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Preface

The dynamics of smart structures has evolved over the years and has now matured into an independent
and identifiable subject. The objective of this text is to provide an introduction to the fundamental
principles of dynamics of smart structures. The goal is to provide a practical, concise and integrated text
on the subject matter.

In this book fundamental principles are stressed. The treatment in detail on structures assembled
from specific smart material types is based on the need to illustrate basic principles and to introduce
the properties of a variety of commonly used smart structure prototypes. The text extends considerably
beyond the needs of a single specific two-semester or one-year course. There are two compelling reasons
for this: the first being the need for flexibility in structuring a course, which might be based on this text,
while the second is due to a desire to achieve a degree of completeness that makes the text a useful
reference to contemporary practising engineers. The result is a text that should meet the needs of a senior
undergraduate or postgraduate course. It will also be possible to offer two one-semester courses based
on the text: the first on the dynamics of smart structures, covering substantial portions of the first four
chapters in the book, and the second on the active control of smart structures where review of the earlier
chapters is covered with a control flavour followed by the remaining chapters. Relevant application
examples from across the book may be included in each course.

The first chapter provides an introduction to make a smooth transition from a general review of smart
materials to smart structures. The second chapter addresses the dynamical issues related to smart sensors
and actuators. The topics covered are transducers and sensors for smart structures, piezoelectric actuators,
shape memory alloy actuators and fibre-optic sensors, as well as other conventional transducers. The last
section of this chapter is dedicated to fibre-optic transducers, as these transducers are expected to play a
key role in the evolution of smart structures. The next chapter introduces the basic concepts of structural
control. Only the basics of control theory and topics that are relevant to structural control are presented
here. As the fundamentals of acoustic waves and transmission lines play a basic role in understanding
the latter concepts, the fourth chapter begins with this topic. Following an introduction to waves in
solids, the dynamics of continuous structures, particularly the mechanics of elastic media and waves in
elastic media, are covered. The focus of the fifth chapter is vibrations in plates and plate-like structures.
The sixth chapter is devoted to the dynamics of piezoelectric media. After providing an introduction
to piezoelectric crystalline media, the topics covered are wave propagation in piezoelectric crystals,
vibrations in piezoelectric plates, transmission line modelling, discrete element modelling of transducers
and the generation of acoustic waves in piezoelectric media. The next chapter deals with mechanics
of composite laminated media and flexural vibrations in laminated composite plates. The modelling of
flexible laminated plates employing one of several theories such as the classical theory of Kirchhoff, and
the theories of Reissner and Mindlin, with the inclusion of the shear, as well as the more recent theories of
composite zig-zag laminates, are extensively discussed. Furthermore, the chapter covers the mechanics
of composite laminated media, failure of fibre composites, flexural vibrations in laminated composite
plates, dynamic modelling of flexible structures, including the finite element method and equivalent



xiv Preface

circuit modelling, and active composite laminated structures. The eighth chapter covers the dynamics
of thermo-elastic and magneto-elastic media and includes sections on fundamentals of thermoelasticity,
creep in materials, the shape memory effect, thermal control of shape memory alloys, constitutive
relations, dynamics of hysteretic media and the modelling and control of shape memory alloy-based
actuators. The last chapter is devoted entirely to the design of active controllers for flexible structures,
and the sections include controller synthesis for structural control, optimal design of structronic systems,
the analysis of structures with repeated components and application case studies.

The last chapter is particularly important, as this chapter is the one that brings together the concepts,
techniques and systems presented in the earlier chapters. Rather than present the general principles of
control engineering, this chapter focuses on the application of control theory to problems related to the
active feedback control of flexible structures. Thus, it is assumed that the reader is familiar with the basic
principles of control engineering and no attempt is made to provide an in-depth explanation of these basic
tools. The validation of controller designs could be achieved by the application of advanced validation
tools, which is covered in most advanced textbooks on control systems design. These topics are not
covered here. However, the reader is also assumed to be familiar with the matrix analysis package for the
PC, MATLAB/Simulink (MATLAB® and Simulink® are registered trademarks of the The Mathworks
Inc., MA, USA) and some of its tool boxes.

I would like to thank my wife, Sudha, for her love, understanding and patience. Her encouragement
was a principal factor that provided the motivation to complete the project. Finally, I must add that my
interest in the subject of structural dynamics was nurtured by my brother Kosla, when I was still an
undergraduate. His encouragement and support throughout my academic life motivated me substantially
in this fascinating project.

