The
PHYSICS of
MULTIFUNCTIONAL
MATERIALS

Concepts, Materials, Applications



The Physics of Multifunctional Materials

DEStech Publications, Inc.
439 North Duke Street
Lancaster, Pennsylvania 17602 U.S.A.

Copyright © 2019 by DEStech Publications, Inc.
All rights reserved

No part of this publication may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means,
electronic, mechanical, photocopying, recording, or otherwise,
without the prior written permission of the publisher.

Printed in the United States of America
10 9 8 7 6 5 4 3 21

Main entry under title:
The Physics of Multifunctional Materials: Concepts, Materials, Applications

A DEStech Publications book
Bibliography: p.
Includes index p. 171

Library of Congress Control Number: 2018936309
ISBN No. 978-1-60595-260-4



Table of Contents

Preface X
1. Introduction. ... .. ... ... .. . .. ... 1

2. Multifunctional Materials or Smart Materials
versus Normal Materials . ........................ 3

2.1. General Definition of Multifunctional Materials from a
Physical Aspect 4
2.1.1. Passive Multifunctional Materials 6
2.1.2. Active Multifunctional Materials 7
2.1.3. Smart and Very Smart Materials 8

2.2. Multifunctional Materials in Complex Systems or
Applications 10

2.3. Economic aspects of multifunctional materials 11

3. Basic Physics and Materials Science. ... .......... 13

3.1. Basic Mechanics 13
3.1.1. Force 13
3.1.2. Work 14
3.1.3. Energy 15
3.1.4. Power 16
3.2. Elasticity, Stiffness and Strength 16
3.2.1. Plastic Deformation 18



Vi

Table of Contents

3.3. Oscillations 20
3.3.1. The Influence of Damping 22
3.3.2. Different Forms of Energy 24
3.3.3. Forced Oscillations 25
3.3.4. Impedance Matching and Work Performed by an

Oscillating Object 27

3.4. Diffusion and Heat Transfer 28
3.4.1. Steady State Heat Conduction 28
3.4.2. Transient Temperature Gradient 30
3.4.3. Thermal Relaxation Time 30
3.4.4. Diffusion 31

3.5. Phase Transitions 31

Classification of Multifunctional Materials. . . . . ...

4.1. Performance Index of a Multifunctional Material 35
4.2. Single Stroke Performance 36

4.3. Performance at Cyclic Operation 37

4.4. Performance Data of Various Materials 40

Ferroelectrics—Piezoelectric Materials . . ... .. ...

5.1. Perovskite Structure and Spontaneous Polarization 49
5.2. Ferroelectric Hysteresis 51
5.3. Piezoelectric Tensor 53
5.4. Dielectric Permittivity, Elastic Constant 54
5.5. Sensor- and Actuator-Equation 55
5.6. Electrostriction 56
5.7. Dynamic Behavior of Piezoelectric Elements 58
5.8. Coupling Factors and Efficiency 63
5.9. Frequency Coefficient 65
5.10. Pyroelectric Behavior 66
5.11. Compensation of the Temperature Dependency 66
5.12. Nonlinear Behavior of Ferroelectric Materials 67
5.13. Piezoelectric Materials 68

5.13.1. Piezoelectric Crystals 68

5.13.2. Piezoelectric Ceramics 69

5.13.3. Piezoelectric Polymers 71

5.13.4. Piezoelectric Composite Materials 72



6. Shape Memory Alloys

Table of Contents vii

6.1. Structural Thermo-elastic Phase Transition in Shape
Memory Alloys 78

6.2. Dependency Between Microstructure and Elastic Behavior
of SMA 79

6.3. Discontinuous Change of Physical Properties—Martensitic
Phase Transition 81

6.4. Shape Memory Alloys and Entropy 84

6.5. Different Approaches to Describe the Shape-Memory
Effect 84

6.5.1. Phenomenological Description of the Shape-Memory
Effects 85

6.5.2. Kinematic Description of a SMA Device 88

6.5.3. Physically Based Motivated Microscopic Material
Model for SMA 92

6.6. Quantitative Models for Shape Memory Alloys 98
6.7. Thermal Properties of SMA Actuators 99
6.8. Materials and Important Properties 101

