can be
deduced by the displacement multiplied by cantilever’s elastic coefficient.

Microgripper with two fingers, illustrated in Fig. 4, is improved by the non-contact
microforce detector. An improved cantilever without protuberance, used as one of the
fingers, is connected with the other finger with protuberance by a piezoelectric actuator.
The open-close action of the microgripper is realized by piezoelectric actuator extension and
contraction. The contact force aroused by microgripper and gripping objects causes the
displacement of cantilever. And as the elastic coefficient of the cantilever, contact force can
be deduced by displacement detected by the optical force sensing system.

laser diode

cantilever

cantilever

photodiode sharp tip

Fig. 3. Basic structure of optical force sensing system
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Fig. 4. Principle of microgripper with built-in optical force sensor

4. A bimorph piezoelectric ceramic
microgripper integrating micro-force detecting and feedback

A combined micro-gripper offers new methods to settle the gripping and assembly
problems of miniature structures and systems. Both of the large gripping extension and the
gripping accuracy can be acquired by combining micro-gripper and a small linear motor
with work distance of 15mm. However, two difficulties exist in combined micro-gripping
technologies. First, though the gripping of some big structures in the demanded scales can
be easily achieved by the combined micro-gripper, it's hard to avoid the shed of parts
during the motion. Second, gripping forces range from micro-Newtons to Newtons, so it’s
difficult to ensure the precision of micro force sensing.

This chapter focuses on the gripping of miniature mechanical structures and systems, shows
a combined two-chip piezoelectric ceramic microgripper integrated micro-force sensing and
feedback function. This gripper uses the bend of two-chip piezoelectric ceramic and the
motion of a linear electromotor to grip miniature structures and systems. A reinforcement
machine is designed for the two-chip piezoelectric ceramic, which can avoid the shed of
parts during the motion. The gripping stability and micro-force sensing and feedback are
detailedly investigated theoretically and experimentally.

4.1 A combined two-chip piezoelectric ceramic micro-gripper
Abundant knowledge of the miniature parts to be gripped is required as preparation of the
design and manufacturing of grippers. 3D miniature structures have peculiar demands for
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their grippers. First, the gripping extension of the micro-gripper must be large enough.
Miniature structures can be as big as 10mm in geometry, so a larger gripping extension than
generic micro-grippers is needed. Second, a high gripping precision is needed so that
miniature structures as small as 0.01 mm in geometry can be successfully gripped. Third, a
high gripping stability is requested to ensure a stable gripping of big parts during the
motion.

The combined two-chip piezoelectric ceramic microgripper integrated micro-force sensing
and feedback function is designed to meet the specific requirements of 3D miniature
structures, which is shown in Fig. 5. The basic frame and function are as follows.

(a) The micro-gripper of the combined two-chip piezoelectric ceramic microgripper
contains 5 portions — two-chip piezoelectric ceramic, fixed brace, reinforcement for the
piezoelectric ceramic, linear fine-motion platform and pedestal. The linear fine-motion
platform and the fixed brace are installed on the pedestal, while the two-chip piezoelectric
ceramic and the reinforcement for the piezoelectric ceramic are installed on a folded plank
which is connected onto the linear fine-motion platform.

(b) The implementing part of the micro-gripper is the two-finger mechanical gripper with
one finger fixed and the other moving. The top end of the fixed brace is made of rigid alloy
steel, and the top end of the moving finger is made up of less rigid two-chip piezoelectric
ceramic. The tiny bending of the two-chip piezoelectric ceramic and the fixed brace work
together to grip a complex 3D miniature structure.

(c) The linear fine-motion platform can produce large displacement, which can make up for

the defect of small displacement produced by the tiny bending of two-chip piezoelectric
ceramic. The two-chip piezoelectric ceramic’s bending can only bring small displacement;
what’s more, the gripping force will counteract some displacement. So it’s hard to meet the
requirement of displacement during the assembly just by using two-chip piezoelectric
ceramic. It's necessary to develop a linear coarse-motion module with large displacement
output as a makeup for the fine-motion module.

(d) The reinforcement for the piezoelectric ceramic is made up of a lever machine with two
reinforcing patches rotating around an axis, as shown in Fig. 6. The stretch and closing of
the two reinforcing patches are controlled by an electromagnet installed on the top ends of
them. When the electromagnet is cut, the spring releases so that the two reinforcing patches
close. Here, the reinforcement for the piezoelectric ceramic can ensure that the two-chip
piezoelectric ceramic’s fixedness. When the electromagnet is switched on, the spring shrinks
so that the two reinforcing patches stretch. Here, the two-chip piezoelectric ceramic can
bend as long as the current is not cut. Through the stretch and closing of the electromagnet,
the two patches of the reinforcement is able to clamp two sides of the piezoelectric ceramic.
Therefore, the gripped part will not shed during the gripping and transfer for the reason of
the inadequate stiffness.
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Fig. 6. Reinforcing device for piezoelectric ceramics
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4.2 Micro force sensing and feedback

In this stage, researches mainly focus on two aspects-the strain sensing circuit as well as the
amplifying and filter circuit. The function of the strain sensing circuit is to get the accurate
voltage or current which can reflect the change in the resistance of the strain gauge. But
because the parts to be gripped are very small, the bending of the two-chip piezoelectric
ceramic is so tiny that the output of the strain sensing circuit is also tiny. It's necessary to
apply an amplifying circuit to amplify to micro signal and a filter circuit to filter noises and
other disturbing signals.

A full-bridge circuit with an invariable electric current source as its power supply is used in
the strain sensing circuit. A reverse amplifier using negative feedback technology is adopted
in the amplifying circuit, in which the gain is only decided by the resistance ratio. The filter
circuit is designed into a twice Sallen-Key low-pass filter, shown as Fig. 7 (a) and (b).

An A/D acquisition card at the end of the sensing and filter circuits can gather the signals sensed
and filtered by the previous circuits and change the analog data into digital data. Then the digital
information is sent back to the control system, carrying out the feedback of the signal and
providing the basis for the adjustment of the micro-gripper. This is the closed-loop control.

Fig. 7. (a) Amplification and filtering circuit

+ c2
—0.1uF U‘

Fig. 7. (b) Amplification and filtering circuit diagram
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4.3 Examples of the micro-gripping

The two-chip piezoelectric ceramic plays an important role in the combined two-chip
piezoelectric ceramic micro-gripper integrated micro-force sensing and feedback function.
The embodiment of its importance is shown as follows. (a) The shape of the two-chip
piezoelectric ceramic is a flat cuboid, which is easy to stick the strain gauge on it. (b) The
characteristic of the two-chip piezoelectric ceramic that it can bend when supplied with
electricity provides a method to sensing the strain by the strain gauge.

When the two-chip piezoelectric ceramic is supplied with electricity and bending, the
amplifying and filter circuits sense the output voltage of the strain sensing circuit, converse
it into the corresponding end displacement, and test the capability of the two-chip
piezoelectric ceramic and the relationship between the output voltage of the strain sensing
circuit and the end displacement of the two-chip piezoelectric ceramic.

High precision optics displacement meter, as shown in Fig. 8, is applied to measure the true
end displacement of the two-chip piezoelectric ceramic, which will be the benchmark of the
end displacement.