R. Vepa



Contents

Preface

1.5

1.6

1.7

1.8
1.9
1.10

From Smart Materials to Smart Structures
Modern Materials: A Survey
1.1.1 Polymers

1.1.2 Structure and Classification of Polymers

1.1.3 Characteristic Properties of Polymers

1.1.4 Applications of Polymers

Ceramics

1.2.1 Properties of Ceramics

1.2:2 Applications of Ceramics

Composites

1.3.1 Micro- and Macrocomposites

1.3.2 Fibre-reinforced Composites

1.3.3 Continuous-fibre Composites

1.3.4 Short-fibre Composites

1.3.5 Fibre-matrix Composites

Introduction to Features of Smart Materials

1.4.1 Piezoelectric, Piezoresistive and Piezorestrictive
1.4.2 Electrostrictive, Magnetostrictive and Magnetoresistive

1.4.3 The Shape Memory Effect

1.4.4 Electro- and Magnetorheological Effects
Survey of Smart Polymeric Materials

1.5.1 Novel Inorganic Thin Film Materials
1.5.2 Integrative Polymeric Microsystems
1.5.3 Electroactive Polymers

Shape Memory Materials

1.6.1 Shape Memory Alloys

1.6.2 Magnetically Activated Shape Memory Alloys
1.6.3 Shape Memory Polymers

Complex Fluids and Soft Materials

1.7.1 Self-assembled Fluids

1.7.2 Electro- and Magnetorheological Fluids
1.7.3 Smart Polyelectrolyte Gels

Active Fibre Composites

Optical Fibres

Smart Structures and Their Applications

xiii

O X I NI I NN B W W =



viii Contents

1.10.1 Medical Devices 15
1.10.2 Aerospace Applications 15
1.10.3 Structural Health Monitoring 15
2 Transducers for Smart Structures 19
2.1 Introduction 19
2.2 Transducers for Structural Control 21
2.2.1 Resistive Transducers 21
2.2.2 Inductive Transducers 24
2.2.3 Capacitive Transducers 27
2.24 Cantilever-type Mechanical Resonator Transducers 27
2.2.5 Eddy Current Transducer 28
2.2.6 Balancing Instruments 29
2.2.7 Transduction Mechanisms in Materials 29
2.2.8 Hydrodynamic and Acoustic Transduction Mechanisms 32
2.2.9 Transducer Sensitivities, Scaling Laws for Example Devices 33
2.2.10 Modelling and Analysis of a Piezoelectric Transducer 34
2.3 Actuation of Flexible Structures 38
2.3.1 Pre-stressed Piezoelectric Actuators 39
2.3.2 Shape Memory Material-based Actuators 43
2.4 Sensors for Flexible and Smart Structures 44
24.1 Resonant Sensors 44
2.4.2 Analysis of a Typical Resonant Sensor 44
2.4.3 Piezoelectric Accelerometers 48
244 The Sensing of Rotational Motion 51
24.5 The Coriolis Angular Rate Sensor 53
2.5 Fibre-optic Sensors 55
2.5.1 Fibre Optics: Basic Concepts 55
2.5.2 Physical Principles of Fibre-optic Transducers 55
2.5.3 Optical Fibres 60
2.54 Principles of Optical Measurements 64
2.5.5 Fibre-optic Transducers for Structural Control 64
3 Fundamentals of Structural Control 75
3.1 Introduction 75
32 Analysis of Control Systems in the Time Domain 75
3.2.1 Introduction to Time Domain Methods 75
3.2.2 Transformations of State Variables 77
3.2.3 Solution of the State Equations 78
324 State Space and Transfer Function Equivalence 80
325 State Space Realizations of Transfer Functions 81
33 Properties of Linear Systems 82
3.3.1 Stability, Eigenvalues and Eigenvectors 82
3.3.2 Controllability and Observability 83
333 Stabilizability 85
3.3.4 Transformation of State Space Representations 85
34 Shaping the Dynamic Response Using Feedback Control 86
3.5 Modelling of the Transverse Vibration of Thin Beams 88
3.5.1 Vibrations of Cantilever Beam 94