Magnetorheological and Electrorheological
Fluids. . ... ... ... .. .. . . 105

7.1. Viscoelastic Properties and Basic Rheology 106
7.1.1. Newtonian Fluids and Viscosity 106
7.1.2. Viscoelasticity 108
7.1.3. Thixotropic and Rheopectic Fluids 110
7.2. Some Rheological Models 113
7.2.1. Flow-curve Model According to Bingham 113
7.2.2. Flow-curve Model According to
Herschel/Bulkley 114
7.2.3. Flow-curve Model According to Casson 114
7.3. Understanding the Microscopic Structure of ERF
and MRF 114
7.4. ER- and MR-effect Explained by the Interaction of
Induced Dipoles 117
7.4.1. Ferromagnetic Polarization 118
7.4.2. Dielectric Polarization 119



viil

Table of Contents

7.5. Applications—Switchable Fluid Acting as a Valve
7.5.1. Shear-mode Operation of a Switchable Fluid
7.5.2. Flow-mode Operation of a Switchable Fluid
7.5.3. Minimum Required Fluid Volume for a Given

Application 127
7.5.4. Dynamic Response 128
7.5.5. Geometric Considerations 130

7.5.6. Energy Density in a Switchable Fluid 130

7.5.7. Response Time 132
7.5.8. Sedimentation and Re-dispersing 133
7.6. Selected Properties of Switchable Fluids 135

Applications—Multifunctional Materials as

Actuatorsand Sensors . .......... ... .. .. ... ...

8.1. General Considerations 137
8.2. SMA Wire-actuators for Active Hybrid Composites
8.2.1. Combination of SMA and Fiber-reinforced
Polymers 139
8.2.2. Load Transfer Between SMA and Composite
Materials 142
8.2.3. Qualitative Description of an SMA Bimorph
8.2.4. Example of a First Application: Active Vortex
Generators for an Airplane 146

122
123
124

139

143

8.3. Piezo Electric Elements (PXE) as Actuators and Sensors

8.3.1. Quasistatic versus Resonant Operation of a
PX Element 148

8.3.2. Axial and Transversal Piezo Actuators—
Quasistatic Actuation 152

8.3.3. Axial and Transversal Transducers as Sensors for

Quasistatic Operation 156

8.3.4. Transversal Transducers Used as Bending
Elements 158

8.3.5. Operation in Resonance Mode—Acoustic
Transducers 162

References 167

Index

171

148



Preface

HE scope of this book is to explain the physics and materials sci-

ence underlying multifunctional materials and composites made
thereof. The text identifies and elaborates the fundamental principles of
ferroelectricity, elastic phase transformation, and energy transfer mech-
anisms that form the common basis for understanding the functionality,
application potential, and limitations of a smart materials system. While
these principles are independent of specific kinds of materials or par-
ticular applications, they are explained in the context of a representative
material and application. That is, the principles apply to whole groups
of materials and can be used to differentiate between them. The present
book endeavors to cover the basic physics pertaining to multifunction-
al materials: from mechanics, electrodynamics, thermodynamics, and
condensed matter physics, either as a short summary or as applied to
selected examples from the large group of multifunctional materials.
Familiar physics principles are thus used as a guide to the nature and
design of these materials.

The book is not meant to be a comprehensive collection of technical
data. Due to the vast progress in research and development, it could
never be complete and up to date as a compilation of information. It
is intended as a starting point for further reading and as an aid to help
readers understand multifunctional materials based on their underlying
mechanisms. The book concentrates on three different types of multi-
functional materials: piezoceramics, shape-memory alloys, and switch-
able fluids (electrorheological and magnetorheological fluids). These

X



X Preface

materials are the best-known commercially available multifunctional
materials with the most applications. More interesting in the context of
this book is the fact that although the aforementioned examples are all
made from very different materials, namely, ceramics, metals, and flu-
ids, respectively, their multifunctionality is based on the same underly-
ing principle—a structural phase transition induced by an external field,
either an electrical, magnetic, or thermal field. This is one reason why
multifunctional polymeric materials are not discussed. In most cases,
polymer multifunctionality relies on mechanisms besides phase transi-
tion. Polymer multifunctionality can be related to the different proper-
ties of specific components of a compound (e.g., electrically conductive
fillers in a thermoplastic matrix) or to the structure of the assembly of
a specific device (e.g., the Maxwell stress induced by attracting elec-
trodes leading to the actuation of an electroactive polymer device).

The book follows a straightforward path from the definition and clas-
sification of multifunctional materials and their differences from classic
materials in chapter two, through a more quantitative approach in chap-
ter four. In chapters five to seven, the principles behind the functional-
ity of piezoceramics, shape memory alloys, and switchable fluids are
covered. Chapter three summarizes key points of the physics referred
to in this text.