The optics displacement meter can transform the actual displacement-the relative
displacement of the certain point on the measured part-to the displacement of the reference
point in a digital image, and the actual bending information will be processed by the digital
image processing. The optics displacement meter won’t do any harm to the measured part
or import any added measuring error. Besides, its measuring precision is high. So the results
got by the optics displacement meter can be considered as the ideal displacement of the two-
chip piezoelectric ceramic. By comparing the end displacement got by the micro force
sensing circuit and the ideal displacement got by the optics displacement meter, the
measuring precision of the micro force sensing circuit can be tested.

Fig. 8. Piezoelectric ceramics’ displacement detected by optical displacement detection
device
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Fig. 9. Macle piezoelectric ceramics affixed with strain gages

A full-bridge circuit is applied, with two of the total four strain gauges sticked on where the
strain is the maximal positive and the other two on where the strain is the maximal negative.
This arrangement can get the highest sensitivity. Switch on the driving circuit of the two-
chip piezoelectric ceramic. The driving voltages are cataloged into a series, and the output
voltages are recorded correspondingly to the driving voltage series, shown as:
U,,U,,---,U, . These output voltages are the V| in the equation (6) and by putting them in
equation (7) the displacement got by the measuring circuits w;,w,,---,w, can be calculated.
A fine linear electrical source with invariable voltage and current is used as the driving
power supply. The driving voltages range from 0 V to 150 V, with each one higher than the
previous one by 10 V, which is 0, 10, 20, 30, ..., 150 V, and then change degressively
from 150 V to 0 V. Gather the output voltages of the amplifying and filter circuits and
converse them into the end displacement information of the two-chip piezoelectric ceramic.
Meanwhile, the actual displacements are recorded by the optics displacement meter. The
results are shown as Fig. 10.

Fig. 10. (a) shows the relationship between the driving circuit of the two-chip piezoelectric
ceramic and the input and output voltages of the measuring circuits. When the driving
voltages change from 0 V to 150 V and then change backwards, the output voltages change
from -6V to 6V and then go backwards to -6V. But when the input voltages curve declines,
the output voltages curve declines too but its shape is not the same as the shape of the
output voltages curve when the input voltages curve rises. A difference appears. Fig. 10. (b)
shows the comparison of the actual displacement got by the optics displacement meter and
the displacement got by the measuring circuit, where the actual displacement shows a
typical hysteresis curve marked with A which reflects the characteristic of the piezoelectric
ceramic and the displacement got by the measuring circuits marked with [ is too small to be
counted compared to the actual displacement. Fig. 10. (c) and (d) shows the displacement
got by the measuring circuits and the actual displacement respectively in proper
coordinates, where their shapes are almost the same although the displacement got by the
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measuring circuit is two orders of magnitude smaller than the actual displacement. And
then we can get the conclusions.

(a) The relationship between the end displacement of the two-chip piezoelectric ceramic and
the driving voltage is not strictly linear, while the hysteresis is evident. (b) The displacement
got by the measuring circuits shows the hysteresis, but its curve is S-shaped which is not
accordant with the relationship between the end displacement of the two-chip piezoelectric
ceramic and the driving voltage. This illuminates an aberrance of the signal. (c) The
displacement got by the measuring circuits is two orders of magnitude smaller than the
actual displacement got by the optics displacement meter, so it can almost be ignored. This
illuminates that noises and other disturbing signals influence the measuring circuit largely,
but the displacement got by the measuring circuits can already reflect the changing trend of
the displacement.

u m-m-E-N-m-n-E-E-H
o

Output Voltage / V
e
~Z

20 0 20 40 60 80 100 120 140 160

Input Voltage / V
(a) Input and output voltage of detection circuit

0.0014 |
N
0.0012 A
E At A
= 0.0010- At a
€ A /
o ] /A/ /A
2 0.0008 R R
8 g s .
s 0.0006 4 A A —x*— electric
= - —A— light
5 0.0004- e AT 9
= s }}
5 o0002{ &7 A
O 000000 Al A w—k—*—K— KK k—k—k—k—k—*
-0.0002 T T T

20 0 20 40 6IO 8I0 1(I)O 12IO 1¢I10 160

Input Voltage / V
(b) Comparison of displacement separately detected by optical displacement device and
amplification filtering circuit



Piezoelectric-ceramic-based microgrippers in micromanipulation 265

0.00005 -
e g j*;t:*’*
0.00004 *7*‘*** *=k
/4
0.000031

*/
/* —%— electric
0.00002 -
*
0.00001 A / /
* *
//

0.000004 K-

Displacement / m

20 0 20 40 60 80 100 120 140 160
Input Voltage / V
(c) Displacement obtained from amplification filtering circuit

0.0014] - N
—alig

0.0012 }}/:/
g 000104 at
£ 00008 P s
€ 0.0006- N A
3 g A
S 0.0004- o e
2 g A
B 00002 A~ A

A
e
0.0000] A~
-0.0002

20 0 20 40 60 80 100 120 140 160
Input Voltage / V
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Fig. 10. Detection result

4.4 Micro force sensing experiments

This experiment is based on the output voltage got by the amplifying and filter circuit when
the two-chip piezoelectric ceramic is bending. By comparing the output voltages at the same
driving voltage with a gripped part on the micro-gripper and without a gripped part, the
critical driving voltage and the average output voltage when gripping a part can be found,
and then they can be conversed into corresponding micro gripping force.

Switch on the driving circuit of the two-chip piezoelectric ceramic and the amplifying and
filter circuit, catalog the driving voltages in a series, and record output voltages of the
measuring circuit respectively as follows: U,,U,,---,U, . When the gripper doesn’t contact
the part to be gripped, the output voltage increases as the driving voltage increases; when
the gripper contacts the part, the bending of the two-chip piezoelectric ceramic can’t be
controlled by the driving voltage and stays invariable. Then the output voltage of the full-
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bridge circuit doesn’t change either. So it’s considered that the part has been gripped when
the output voltage doesn’t change. By using the voltage here to solve equation (5), (6), (8)
and (9), the micro gripping force can be got.

Change the driving voltage from 0V to 140V with each 10V higher than the previous one-
that is 0V, 10V, 20V, 30V...140V, gather the voltage information got by the amplifying and
filter circuit, and converse the voltage into gripping force. The measuring result is shown as
Fig. 11. Fig. 11. shows the output curve of the amplifying and filter circuits. The results data
are divided into two groups-one is the data when no part is gripped, and the other one is
the data when the micro-gripper is gripping a part.
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Fig. 11. Voltage result from micro force detection experiment

It can be concluded from Figure 8 that when no part is gripped the output voltage of the
amplifying and filter circuit increases as the driving voltage increases and when the micro-
gripper is gripping a part, the output voltage increases as the driving voltage increases from
0V to 40V, which is the same as when no part is gripped, but the output voltage stays
invariable as the driving voltage continues to increase from 40V to 140V. So the 40V driving
voltage is the critical voltage as the micro-gripper is gripping a part, which means that
driving voltage upwards 40V will cause no more bending of the two-chip piezoelectric
ceramic and no more changes of the measuring circuit. Here, the average output voltage is
5.213mV, and according to this the gripping force can be calculated to be 5.374mV.