3.5.2 Vibrations of Simply Supported, Slender Uniform Beam 97



Contents ix

3.6 Externally Excited Motion of Beams 98

3.7 Closed-loop Control of Flexural Vibration 100

4 Dynamics of Continuous Structures 117

4.1 Fundamentals of Acoustic Waves 117

4.1.1 Nature of Acoustic Waves 117

4.1.2 Principles of Sound Generation 118

4.1.3 Features of Acoustic Waves 118

4.2 Propagation of Acoustic Waves in the Atmosphere 119

4.2.1 Plane Waves 119

4.2.2 Linear and Non-linear Waveforms 122

4.2.3 Energy and Intensity 123

4.2.4 Characteristic Acoustic Impedance 124

4.2.5 Transmission and Reflection of Plane Waves at an Interface 124

4.3 Circuit Modelling: The Transmission Lines 125

4.3.1 The Transmission Line 125

4.3.2 The Ideal Transmission Line 126

4.3.3 Matched Lines 127

4.3.4 Reflection from the End of a Transmission Line: Standing Waves 128

4.3.5 The Mechanical Transmission Line: An Electro-mechanical Analogy 131

4.3.6 Dissipation of Waves in Transmission Lines 132

4.4 Mechanics of Pure Elastic Media 135

4.4.1 Definition of Stress and Strain 135

442 Linear Elastic Materials 138

443 Equations of Wave Motion in an Elastic Medium 142

444 Plane Waves in an Infinite Solid 143

445 Spherical Waves in an Infinite Medium 145

4.4.6 Transmission Line Model for Wave Propagation in Isotropic Solids 146

4.4.7 Surface Waves in Semi-infinite Solids 148

5 Dynamics of Plates and Plate-like Structures 161

5.1 Flexural Vibrations of Plates 161

52 The Effect of Flexure 163

53 Vibrations in Plates of Finite Extent: Rectangular Plates 168

54 Vibrations in Plates of Finite Extent: Circular Plates 174

5.5 Vibrations of Membranes 178

6 Dynamics of Piezoelectric Media 187

6.1 Introduction 187

6.2 Piezoelectric Crystalline Media 192

6.2.1 Electromechanically Active Piezopolymers 196

6.3 Wave Propagation in Piezoelectric Crystals 197

6.3.1 Normal Modes of Wave Propagation in Crystalline Media 200

6.3.2 Surface Wave Propagation in Piezoelectric Crystalline Media 202

6.3.3 Influence of Coordinate Transformations on Elastic Constants 203

6.34 Determination of Piezoelectric Stiffened Coefficients 207

6.4 Transmission Line Model 210
6.4.1 Transmission Line Model for Wave Propagation in

Non-piezoelectric Crystalline Solids 210



b Contents

6.4.2 Transmission Line Model for Wave Propagation in Piezoelectric
Crystalline Solids 213
6.5 Discrete Element Model of Thin Piezoelectric Transducers 214
6.5.1 One-port Modelling of Thin Piezoelectric Transducers 218
6.5.2 Two-port Modelling of a Piezoelectric Diaphragm Resting on a Cavity 219
6.5.3 Modelling of a Helmholtz-type Resonator Driven by a Piezoelectric
Disc Transducer 220
6.5.4 Modelling of Ultrasonic Wave Motors 223
6.6 The Generation of Acoustic Waves 226
6.6.1 Launching and Sensing of SAWs in Piezoelectric Media 229
6.6.2 Wave Propagation in Periodic Structures 232
7 Mechanics of Electro-actuated Composite Structures 241
7.1 Mechanics of Composite Laminated Media 241
7.1.1 Classical Lamination Theory 242
7.1.2 Orthotropic, Transverse Isotropic and Isotropic Elastic Laminae 242
7.1.3 Axis Transformations 245
7.1.4 Laminate Constitutive Relationships 246
7.1.5 Dynamics of Laminated Structures 250
7.1.6 Equations of Motion of an Orthotropic Thin Plate 251
7.1.7 First-order Shear Deformation Theory 254
7.1.8 Composite Laminated Plates: First-order Zig-zag Theory 255
7.1.9 Elastic Constants Along Principal Directions 259
72 Failure of Fibre Composites 261
7.3 Flexural Vibrations in Laminated Composite Plates 264
7.3.1 Equations of Motion of Continuous Systems in Principal
Coordinates: The Energy Method 265
7.3.2 Energy Methods Applied to Composite Plates 268
7.4 Dynamic Modelling of Flexible Structures 269
7.4.1 The Finite Element Method 270
7.4.2 Equivalent Circuit Modelling 270
7.5 Active Composite Laminated Structures 271
7.5.1 Frequency Domain Modelling for Control 271
7.5.2 Design for Controllability 277
8 Dynamics of Thermoelastic Media: Shape Memory Alloys 291
8.1 Fundamentals of Thermoelasticity 291
8.1.1 Basic Thermodynamic Concepts 291
8.2 The Shape Memory Effect: The Phase-transformation Kinetics 293
8.2.1 Pseudo-elasticity 294
822 The Shape Memory Effect 296
8.2.3 One-way and Two-way Shape Memory Effects 296
824 Superelasticity 297
8.3 Non-linear Constitutive Relationships 298
83.1 The Shape Memory Alloy Constitutive Relationships 299
8.4 Thermal Control of Shape Memory Alloys 301
8.5 The Analysis and Modelling of Hysteresis 302
8.5.1 The Nature of Hysteresis 302
8.5.2 Hysteresis and Creep 303