MARTIN GURKA
Kaiserslautern, Germany



CHAPTER 1

Introduction

ECHATRONICS, smart structures, and structronics or adaptronics
Mare all different names for a rapidly advancing field of research
and development encompassing the development of highly integrated
products with adaptive behavior, i.e., the ability to react autonomously
to different operating conditions. This includes all functions of a tradi-
tional control loop: a structure with sensors, controller, actuators and an
energy supply. To reduce the complexity of the final product, as many
functions as possible (e.g., sensing and actuation) are integrated into a
single element or, even better, are integrated into the material itself. The
goal is to develop structures with optimized light weight, reduced space
requirements, and a minimum use of energy or materials resources dur-
ing their whole lifecycle. Industrial applications are multiplying and
will continue to do so.

Smart or multifunctional materials form a central element of this
new technology, playing the role of a “system enabler” for this new
technology and are having an ever larger economic impact. Master-
ing the engineering and processing of multifunctional materials into
smart products are critical challenges for tomorrow’s industry. Standard
development scenarios of today will need to change, so that separate
disciplines like materials sciences, mechanical design, electronics, and
system integration can merge and work as a unit, Still, one point will
remain true: the functionality of new products will be achieved by the
material they rely on. This means more complex materials’ properties
have to be understood by design engineers and be analyzed right from
the beginning of the development of a new product. Materials proper-
ties in the final product are strongly dependent on processing. Even
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2 INTRODUCTION

with well-established processes it must be considered that multifunc-
tional materials have much more complex properties in regards to their
design and fabrication, as well as eventual application. Therefore, the
product development process can no longer be split into discrete tasks
executed sequentially by mechanical engineers, process engineers, and
systems specialists. For example, the standard approach of adding sen-
sors or actuators to a mechanical system, will be replaced by design-
ing from scratch a smart materials system with integrated functionality.
The whole development process will come to reflect a connection to
the diverse, yet related, properties required to create a multifunctional
material.



CHAPTER 2

Multifunctional Materials or Smart
Materials versus Normal Materials

OOKING through the literature, one will find lots of different names
Lused synonymously for the topic of this book. Functional materi-
als, multifunctional materials, smart materials and adaptive materials
are the most common. Considering the peculiarities of these materials
and their difference from normal structural materials, like steel or ce-
ramics, we will see that the term multifunctional material best repre-
sents what is meant by all the other names. It will be used throughout
this book, with the understanding that it covers what is meant by all its
synonyms mentioned above.

Trying to use traditional categories like metals versus polymers or
solids versus fluids does not lead to a useful differentiation from normal
materials because one finds multifunctional variants in all of these cat-
egories. In this chapter we will look into the general definition of this
new class of multifunctional materials and find out if there are similari-
ties between different multifunctional materials like metals, ceramics
polymers or fluids, which can both lead to a general definition and prop-
erly differentiate between them.

If traditional categories from materials sciences like metals, poly-
mers, solids or fluids, which were derived from basic physical or chemi-
cal properties of these materials, are not useful in arriving at a definition
of multifunctional materials, what categories should be used? From the
title of this book one can infer that these might be borrowed from phys-
ics.

But before going into more detail and looking for a physically de-
rived definition of multifunctional or smart materials, it is worth having
a look into the history of this field of research. It was Robert Newnham
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4 MULTIFUNCTIONAL OR SMART MATERIALS vs. NORMAL MATERIALS

who, in a series of lectures and articles, gave useful descriptions of what
smart materials are and how their smartness connects to multifunction-
ality [1-3]. In his definitions, he distinguishes between “smart” materi-
als and “very smart” materials. The difference between smart materials
and very smart materials derives from the mechanism of how a smart
material in general connects an input signal (e.g., an electric field or a
temperature) to an output reaction (e.g., a change in length or an electric
current). For normal smart materials, there is a fixed coupling mecha-
nism that is defined by the structure of the material. For very smart ma-
terials, this coupling mechanism can be tuned during the application by
an additional stimulus (an applied electric field or a mechanical stress,
for example).

So, it is not only the title of the present book that suggests physics
may be suitable to give a definition of multifunctional materials or to
help one understand what makes them different from “regular” materi-
als. The various coupling mechanisms mentioned above are also a good
starting point to give a definition and to differentiate among types of
multifunctional materials themselves.

In addition, we will examine multifunctional materials from two
other general points of view: the special role of multifunctional materi-
als in more complex systems or applications, e.g., how they are the en-
abling element of an active suspension or a vibration-absorbing system
in vehicles and how the multifunctionality of the materials affects their
economic impact in commercial applications.

2.1. GENERAL DEFINITION OF MULTIFUNCTIONAL
MATERIALS FROM A PHYSICAL ASPECT

Multifunctional materials are most often used as sensors or actuators.
This stems from their ability to change measurably at least one physical
property or to transmute one form of energy into another when exposed
to an external stimulus. These behaviors form the basis for defining
multifunctional materials and for furnishing a rough classification of
them.