5. Conclusion

In this chapter, we introduced the application of piezoelectric ceramics in microgrippers of
micromanipulation area, especially microassembly. Two categories of piezoelectric-ceramic-
based microgrippers were presented. The basic structures of bimorph piezoelectric ceramic
clampers were established and the corresponding mathematical equations were deduced.
After simply introducing the amplification mechanisms with flexure hinges, the reverse
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piezoelectric effect used by actuators of microgrippers were explained. Then, the microforce
detection technology used in microgrippers was presented. The resistance strain gage was
the essential and effectual constituent of contact detection style. The principles of metal
resistance and semiconductor strain gauge were explained. Optical force sensing method, as
a typical example of non-contact microforece detection method, was explained in detail.
Finally, a practical example, a bimorph piezoelectric ceramic microgripper integrating
microforce detecting and feedback, was developed. Experimental results indicated that the
microgripper is possessed with not only clamping properties but also microforce detection
function with milli-Newton scale accuracy.
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1. Introduction

Poled ferroelectrics are capable of storing electromagnetic energy in a form of bonded
electric charge. The electric charge density of poled lead zirconate titanate (PZT) ceramic
samples can exceed 30 pC/cm? and the electromagnetic energy density stored in the
samples can reach 4 J/cm3. Releasing the electric charge stored in ferroelectrics during a
microsecond time interval can generate pulses of high voltage, high current and high power.
The generation of pulsed voltage and pulsed currents by shock-compressed lead zirconate
titanate and barium titanate ferroelectric ceramics was reported for the first time at the end
of the 1950s (Neilson, 1957). Studies of the physical and electrical properties of shock-
compressed ferroelectric and piezoelectric materials with light gas guns and explosively
accelerated pellets, which initiated planar shock waves in the investigated samples have
been performed since the 1960s and continue until present time (Reynolds & Seay, 1961;
Reynolds & Seay, 1962; Halpin, 1966; Cutchen, 1966; Halpin, 1968; Lysne, 1973; Lysne &
Percival, 1975; Lysne, 1975; Lysne & Percival, 1976; Bauer & Vollrath, 1976a; Bauer &
Vollrath, 1976b; Mineev & Ivanov, 1976; Duvall & Graham, 1977; Lysne, 1977; Novitskii, et
al., 1978; Dick & Vorthman, 1978; Dungan & Storz, 1985; Novitskii & Sadunov, 1985;
Setchell, 2003; Setchell, 2005; Setchell et al., 2006; Setchell, 2007).

Since 1990s we have been performing design work, experimental studies (Shkuratov et al.,
2004; Shkuratov et al., 2006a; Shkuratov et al., 2006c; Shkuratov et al., 2007a; Shkuratov et
al., 2007b; Shkuratov et al., 2007c; Shkuratov et al., 2007d; Shkuratov et al., 2008a; Shkuratov
et al., 2008b; Shkuratov et al.,, 2010) and theoretical investigations (Tkach et al., 2002,
Shkuratov et al., 2007d; Shkuratov et al., 2008a) of miniature pulsed power generators based
on shock depolarization of ferroelectric materials. Development of these autonomous prime
power sources is important for the success of modern research and development projects
(Altgilbers et al., 2009; Altgilbers et al., 2010).

Results of systematic studies of miniature ferroelectric generators (FEGs) are presented in
this chapter. We describe the design of a miniature FEG, consider principles of its operation,
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give examples of performance of the generators in the high resistance and charging modes,
and operation of the FEG equipped with a power conditioning stage.

2. Explosively Driven Ferroelectric Generator Design

A schematic diagram of our miniature shock wave FEGs that was used in experimental
studies described in this chapter (Shkuratov et al., 2004; Shkuratov et al., 2006a; Shkuratov et
al., 2006¢; Shkuratov et al., 2008a) is shown in Fig. 1. It contained a ferroelectric element, an
explosive chamber, a metallic impactor (flyer plate) and output terminals. The explosive
part of the FEG contained a plastic cylindrical detonator support that holds an RP-501
detonator (supplied by RISI (Online A)) and a high explosive charge. The air gap between
the flyer plate and the ferroelectric element front contact plate (the acceleration path) was 5
mm.

Ferroelectric Element

Detonator Aluminum Copper
Support Impactor | Backplate

| PZT

~ Module

Holder
N °
0 Output

Terminals

Generator's
Body Air Gap
Fig. 1. A schematic diagram of a miniature explosively driven shock wave ferroelectric
generator (FEG).

The metallic impactor was responsible for initiation of a shock wave in the ferroelectric
element. A flyer plate accelerated to high velocity by the detonation of a high explosive
charge impacted the face plate of the ferroelectric element and initiated a shock wave in the
body of the ferroelectrics. The direction of propagation of shock wave in the ferroelectric
element was parallel to the polarization vector Py (Fig. 1). This type of generator is referred
to as a longitudinal FEG. The overall dimensions of the FEGs did not exceed 50 mm.
Desensitized RDX (essentially the same as Composition 4, or C-4) high explosives were used
in all FEGs described in this chapter. The detonation velocity of desensitized RDX is 8.04
km/s and the dynamic pressure at the shock front reaches 36.7 GPa. The mass of the C-4
charge was varied from 12 to 17 g, depending on the charge holder configurations.

To provide a planar impact in the ferroelectric element, we designed the impactor (Fig. 1) as
a curved plate that deformed into a quasi-flat structure under blast loads. To derive the
correct curvature and thickness of the flyer plate material, the arrival times and locations of
the explosive shock was calculated based on the principles of geometric optics and
impedance mismatch as applied to detonation waves. Then, the shock transit time through
the flyer plate material was calculated in order to calculate shock time of arrival along
concentric circular loci on the target side of the flyer plate. The combination of shock arrival
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times and locations on the plate surface allowed for calculation of the plate curvature
needed to produce an essentially flat flyer plate upon impact with the PZT target.

The cylindrical body of the FEG was made of material with good electrical insulating
characteristics to avoid electric breakdown during the operation of the generator. We
performed a series of experimental studies to determine the effects of generator body
material on the explosive and electrical operation of the FEG (Shkuratov et al., 2004;
Shkuratov et al., 2006c). Three types of plastics were used for the generator bodies:
polyethylene, polyvinylchloride (PVC) and polycarbonate. The experimental results showed
that each of these materials worked well.

In addition, we performed a series of experimental investigations to determine the effect of
generator body wall thickness on the electrical operation of the FEG (Shkuratov et al., 2004;
Shkuratov et al., 2006c). As a result of these studies it was found, that there is no significant
difference in the generation of high-voltage pulses by FEGs having body wall thicknesses in
the range from 1 mm to 30 mm. Based on this result, we reduced the total volume of the
FEGs for four times. Physics behind this result is related to the fact that the generator’s body
does not effect on the explosive and electrical operation of the FEG, it only holds the
ferroelectric element and explosive part together until detonation of the high explosives. The
generator’s body can be a lightweight and thin plastic shell (less than a millimeter larger
than the diameter of the ferroelectric element).

Fig. 2. Shock wave ferroelectric generator before (A) and after (B) explosive and electrical
operation.

The ferroelectric element (Fig. 1) was bonded to a copper back-plate that was 1 mm larger in
diameter than the ferroelectric element. The back-plate thickness was 5 mm. A silver-loaded
epoxy was used to bond the ferroelectric disk to the back-plate. The copper back-plate
provided mechanical impedance matching for minimizing reflection of the stress wave
when it reached the back face of the ferroelectric energy-carrying element. The silver-loaded
epoxy provided an electrical contact and reduced the capacitive reactance of the bond to a
negligible value. The ferroelectric element, along with the copper back-plate, was centered
in a cylindrical plastic holder (Fig. 1).