8.5.3 Hysteresis Modelling: The Hysteron 303



Contents xi
854 Modelling the Martensite Fraction—temperature Hysteresis 308
855 Decomposition of Hysteretic Systems 309
8.6 Constitutive Relationships for Non-linear and Hysteretic Media 310
8.7 Shape Memory Alloy Actuators: Architecture and Model Structure 312
8.7.1 Simulation and Inverse Modelling of Shape Memory Alloy Actuators 312
8.7.2 Control of Shape Memory Alloy Actuators 314
9 Controller Design for Flexible Structures 321
9.1 Introduction to Controller Design 321
9.2 Controller Synthesis for Structural Control 321
9.2.1 Problems Encountered in Structural Control: Spillover, Model
Uncertainty, Non-causal Compensators and Sensor Noise 322
9.2,2 Concepts of Stability 323
9.2.3 Passive Controller Synthesis 327
9.2.4 Active Controller Synthesis and Compensation 330
9.2.5 Reduced-order Modelling: Balancing 336
9.2.6 Zero-spillover Controller Synthesis 338
9.3 Optimal Control Synthesis: Hy, and Linear Matrix Inequalities 340
9.3.1 The Basis for Performance Metric Optimization-based Controller Synthesis 340
9.3.2 Optimal Hy, Control: Problem Definition and Solution 344
9.3.3 Optimal Control Synthesis: Linear Matrix Inequalities 346
9.4 Optimal Design of Structronic Systems 350
94.1 Optimal Robust Design of Controlled Structures 351
9.4.2 Optimum Placement and Co-location of the Sensor and Actuators:
The Active Clamp 357
9.4.3 Optimal Controller Design Applied to Smart Composites 361
9.4.4 Optimal Robust Stabilization of Smart Structures 370
9.5 Design of an Active Catheter 375
9.6 Modelling and Control of Machine Tool Chatter 376
9.6.1 Stability Analysis of Machine Tool Chatter 380
9.6.2 Feedback Control of Machine Tool Chatter 382

Index

389



1

From Smart Materials to
Smart Structures

1.1 Modern Materials: A Survey

One of the most challenging and intellectually satisfying endeavours of materials scientists during the
last decade has been the application of the well-developed methodologies of materials science research
to the study of smart materials. Smart materials may be described as materials that can sense an external
stimulus (e.g. stress, pressure, temperature change, magnetic field, etc.) and initiate a response. Passively
smart materials can only sense an external stimulus. Actively smart materials have both sensing and
actuation capabilities. Smart materials, like materials themselves, may belong to one of four classes:
metals or alloys, polymers ceramics, or composites (Figure 1.1). Metals and alloys of different metals
are the classical materials. It is other materials that are unusual and most important as smart materials
(Askeland and Phule, 2003).

1.1.1 Polymers

Polymers are chained molecules that are built up from simple units called monomers (Schultz, 1974
Hearle, 1982). Polyethylene is an archetypal example of a polymer. Polyethylene is produced from ethy-
lene molecules by an addition reaction. The unsaturated double bond in ethylene (C,H,) is broken, and
this acts as an active agent, attracting self-similar units at either end to produce a chain molecule.
Some examples of polymers are silicone, polydimethyl siloxane, polyurethane, polyethylene (PE),
polyvinylchloride (PVC), hydrogels, polyester, polytetrafluoroethylene (PTFE), acetal, polyethylene,
polymethyl methacrylate (PMMA), polylactic acid, polyglycolic acid, nylon and ultra-high molecular
weight polyethylene (UHMWPE).