Two output electric terminals of the FEG were connected to two contact leads that were
connected to the metallic contact plates deposited on the surface of the ferroelectric disk.
One contact lead was bonded to the front plate of the ferroelectric disk (which was subjected
to flyer plate impact) with silver-loaded epoxy. Another lead was bonded in the same
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manner to the copper back-plate. Figure 2 shows an FEG before and after explosive
detonation and electrical operation.

3. Generation of Pulsed High Voltage by Longitudinally-Shock-Compressed
PZT 52/48 Ferroelectrics

There are well known difficulties in the generation of pulsed power in a high resistance load
with explosively driven electrical generators (including all types of magnetic flux compression
generators, magneto-hydrodynamic generators, etc.) (Altgilbers et al., 2010). We demonstrated
in a series of systematic experimental studies that explosively driven longitudinal FEGs are an
exception to this list (Shkuratov et al., 2004; Shkuratov et al., 2006a; Shkuratov et al., 2006c;
Shkuratov et al., 2008a; Shkuratov et al., 2008b). FEGs are explosively driven pulsed power
sources that effectively generate high voltage across high-resistance loads.

In these studies we used lead zirconate titanate Pb(ZrosTio4s)Os (PZT 52/48) poled
piezoelectric ceramics (trade mark EC-64, supplied by ITT Corp. (Online B)). PZT 52/48 is a
ferroelectric material widely used in modern mechanical and electrical systems due to its
excellent piezoelectric properties. This material is in mass production and commercially
available in a variety of shapes, sizes and trademarks. It is used in form of ceramics since
1960s (Jaffe et al., 1971) and recently in form of thin films (Shur et al., 1997, Kuznetsov et al.,
2006).

The parameters of PZT 52/48 are as follows: the density is 7.510% kg/m3, the dielectric
constant is € = 1300, the Curie temperature is 593 K, the Young’s modulus is 7.8 1010 N/m?2, the
piezoelectric constant is ds3 = 2951012 C/N, and the piezoelectric constant is gz = 25103
m2/C (Online B).

FEG ferroelectric elements investigated in (Shkuratov et al., 2004; Shkuratov et al., 2006a;
Shkuratov et al., 2006c; Shkuratov et al., 2007a; Shkuratov et al., 2007b; Shkuratov et al.,
2007c; Shkuratov et al., 2008a; Shkuratov et al., 2008b) were PZT 52/48 disks polarized along
the cylindrical axis. Silver contact plates (electrodes) were deposited on both ends of the
PZT disks by electron beam deposition, and each disk was poled by the manufacturer to its
remnant polarization value. The diameters of the ferroelectric disks were 25.0, 25.4, 26.1, and
27.0 mm, and their thicknesses varied from 0.65 mm to 6.5 mm (Table 1).

Diameter, D (mm) Thickness, I (mm)
26.1 0.65
27.0 2.10
25.0 2.50
254 5.10
25.0 6.50

Table 1. Sizes of investigated PZT 52/48 ferroelectric elements of the FEGs.

To investigate FEG pulsed power generation in the high-resistance mode, we used a
Tektronix P6015A high-voltage probe as a load. The impedance of the probe was 108 Q and
its capacitance was 3 pF, so the current in the electrical circuit of the FEG was negligible (less
than 5104 A at 50 kV output voltage).

The experimental setup and circuit diagram of the system for investigation of the operation
of the FEG in the high resistance mode are shown in Fig. 3. The high-voltage output
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terminal of the FEG (positive plate of the ferroelectric element) was connected directly to the
high-voltage probe, and the negative (front) plate of the PZT disk was grounded. Note that
high-voltage diodes or high-voltage rectifiers were not used in these experiments.
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Fig. 3. Schematic diagrams of the measuring system for investigating the operation of FEG
in the high-resistance mode.

The operation of the FEG was as following. After detonation of high explosives, an
accelerated flyer plate impacted the ferroelectric element and initiated a shock wave. The
shock wave propagated through the ferroelectric element and depolarized it. The
depolarization process released the induced electric charge on the metallic contact plates of
the ferroelectric element and a voltage pulse (electromotive force pulse) appeared on the
output terminals of the generator.

The waveform of a typical electromotive force (e.m.f.) pulse produced by an FEG containing
a PZT 52/48 ferroelectric element of D = 25.0 mm/h = 6.5 mm is shown in Fig. 4. The
amplitude of the em.f. pulse reached Eg(f)max = 21.4 kV and the full width at the half
maximum (FWHM) was 1.1 ps.

In Fig. 4, the increase in the e.m.f. pulse from zero to its peak value is the direct result of the
depolarization of the ferroelectric element due to explosive detonation shock wave action.
Shock wave depolarization induced an electric charge that was released at the contact plates
of the ferroelectric disk. Because of the high resistance and low capacitance of the load in
this mode of operation, the released electric charge was charging the ferroelectric element (it
is initially a capacitor) to a high voltage. The rise-time of the e.m.f. pulse is related to the
shock front propagation time through the ferroelectric disk thickness.

Since there was no electric charge transfer from the ferroelectric element to the external
circuit in this mode of operation of the FEG (Fig. 3), one might expect that the waveform of
the e.m.f. produced by the FEG would be a square pulse of E¢(f)max amplitude, with a flat
top and lasting several or more microseconds (until the mechanical destruction of the
ferroelectric element occurred). It follows from the experiments, however, that after
reaching its maximum value the e.m.f. pulse does not hold its maximum value, but
decreases rapidly (see Fig. 4).

To understand this phenomenon it is necessary to take into a consideration that the shock
wave propagating through the ferroelectric element had very complex characteristics
(Reynolds & Seay, 1961; Reynolds & Seay, 1962; Halpin, 1966; Setchell, 2003). The shock
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represents the superposition of a number of elastic and inelastic acoustic and shock waves
(Setchell, 2003) that depolarize the ferroelectric element and simultaneously change its
physical properties significantly. Apparently, the rapid decrease of the e.m.f. pulse after it
reached its peak value, E¢(f)max, Was the result of a significant increase in the electrical
conductivity of the shock-compressed ceramic material (behind the shock as it traveled
through the disk) and a corresponding leakage current in the element, or of internal
electrical breakdown within the ceramic disk.
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Fig. 4. A typical waveform of high voltage pulse produced by the FEG containing PZT 52/48
element with D = 25.0 mm/h = 6.5 mm.

In spite of complex and not completely understood physical processes in shocked
ferroelectrics, we have found out that there are two linear relationships between PZT 52/48
element thickness and parameters of the high voltage pulse produced by the FEG. They are
presented in Figure 5.

The first linear relationship is between PZT element thickness, /1, and the amplitude of the
e.m.f pulse, E¢(f)max.- The second linear relationship is between i and FWHM of the e.m.f.
pulse. The experiments documented in Fig. 5 show that the e.m.f. pulse amplitude and
FWHM are highly reproducible. An increase in PZT 52/48 element thickness leads to an
increase of both the e.m.f. pulse amplitude, E¢()max, and the pulse width.

For a PZT 52/48 ferroelectric element with i1 = 0.65 mm, Eg(#)max = 3.6 * 0.23 kV with FWHM
of 0.2 £ 0.04 ps. An increase in the ferroelectric element thickness to 2.5 mm almost triples
the e.m.f. pulse amplitude, to 8.9 = 0.07 kV. The FWHM increases more than 3 times to 0.62 +
0.02 us. For a ferroelectric element having i = 5.1 mm, E¢(f)max = 17.03 + 0.25 kV with a
FWHM of 0.9 + 0.03 ps.

It follows from the experimental data shown in Fig. 5 that the amplitude of the e.m.f. pulse
is directly proportional to the PZT 52/48 element thickness, with a coefficient of
proportionality equal to 3.4 + 0.5 kV/mm. Apparently, this electric field strength (3.4
kV/mm) is the internal electrical breakdown field for PZT 52/48 ferroelectric material. The
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FWHM is directly proportional to the thickness of the PZT 52/48 ferroelectric element, with
a coefficient of proportionality equal to 0.21 £ 0.02 us/mm.

Therefore, we experimentally demonstrated that miniature explosively driven ferroelectric
generators are capable of producing high-voltage pulses of several tens of kilovolts for a few
microseconds in a high-resistance load.
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Fig. 5. From (Shkuratov et al.,, 2004; Shkuratov et al., 2006a; Shkuratov et al., 2006c;
Shkuratov et al., 2007a; Shkuratov et al., 2008a; Shkuratov et al., 2008b): experimentally
obtained dependence of e.m.f. pulse amplitudes (diamonds) and FWHM (squares) produced
by FEGs versus thicknesses of PZT 52/48 ferroelectric elements.

4. Depolarization of PZT 52/48: Longitudinal Explosive Shock Versus Quasi-
Static Thermal Heating

The quantity of electric charge released in the electrical circuit of an FEG during its explosive
operation determines the amount of electrical energy produced by the generator in its load
circuit. Therefore, the efficiency of the device depends on the degree of the depolarization of
the ferroelectric element under the action of a shock wave. In this section, we describe the
results of comparative systematic studies of the depolarization of PZT 52/48 ceramic by
means of two techniques - thermal heating, and longitudinal compression by shock waves
from the detonation of an explosive charge.

A schematic diagram of the experimental setup we developed for thermal depolarization of
ferroelectric samples is shown in Fig. 6 (Shkuratov et al., 2010). In this setup, we used an
automatically controlled Thermolyne 47900 furnace, and during each experiment placed a
ferroelectric sample in a thermal bath (a beaker filled with ultra-fine sand) close to a K-type
thermocouple. We connected the thermocouple to a SPER Scientific thermometer (Model
800005), and the signal cables from the ferroelectric sample to a Keithly 2400 pico-ampere
meter.
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The heating rate did not did not exceed 1 K/min for all studied samples. Detailed
description of technique of thermal depolarization experiments is given in (Shkuratov et al.,
2010).

Thermocouple
Ferroelectric
Element

Scientific
800005

Fig. 6. A schematic diagram of the experimental setup used for measurement of thermal
depolarization of ferroelectric samples.

A diagram of the measuring circuit we developed for explosive shock depolarization
experiments is shown in Fig. 7 (Shkuratov et al., 2006c; Shkuratov et al., 2007b; Shkuratov et
al., 2010). A schematic of shock wave FEG used in these experiments is shown in Fig. 1. The
load loop (Fig. 7) was made of a copper strip 12.0 mm wide and 1.0 mm thick. The load loop
(Fig. 7) resistance and inductance were Rr(100 kHz) = 0.57 Q and L;(100 kHz) = 0.98 puH,
respectively.
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Fig. 7. A schematic diagram of the experimental setup for investigation of longitudinal
shock depolarization of the PZT 52 /48 ceramic samples.
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Typical plots of the thermally induced current, In(T), for PZT 52/48 ceramic disk of 26.1 mm
diameter are shown in Fig. 8. The I(T) is not a monotonic function of temperature, and it
has a few well-resolved peaks. The relative amplitudes of the peaks and their positions
varied with disk thickness (Shkuratov et al., 2010). Each sample we investigated, no matter
the size (see Table 1), had the most pronounced peak of In(T) at T = 405£3 K. This
temperature is in good agreement with the temperature at which the samples were poled by
the manufacturer. Commercial PZT 52/48 samples are poled by ITT Corp at temperatures
ranging from 400 K to 410 K (Online B). Heating the ferroelectric samples higher than 420 K
can lead to an increase in leakage currents to a level that could result in thermal runaway
and electrical breakdown during the poling procedure (Moulson & Herbert, 2003).
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Fig. 8. Typical depolarization curve for PZT 52/48 disks of diameter D = 26.1 mm/ thickness
h = 0.65 mm. Initial depolarization current (first heating cycle) is black curve. The electric
charge released in the circuit is light gray curve. Second heating cycle depolarization current
is dark gray curve.

It follows from our experimental results that a second heating cycle of the PZT 52/48
samples caused no current flow in the circuit (Fig. 8). In this case, the current recorded from
each investigated sample was practically zero.

This is direct experimental evidence that during the first heating cycle (Fig. 8), PZT 52/48
undergoes a structural phase transition into the cubic phase on the PZT composition-
temperature phase diagram (Jaffe et al,, 1971). The samples are completely depolarized
during the first heating cycle, and all compensating electric charge density stored in the
samples’ electrodes is released to the external circuit.

The depolarization charge density, ©, is the integral of the experimentally measured
depolarization current divided by the electrode area, A



278 Piezoelectric Ceramics

or@)=L [ 1,0 () a o

1
4

where fr is the time of the depolarization process. The experimental data for all sample sizes
we studied are summarized in Table II. The thermally-induced depolarization charge
density was consistent for all sample sizes, ® =27.7 pC/cm2.

The flyer plate of the FEG longitudinally impacted the ferroelectric body so that the shock
wave traveled in a direction parallel to the ferroelectric polarization vector Py (Fig. 7). Prior
to the flyer plate impact, the electric field in the ferroelectric sample was equal to zero
because the surface charge density (the bonded charge) compensated the polarization of the
sample, Py, that was obtained during the poling procedure. When a shock wave depolarized
a ferroelectric disk, a pulsed e.m.f. appeared on the metallic electrodes of the ferroelectric
element. When the electrical circuit of the generator was closed (a load is connected to the
output terminals of the FEG) the e.m.f. caused a pulsed electric current, I(#), in the circuit.
Integration of the I(f) waveform from 0 to f gives the momentary value of the electric charge,
AQ(t), released to the electrical circuit due to depolarization of the PZT

AQ(e)= [ 1(¢)-dt ®)

It should be noted that fr in the shock experiments ranges from 10-6 to 10 s. It is about 9-10
orders of magnitude lower than fr in the thermal depolarization experiments (the time for
the thermally induced charge to be released).

Typical waveforms of the shock induced depolarization current produced by a PZT 52/48
disk of D = 26.1 mm / h = 0.65 mm, and the electric charge released from the sample are
presented in Fig. 9.
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Fig. 9. Waveform of the pulsed depolarization current, I(t), and the depolarization charge
density, o(t), released due to longitudinal shock compression of PZT 52/48 disk with D =
26.1 mm / h = 0.65 mm.
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The peak depolarization current generated by longitudinally-shock-compressed PZT
element was I(t)u.x = 360 A, with FWHM of 0.5 ps. The electric charge density released from
the sample due to the shock compression was = 30.6 uC/cm2. The depolarization charge
density for all PZT 52/48 samples we investigated are presented in Table 2.