1.1.2  Structure and Classification of Polymers

PMMA is an example of a hydrophobic linear chain polymer. It is known by the trade names Lucite and
Plexiglas and possesses excellent light transmittance properties. It is therefore used for the manufacture
of intra-ocular and hard contact lenses. Polypropylene is another polymer that possess high rigidity,
good chemical resistance, good tensile strength and excellent stress cracking resistance. PTFE, known
by the trade name Teflon, is a very hydrophobic polymer with good lubricity and low wear resistance.

Dynamics of Smart Structures  Dr. Ranjan Vepa
© 2010 John Wiley & Sons, Ltd
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Figure 1.1 Classification of smart materials

Polyethylene is a polymer that can be compacted to a high density (HD) form with an ultra-high molecular
weight and has good toughness and high wear resistance. Polyethylene terephthalate (PET), known by
the trade name Dacron, is a high-melting crystalline polymer with a very high tensile strength and is
therefore used in fabrics for various applications. Polylactic glycolic acid (PLGA) is a random copolymer
used in medical applications.

A polymer chain layout has a macroscopic structure to it and two types of structures, amorphous
and crystalline, are common. The molecular structure could be chained, linear, branched, cross-linked
or networked. Polymers may also be classified as homopolymers, with all repeating units in the chain
of the same type (PE, PVC, PTFE, PMMA, PET and nylon), or copolymers, which consists of two or
more dissimilar ‘mer’ units along the chain or branches (Acrylonitrile, Butadiene, and Styrene or ABS,
dimethylsiloxane). Copolymers can be random, alternating, graft or block type.

Based on their thermal characteristics, polymers may be classified as thermoplastics, which are linear
or branched polymers that can be melted and remelted with heat, or thermosetting plastics, which
are cross-linked or networked and are therefore rigid structures that cannot be remelted and degrade
on heating. Thermoplastics are recyclable, e.g. polyethylene, while thermosets are not recyclable, e.g.
polyurethane.

Based on the chain structure, polymers could be classified as linear, branched or cross-linked. In linear
polymers, the mer units form a single continuous chain. The mer units in the chain are bonded together
by weak van der Waals forces. In the case of branched polymers, additional side branches result from
further reactions that occur during synthesis. A consequence of the existence of the side branches is
that the packing efficiency of the polymers is reduced, resulting in a lower density (LD). In cross-linked
polymers, the side branches join up with adjacent branched chains. These bonds are essentially covalent
bonds formed during the synthesis of the polymer or at elevated temperatures, and the net result is a
cross-linked chain polymer. A typical example is vulcanized rubber.

1.1.3  Characteristic Properties of Polymers

Polymers are generally elastic at relatively low temperatures below the melting point, although they
are not as stiff as metals and are viscous fluids near the melting point. At intermediate temperatures
they are viscoelastic. Some other key characteristics of polymers are good thermal stability, high tensile
strength, high impact resistance, excellent ultraviolet resistance and extremely high purity. Thermosetting
plastics are liquid or low-melting-point solids that ‘cure’ with heat, which is an irreversible process.
Thermoplastics soften to viscous fluids when heated and regain the solid state when cooled. This process
is reversible. The main properties of polymers that set them apart from other materials are molecular
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weight, glass transition, crystallinity, melting point, mechanical behaviour and viscoelasticity, fatigue
and fracture resistance, and crazing. The glass transition temperature is one below which all segmental
motion of polymer chains ceases. The glass transition temperature varies from polymer to polymer
because it is a function of compound chemistry. Due to the alignment and ordering of chain segments
in thermoplastics, 100% crystallinity is seldom achieved; polyvinylidene fluoride (PVDF) is typically
50-60% crystalline. The extent of crystallinity achieved is dependent on the complexity of side groups
and leads to higher densities: o(HDPE) = 0.97 g/cc; p(LDPE) =0.92 g/cc.