Diameter of the PZT 52/48 disks (mm) 26.1 27.0 254
Thickness of the PZT 52/48 disks (mm) 0.65 21 51
Thermal depolarization charge density (uC/cm?) | 27.9+1.8 27.8+15 | 27.9+1.6
Adiabatic (shock induced) high-pressure 29.74£2.4 27522 | 26.7£2.2
depolarization charge density (uC/cm?)

Table 2. Sizes of PZT 52/48 disks and electric charge released by disks due to thermal
depolarization and adiabatic (longitudinal-shock-wave) high-pressure depolarization.

It follows from our experimental results (Shkuratov et al., 2010) that increasing the thickness
of the PZT disk led to decreased shock depolarization current amplitude, and increased
current pulse FWHM. The latter is apparently the result of the longer shock wave front
propagation time in the thicker samples. Figure 10 presents the amplitude of the
depolarization current generated by longitudinally-shock-compressed PZT 52/48 disks,
versus the thickness of the disks. It follows from our experimental results that the current
amplitude is inversely proportional to the disk thickness.
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Fig. 10. Amplitude of shock induced depolarization current versus thickness of PZT 52/48 disks.

Experimental data for both the thermal and adiabatic (shock-induced) depolarization of all
PZT 52/48 samples we studied are shown in Fig. 11. The shock pressure in the bulk PZT
52/48 ceramic elements was determined in (Shkuratov et al., 2010), Psiw=1.5 £ 0.2 GPa.
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It is clear from results presented in Fig. 11 that the depolarization charge released due to
longitudinal shock wave compression of PZT 52/48 disks is almost equal than that released
due to thermal heating. This is direct evidence of almost complete depolarization of the PZT
52/48 elements due to their compression by longitudinal shock waves within the FEGs.
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Fig. 11. Experimental data for the thermal and longitudinal explosive shock wave
depolarization of PZT 52/48 samples.

It follows from the results we obtained (Fig. 11) that despite the small size of ferroelectric
generators and their correspondingly imperfectly-shaped shock wave fronts, these devices
provide almost complete shock-wave depolarization of the PZT 52/48 ferroceramic
elements.

One of the effects we observed was a monotonic decrease of the electric charge released
from shock-compressed PZT 52/48 samples with increasing sample thickness (Fig. 11). A
possible explanation of this effect can be based on the shock wave splitting phenomena
observed earlier by Reynolds and Seay (Reynolds & Seay, 1961; Reynolds & Seay, 1962).
They showed that a longitudinal shock wave in PZT 52/48 splits into two shock waves; the
split shocks result in decreased depolarization charge. It is possible that such shock splitting
has only a minor effect in thin samples. An increase of the thickness of the samples leads to
an increase in shock wave travel distance, and to a more significant separation of the shock
waves. Other possibilities may include the dispersion of the shock as it crushes the sample
while transiting the its length, or shock attenuation as the rarefaction(s) behind the shock
catch(es) the shock, or some combination of these processes.

In Section 3 of this Chapter we have demonstrated that the output voltage produced by the
FEG is directly proportional to the thickness of PZT 52/48 element up to 1 = 6.5 mm. The
effect of reduction of the electric charge transfer from longitudinally-shock-compressed PZT
52/48 elements with increasing the element’s thickness we detected may pose a problem in
the development of FEGs utilizing ferroelectric elements thicker than 10 mm for producing
ultrahigh output voltage.
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5. Pulse Charging of Capacitor Bank by Explosively Driven FEG

Various types of pulsed power systems built around capacitive energy storage devices are
widely used in modern technology for production of charged-particle beams, generation of
pulsed high power microwaves and others pulsed power technologies (Mesyats, 2005). In
these generators, electric energy is provided to the capacitive energy storage from high-
voltage power sources powered from a conventional 110/220 V - 50/60 Hz supply line. The
operation theory of these generators is well-developed (Mesyats, 2005).

However, certain special applications require that the pulsed power system be autonomous.
Another necessary condition is compactness of the device as a whole. We proposed and
experimentally studied an autonomous two-stage pulsed power system based on a shock-
wave ferroelectric generator as a charging source for a capacitive energy storage (Shkuratov
et al., 2007c; Shkuratov et al.,, 2007d; Shkuratov et al., 2008a; Shkuratov et al., 2008b). We
have experimentally demonstrated that a miniature explosively driven FEG can successfully
charge capacitor banks of different capacitances. We have developed a model and made a
successful digital simulation of the operation of the FEG-Capacitor bank system. We present
some results of these studies in this section.

5.1. FEG-Capacitor Bank System
A diagram of the experimental setup we developed for investigations of the FEG-Capacitor
bank system is shown in Fig. 12 (Shkuratov et al., 2008a; Shkuratov et al., 2008b).
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Fig. 12. Schematic diagrams of the measuring system for investigating the operation of the
FEG-Capacitor bank system.

The high voltage output of the FEG was connected to the high-voltage terminal of the
capacitor bank and to the Tektronix P6015A high-voltage probe (Fig. 12). The negative plate
of PZT disk was connected to the ground terminal of the capacitor bank through a
commercial current monitor. We did not use high-voltage diodes or rectifiers in these
experiments.

The first series of FEG-Capacitor bank experiments was performed with PZT 52/48 elements
having diameter D = 26.1 mm and thickness /1 = 0.65 mm. The capacitance of the capacitor
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bank was Cy =18 nF. It is more than two times higher than initial capacitance of the FEG, Cg
=71%0.1nF.

Figure 13(A) shows a typical waveform of the high voltage produced by an FEG across an 18
nF capacitor bank. It is not a single pulse, but a series of oscillations. The frequency of
oscillations is about 1.0 MHz. The peak voltage amplitude of the first pulse was U(f)max =
2.16 kV, the FWHM of the first pulse was 0.54 ps, and © = 0.34 ps.
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Fig. 13. A - waveform of the output voltage; B - waveform of current (gray) and circulation
of electric charge (black); C - waveforms of voltage (dark gray), current (light gray) and
power (black) produced by the FEG. PZT 52/48 disk with D = 26.1 mm / h = 0.65 mm. 18 nF
capacitor bank.

The peak energy delivered to the capacitor bank in this experiment [the first pulse in Fig.
13(A)] reached W(H)max = Co U(H)max?/2 = 42 m]. The average amplitude of the first high
voltage pulse produced by the FEG across the capacitor bank in this series of experiments
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was U(f)max ave = 2.07 £ 0.22 kV. The average peak energy delivered to an 18 nF capacitor
bank reached W(#)max ave = 39 £ 0.4 m].

Figure 13(B) shows the waveform of the charging current, I(f), produced by the FEG in the
circuit and circulation of electric charge. The peak amplitude of the first current pulse was
Li(H)max = 140 A, the FWHM was 0.3 ps and the rise-time t = 0.52 ps. The peak amplitude of
the second current pulse was higher than the first one and reached L(f)max = 180 A, with
FWHM = 0.45 ps and t = 0.31 ps. Integration of the charging current, I(t), waveform from 0
to t gives the momentary value of the electric charge, AQ(t), transferred to the external
electrical circuit during explosive operation of the FEG (Eqn. 2).

As it follows from the experiment [Fig. 13(B)], the electric charge transferred from a PZT
module during explosive operation of the FEG to the capacitor bank, AQmax = 50 pC, is 33.3%
of the initial charge stored in the ferroelectric element due to its remnant polarization, Qo =
150 pC (see Table 2 in Section 4 of this Chapter).

Waveforms of the output high voltage U(f), current I(t), and power P(t) pulses produced by
an FEG across 18 nF capacitor bank are shown in Fig. 13(C). The power dissipated in the
load, P(t) was determined as the product of the instantaneous value of the output voltage
U(t) by the instantaneous current in the circuit, I(t): P(f) = I(t) ‘U(f). The peak output power
reached P(t)max = 0.24 MW.

It should be noted that peak power produced by the FEG is 5 to 7 times higher than that
produced by recently developed miniature prime power sources based on shock wave
demagnetization of Nd>Fey4B ferromagnets, shock wave ferromagnetic generators (FMGs)
(Shkuratov et al., 2002a; Shkuratov et al., 2002b; Shkuratov et al., 2002c; Shkuratov et al.,
2003a; Shkuratov et al., 2003b; Shkuratov et al., 2006b). At the same time the FMG produces
much longer power pulse than the FEG (FWHM = 0.3 pus for FEG and FWHM = 8.0 ps for
FMG).

The next series of experiments was performed with double less capacitance of the bank C; =
9 nF. The output voltage oscillated as it did in the experiments with an 18 nF capacitor bank
(Fig. 13). The frequency of oscillations was slightly higher, ~ 1.1-1.2 MHz in compare with C
=18 nF. The average amplitude of the first high voltage pulse produced by the FEG across a
9 nF capacitor bank was U(f)maxave = 2.41 + 0.33 kV. The average peak energy delivered to a 9
nF capacitor bank reached W(#)max ave = 26 £ 0.5 mJ.

It follows from experiments with 9 nF and 18 nF capacitor banks that increasing the
capacitor bank capacitance leads to increasing the energy transferred from the PZT module
to the capacitor bank. This result was confirmed in the third series of FEG-Capacitor bank
experiments.

The third series of experiments was performed with capacitance of the bank C. = 36 nF.
Figure 14(A) shows a typical waveform of the high voltage produced by an FEG across a 36
nF capacitor bank. Results of these experiments were different from the results obtained
with the 18 nF and 9 nF capacitor banks. The FEG produced a series of oscillations, but the
amplitude of the first half-wave is significantly higher than the next one. Oscillations were
damping quickly. Amplitude of the first half-wave of output voltage was U(f)max = 1.82 kV
with FWHM = 0.85 pus, and © = 0.93 ps.

The energy delivered to a 36 nF capacitor bank was W(t)max = 60 mJ and the specific energy
density of the PZT element was 171 m]/cm3. The average amplitude of the first half-wave of
high voltage across a 36 nF capacitor bank was U(f)maxave = 1.75 £ 0.14 kV.
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Fig. 14. A - waveform of the output voltage; B - waveform of current (gray) and circulation
of electric charge (black); C - waveforms of voltage (dark gray), current (light gray) and
power (black) produced by the FEG. PZT 52/48 disk with D = 26.2 mm/h = 0.65 mm. 36 nF
capacitor bank.

The average peak energy delivered to a 36 nF capacitor bank reached W(f)max ave = 55 + 0.3
mJ. Fig. 14(B) shows the waveform of the output current, I(), produced by the FEG in the
circuit and circulation of electric charge. The total charge delivered from the PZT energy-
carrying element to the 36 nF capacitor bank in this experiment was AQmax = 73 pC, which is
49% of the initial charge.

The peak power produced by the FEG was P(f)max = 0.29 MW (Fig. 14). It is about 8 times
higher than that produced by miniature FMG charging the same capacitor bank (Shkuratov
et al., 2006a). Table 3 summarizes results of FEG-Capacitor bank experiments for all three
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capacitance of the bank. It follows from our experimental results that the capacitance of the
capacitor bank effects significantly on the character of processes in the FEG-Capacitor bank
circuit.

Capacitance (nF) Voltage Amplitude (kV) Transferred Energy (m])
9 nF 241 +0.33 kV 26 £0.5
18 nF 2.07+0.22kV 39+04
36 nF 1.75+0.14 kV 55+0.3

Table 3. Amplitude of maximum output voltage, U(f)max generated in FEG-Capacitor bank
system and energy transferred from the FEG module to the capacitor bank as a function of
capacitance of the bank. PZT 52/48 elements with diameter D = 26.1 mm and thickness h =
0.65 mm.

We performed systematic experimental studies of FEG-Capacitor bank systems with FEGs
containing PZT 52/48 elements of different sizes (Shkuratov et al., 2007¢c; Shkuratov et al.,
2008a; Shkuratov et al., 2008b). Figure 15(A) summarizes experimentally obtained high-
voltage pulse amplitudes produced by FEGs of three types versus the capacitance of the
capacitor bank.
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Fig. 15. Performance of FEG-Capacitor bank system. A - amplitude of the voltage pulse
produced by FEGs across capacitor banks of different capacitance. B - energy delivered from
FEGs to capacitor banks of different capacitance. PZT 52/48 elements of D = 26.1 mm/h =
0.65 mm (diamonds), D = 27.0 mm/h = 2.1 mm (triangles) and D = 254 mm/h = 5.1 mm
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It follows from the experimental results that increasing the capacitance of the bank leads to a
gradual decrease in the high-voltage produced by the FEGs containing all three types of PZT
52/48 ferroelectric elements (D = 26.1 mm/h = 0.65 mm, D = 27.0 mm/h =21 mm and D =
254 mm/h =5.1 mm).
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The highest voltage, Ucharge max = 13.7 kV, was obtained across a 2.25 nF capacitor bank from
the FEG containing PZT element of D = 25.4 mm/h = 5.1 mm. The lowest voltage, Ucharge min
=1.2kV, was obtained across a 36 nF capacitor bank from the same type of FEG [Fig. 15(A)].
Figure 15(B) summarizes experimental results obtained in (Shkuratov et al., 2007c;
Shkuratov et al., 2008a; Shkuratov et al., 2008b) for the energy delivered from FEGs to
capacitor banks of different capacitances. It can be clearly seen the maximum energy transfer
from the FEG containing PZT 52/48 elements of D = 25.4 mm/h = 5.1 mm to the capacitor
bank at bank capacitance of 4.5 nF [Fig. 15(B)]. Increasing the capacitance of the bank from
4.5 to 36 nF results in significant decreases in the energy transfer from 177+27 m] to 47+12
m]. Decreasing the capacitance from 4.5 to 2.25 nF leads to a decrease in the energy
transferred to 156125 m].

A similar effect was observed with FEGs containing PZT 52/48 elements of D = 27.0 mm/h
= 2.1 mm [Fig. 15(B)]. In that case, the maximum energy transfer took place with capacitance
of the bank of 9 nF.

5.2. Theoretical Model of FEG-Capacitor Bank System

To explain oscillatory behavior of output signals produced in the FEG-Capacitor bank
system (Fig. 13) we developed a computer model of the system (Shkuratov et al., 2007d;
Shkuratov et al., 2008a). A schematic diagram illustrating the depolarization of a
ferroelectric module under longitudinal shock wave impact is shown in Fig. 16.
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Fig. 16. Schematic diagram illustrated depolarization of PZT element under longitudinal
shock wave impact.