Elastic deformation is due to stretching of the constituent chains in the polymer. Viscoelasticity refers
to instantaneous elastic strain followed by time-dependent strain. Mechanical deformation is highly time,
rate and temperature dependent. The fatigue strength of polymers is more sensitive to load character-
istics/temperature than metals/ceramics. Thermosets exhibit brittle fracture, while thermoplastics can
exhibit either brittle or ductile fracture. Ductile to brittle transition is possible in thermoplastics, e.g.
PMMA is brittle at 4°C and completely ductile at 60°C. Crazing refers to the narrow zones of highly
deformed and voided polymer. Typically a ‘craze’ contains from about 20% to about 90% voids.

1.1.4  Applications of Polymers

An unusual ferroelectric polymer is PVDF, which is a highly crystalline polymer that belongs to a class
of materials based on the vinylidene fluoride monomer [~-CH,~CF,-]. Depending on the structure, in
some crystal lattices, the centres of the positive and negative charges do not coincide even in the absence
of an external electric field. In these cases, there exists spontaneous polarization in the crystal, which
is referred to as ferroelectricity. When the polarization of the material can be altered by an electric
field, it is said to be ferroelectric. Ferroelectric crystals are spontaneously polarized only below a certain
temperature known as the Curie temperature. A ferroelectric polymer such as PVDF is one with groups
of molecules linked as orderly crystallites. The crystallites form in an amorphous matrix of chemically
similar, but differently structured, material. The piezoelectric behaviour of the material, which refers to
the generation of charge due the application of mechanical stress, is determined by the relative population
of crystallites.

PVDF is a piezoelectric polymer material used for vibration sensing. PVDF, which is known by
the trade name Kynar®, is a high molecular weight, semi-crystalline, semi-opaque and white ther-
moplastic polymer that is melt processable. It belongs to a class of materials based on the vinylidene
fluoride monomer [-CH,~CF,—]. In practice, both uniaxial and biaxial mechanical orientation is used
in applications. A process known as poling or subjecting the material to high electric field in a heated
condition gives a different balance of piezo/pyroelectric properties. Poled PVDF has excellent corrosion
and chemical resistance and outperforms other piezoelectric materials in many applications up to 300°F
(149°C). PVDF has a glass transition temperature of about —35°C. It is suitable for chemical processing
applications because of its unique combination of properties. Poled PVDF possesses excellent chemical
resistance, is tough and durable, and is easily fabricated into finished parts.

Large applied AC fields (~200MV/m) can induce non-linear electrostrictive strains of the order of
~2%. Co-polymerization of trifluoroethylene (TrFE) with VDF produces a random co-polymer, P(VDF-
TrFE), a PVDF polymer that has been subject to electron radiation and has shown electrostrictive strain
as high as 5% at lower-frequency drive fields (150 V/pm). These polymers belong to a class known as
electroactive polymers (EAPs) and may be used in the construction of actuators.

1.2 Ceramics

Ceramics (Boch and Niepce, 2005) are inorganic and non-metallic materials, the term ‘ceramics’
originates from the Greek word ‘keramikos’ or ‘burnt stuff’. Ceramic materials are intrinsically hard,
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strong and stiff, but brittle, as determined by their atomic structure. Ceramics are different from metals,
which are characterized by metallic bonding, and polymers, which are characterized by organic or car-
bon covalent bonding. Most ceramics usually contain both metallic and non-metallic elements (with a
combination of ionic and covalent bonding).

The structure of a ceramic depends on the structure of the constituent metallic and non-metallic
atoms, and the balance of charges produced by the valence electrons. Examples of ceramics are glass
ceramics that are based on a network of silica (SiO,) tetrahedrons, nitride ceramics (TiN) and other
silicate ceramics such as quartz and tridymite. A classic example of a ceramic is cement. There are a
number of different grades of cement, but a typical Portland cement will contain 19-25% SiO,, 5-9%
AL O3, 60-64% CaO and 2—4% FeO.

1.2.1 Properties of Ceramics

Ceramics are characterized by some unique properties due to the coupling of their chemistry with the
mechanics of cracking. These properties include thermo-electrical properties, non-linear optical proper-
ties and ferroelectric (piezoelectric) properties as well as several others. A typical ceramic ferroelectric is
barium titanate, BaTiOs. Lead zirconate titanate (PZT) powders are processed in rolling mills to form a
visco-plastic dough. The dough may be extruded or processed by calendering or lamination. PZT powder
is manufactured by calcinating an appropriate mix of at least three different lead oxides, titanium and
zirconium oxide. PZT with the formula PbZr,_,Ti, O3 is available in several forms. Particle size has a
direct influence on both the direct and the inverse piezoelectric response. The latter effect, the inverse
piezoelectric effect, refers to the generation of stress by the application of an electric field. Complex
dielectric properties are also controlled by adding dopants. In typical examples of acceptor doping Fe*+
replaces Ti**/ Zr*" or Na* replaces Pb?*, while in the case of donor doping Nb** replaces Ti*+/Zr** or
La** replaces Pb?*.