When longitudinal shock wave passes through the polled ferroelectric element, its volume is
divided into two parts or two zones, the shock-compressed zone (through which the shock
wave has already passed), and the uncompressed zone (through which the shock wave has
not passed). The difference in these two zones is in the value of polarization (the
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compressed zone is depolarized), electrical conductivity and other physical properties
(Reynolds & Seay, 1961; Reynolds & Seay, 1962; Halpin, 1966; Setchell, 2003).

The equivalent circuit of the FEG-Capacitor bank system we employed in the simulation is
shown in Fig. 17 (Shkuratov et al., 2008a). The shock-compressed part of the ferroelectric
element is represented in the equivalent circuit as inductance, L1, and resistance, R;.

Tektromx PB015A HV Probe

Fig. 17. The equivalent circuit employed for digital snnulatlon of the FEG-Capacitor bank
system (see the text).

The uncompressed part is represented as Cg. L1 and R; are connected in series to Cs. The
inductance, resistance and capacitance of the load (capacitor bank) and connecting cables are
represented in the equivalent circuit as L, Ri, and Ci, respectively. The capacitance and
resistance of Tektronix P6015A high-voltage probe are represented in the circuit as Cp = 3 pF
and Rp = 100 MQ, respectively. The internal electrical breakdown in the PZT element is
simulated with switch U; having resistance Rs,. It closes when the voltage across the
capacitor bank reaches the maximum value.

Result of simulation of the operation of FEG-Capacitor bank system containing PZT 52/48
element with D = 26.1 mm/h = 0.65 mm and C; = 18 nF is shown in Fig. 18(A). The voltage
across the bank oscillates as it did in the experiment (Fig. 13). The parameters of the system
were as follows: Cc=7nF, L1 =5puH,R1=02Q,C.=18nF, L, =2uH, R, =2 Q, R, =0.3 Q.
Result of simulation of the operation of FEG-Capacitor bank system containing PZT 52/48
element with D = 26.1 mm/h = 0.65 mm and C. = 36 nF is shown in Fig. 18(B). The
parameters of the system Cg, L1, R1, L1, R; were equal to those for the case with capacitor
bank of 18 nF [Fig. 18(A)]. The different parameters in comparison with the case of 18 nF
bank are: capacitance of the bank C; = 36 nF and resistance of the PZT element after internal
electrical breakdown Rg, = 4.3 Q. The output voltage of the FEG is 20% lower than in case of
an 18 nF bank [Fig. 18(B)] and it is practically a single pulse as it was in the experiment (Fig.
14).

Based on results of digital simulation we can make the conclusion that a key parameter
responsible for the oscillatory mode of operation of FEG-Capacitor bank system is the
resistance of PZT element after electrical breakdown. It means that the intensity of the
internal electrical breakdown in the shock-compressed PZT module has significant effect on
the processes in the FEG-Capacitor bank system.
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Fig. 18. Results of computer simulation of operation of FEG-Capacitor bank system.
A - capacitance of the capacitor bank of 18 nF; B - capacitance of the capacitor bank of 36 nF.

In the experiments described above, increasing the capacitance of the capacitor bank leads to
decreasing the voltage produced by the FEG across the bank and, correspondingly, the
voltage applied to shock-compressed ceramic disk. It effects significantly on the intensity of
electrical breakdown in the shock-compressed PZT ceramics. Decreasing the voltage across
the capacitor bank below threshold level results in lower impedance of conductive channels
formed in the ceramics due to the electrical breakdown, and correspondingly aperiodic
behavior of signals in FEG-Capacitor bank system.

6. FEG-Based Nanosecond Pulsed Power System

One of possible engineering applications of FEGs is to use it in combination with
conventional pulsed power devices. A novel type of explosively driven combined pulsed
power system was recently developed (Shkuratov et al., 2006a, Shkuratov et al., 2007a). The
system is based on the FEG as a primary power source and the spiral vector inversion
generator (VIG) as a power-conditioning stage. In this system, the amplitude of microsecond
high-voltage pulses produced by FEGs can be amplified up to 20 times and the pulse width
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can be compressed to the nanosecond time range. A schematic diagram of the completely
explosive FEG-VIG system is shown in Fig. 19.
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Fig. 19. Schematic diagram of a FEG-VIG nanosecond pulsed power system.

The FEG was placed inside the detonation tank. The output terminals of the FEG were
connected to the input of the VIG. The negative terminal of the FEG was grounded. When
fired, the FEG produced a positive high-voltage pulse that was applied to the input of the
VIG spark gap switch. Detailed description of principles of operation of the FEG-VIG
system is given in (Shkuratov et al., 2006a).

The waveform of a typical high-voltage pulse produced by an FEG-VIG system is shown in
Fig. 20. The FEG contained PZT 52/48 disk with D = 25.4 mm/h = 5.1 mm.
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Fig. 20. Waveform of a typical high-voltage pulse produced by an explosive-driven FEG-
VIG system.
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This type of FEG is capable of producing output voltage up to 17 kV across the high-
resistance load (see Section 3 of this Chapter). The FEG-VIG system (Figs. 19 and 20)
produced high-voltage pulse with a peak voltage amplitude U(#)u.x = 91.4 kV, FWHM = 6.5
ns and t =5.25 ns.

Adding a VIG stage increases the voltage output of the FEG by a multiplication factor
depending on the VIG’s parameters, while simultaneously compressing the pulse width into
the range of a few nanoseconds.

7. Summary

We designed, constructed, and systematically studied miniature explosively driven
generators based on shock depolarization of polycrystalline ferroelectric elements. Results of
our studies provided strong basis for understanding the operation of shock wave
ferroelecric generators in different modes and its engineering applications. It was
experimentally demonstrated that the amplitude of the output voltage produced by
miniature FEGs across the high resistance load is directly proportional to the thickness of
the ferroelectric element. The effect of almost complete shock wave depolarization of
Pb(Zro52Ti0.48)Os ferroelectric elements within miniature FEGs under longitudinal explosive
shock pressure 1.5 GPa was detected experimentally. It was experimentally demonstrated
that miniature FEGs can be used as an effective charging sources for capacitor banks. It
follows from detailed parametric studies of FEG-Capacitor bank systems that there is an
optimum capacitance of the bank for each type of ferroelectric element at which the
maximum energy transfer is providing from the FEG to the bank. The charging power in the
FEG-Capacitor bank system ranges from 0.25 to 0.30 MW. The specific energy density
transferred from the PZT 52/48 element to the bank reaches 170 m]/cm3. It was
experimentally demonstrated that the FEG-Capacitor bank system is capable of operating as
a powerful oscillator with frequency up to few megahertz. Feasibility of construction of
miniature autonomous 100-kV nanosecond pulsed power system based on miniature FEG
and the vector inversion generator was experimentally demonstrated. Adding a VIG stage
increases the voltage output of the FEG by a multiplication factor depending on the VIG’s
parameters, while simultaneously compressing the pulse width into the range of a few
nanoseconds. This two-stage FEG-VIG pulsed power system produces an extremely high
power, single-shot pulser that is unrivaled for specific power.
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