Ceramics and polymers do not exhibit piezoelectric properties in their natural state but only after the
temporary application of a strong electric field. The process of making polycrystalline ceramics and
polymers piezoelectric is called poling. It has been described as a process analogous to magnetizing
a permanent magnet. Several ceramics exhibit the piezoelectric property when poled. These include
barium titanate, PZT, lead metaniobate, bismuth titanate, sodium potassium niobate and lead titanate.

After a ceramic has been fired, the material will be isotropic and will exhibit no piezoelectric effect
because of this random orientation. Before polarization, the ceramic material is thus a mass of minute,
randomly oriented crystallites. The ceramic may be made piezoelectric in any chosen direction by
poling, which involves exposing it to a strong electric field. Following poling and the removal of the
field, the dipoles remain locked in alignment, giving the ceramic material a permanent polarization and
a permanent piezoelectric property.

This poling treatment is usually the final stage in the manufacture of a piezoelectric ceramic component.
The manufacturing process involves the dry mixing and ball milling of the components, calcining above
900°C, followed by milling to a powder, spray drying and the addition of a binder. The dried, calcined
powder with the binder added is then compacted. In this state it is still ‘chalky’ and in a soft condition.
The binder is then burnt out by heating to between 600 and 700°C. It is then machined if necessary
and sintered at 1800°C. During the sintering or firing process, high energy is provided to encourage the
individual powder particles to bond or ‘sinter’ together, thus removing the porosity present in earlier
compaction stages.

During the sintering process, the ‘green compact’ shrinks by around 40% in volume. The shrinkage
is predictable and can be accommodated. In the final stages of manufacture, after cutting, grinding and
polishing as required, electrodes are applied either by screen printing or by chemical plating or vacuum
deposition. Poling then is carried out by heating in an oil bath at 130-220°C, and applying an electric
field of 2-8 kV/mm to align the domains in the desired direction.
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1.2.2  Applications of Ceramics

Ferroelectric ceramics are very promising for a variety of application fields such as piezoelec-
tric/electrostrictive transducers and electro-optics. PZT is a piezoelectric ceramic that is suitable for
incorporation in composites in the form of ceramic fibres. PZT fibres are an active piezoelectric ceramic
material and are particularly suitable for actuating and sensing applications for vibration control in smart
and adaptive structures. Innovative fabrication technologies, which enable the realization of very high
volume fraction fibre composites, have been developed for the manufacture of high-performance active
and novel flexible composites for smart structure applications (Srinivasan and McFarland, 2000).

1.3 Composites

A composite is a combination of two or more materials (reinforcement, resin, filler, etc.) (Agarwal and
Broutman, 1990; Vijaya and Rangarajan, 2004; Daniel and Ishai 2005). The component materials may
differ in form or composition on a macroscale. A unique feature of composites is that the materials retain
their identities, i.e. they do not dissolve or merge into each other, and act cooperatively. The components
can be physically identified and exhibit an interface between each other. A typical composite is a two-
phase composite consisting of a matrix, which is the continuous phase, that surrounds a second phase
known as reinforcement, which in turn is a dispersed phase that normally bears the majority of stress.

There are several ways to classify composites and a broad classification of composites is shown in
Figure 1.2. Based on the classification certain main types of composites can be identified:

micro- and macrocomposites
fibre-reinforced composites
continuous fibre composites
short-fibre composites
fibre-matrix composites.
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1.3.1 Micro- and Macrocomposites

Micro- and macrocomposites can be considered as polymer combinations, metal combinations and
ceramic combinations. Typical examples of polymer combinations are polymer—polymer fibre-reinforced

| Composites
l !

Fibre- Particle- Structure-
reinforced || reinforced | | reinforced

Continuously, , Disconn’nuoz;I LLaminate] lfa"dW"C h—l
aligned

i——J’—; ]
lAligne;] keandM Ll,arge Ii)isperse;I

Figure 1.2  Classification of composites