The cause of the behavior in almost all multifunctional materials is
the occurrence of at least two structural phase transitions. Below a cer-
tain temperature, the microstructure of the material undergoes a dis-
placing and ordering phase transition, where atoms in the crystal struc-
ture of the material change places. In the case of piezoelectric materials,
this phase transition from a cubic structure with a high symmetry to
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either a tetragonal or a rhombohedral structure with a lower symme-
try happens at the so-called Curie temperature (see Figure 2.1). For
shape-memory alloys, the phase transition is called the austenitic phase
transition, where the material increases its ordering from an unordered
high-temperature phase to the more-ordered austenite phase exhibiting
a cubic symmetry. The commonality of these multifunctional materials
is a microstructure that after this first phase transition exhibits a strong
coupling to an external driving force, an electric or magnetic field or an
elastic stress, which triggers a second phase transition that gives rise
to the actual multifunctionality of the material. In the case of a shape-
memory alloy, for example, the temperature-induced martensite-to-
austenite or the stress-induced austenite-to-martensite phase transition
are responsible for the shape-memory effect or the superelasticity of the
material.

The ferroelastic phase transition of piezoelectrics and the thermo-
elastic phase transition of shape-memory alloys will be discussed in
more detail in Chapter 5.

PbTiO3

A

PbZrOs

Rhombohedral Tetragonal

Morphotropic Phase Boundary

FIGURE 2.1. Part of the phase diagram of PbZrO; — PbTiO,, the ferroelectric ceramic
PZT. Depicted are the structural changes at the Curie temperature (T,) and the morpho-
tropic phase boundary. PZT ceramics with a composition near the morphotropic phase
boundary exhibit a strong piezoelectric effect because they have 14 possible poling direc-
tions (after [1]).
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passive layer, 158—-161
passive multifunctional materials, 6
performance, 37, 39, 75-76
chart, 152, 154155
data of MF materials, 40ff.
index, 35, 159-60
Perkins, Jeff, 81
permeability, relative, 118
permittivity, 51, 55, 64, 120
relative, 55, 119, 121
perovskite structure and spontaneous
polarization, 49, 50 (fig.)
phase change, structural, 6, 8
phase diagram,
PZT, 70
phases, 27, 31, 59, 73, 120, 150
austenitic, 98-99
phase transformation
martensite-austenite, 81, 90
structural, 50
phase transition, x, 4-5, 31-33,
69, 81-84, 86, 89, 92, 98,
100
and temperature, 32
ferroelastic, 56
ferroelectric, 8, 52
first-order, 32-33
martensitic, 33, 81, 83—84
stress-induced austenite-to-
martensite, 5
structural, x, 4, 6, 82—83
thermoelastic, 6, 82
piezoceramics, 11, 43, 106, 160
piezocomposite, 76



piezoelectric
actuator, 148, 150
types of, 153 (fig.)
actuator-equation, 56
anti-resonance frequency, 60
behavior, 8, 49, 58
capacitance, 65
ceramics, 69, 168
charge, 73, 158
coefficients, 65, 69-70
composites, 72—73
constants, 55
crystals, 68
device, 63-65
effect, 8, 4748, 58, 68
polymers, 71
resonance frequency, 59
sensor, 148, 150, 157 (fig.)
sensor equation, 56
strain constants, 55
tensor, 53, 64, 73
transducers, 73, 150ft, 165
voltage coefficients, 56, 71
plastic deformation, 18, 77-78, 106, 109
Poisson’s ratio, 17, 161
polarization, 8, 51, 53-54, 56, 71, 76,
119-120, 158
Debye, 120
of PZT ceramic, 51 (fig.)
magnetic in MRFs, 129
mechanisms in ERF, 117, 120, 121
(fig.)
model for ERF, 120
spontaneous, 49-50
surface, 120
remnant, 51
polycarbonate, 12
polycrystalline, 6, 51, 69
polymer matrix, 75-76
polyvinylidene fluoride (PVDF), 71
power, 16, 38-39, 41, 119, 138
density, 43
of piezoelectric, 44
supplies, 138-39, 151
versus frequency, 39 (fig.)
processability, 69
PVDF, 71-72
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pyroelectric behavior, 66
devices, 71
Effect Curie-Weiss Effect, 9
PZT, 49-50, 52, 58, 65, 67, 69-70, 72,
75-76
ceramic, 5, 68

Q-factor, 61, 163
qualitative model (see also models)
simplified, 61
quantitative models, 98, 117 (see also
models)
for shape-memory alloys, 99
quasistatic
actuation, 152
operation of PXE, 150

resistance
apparent, 60—61
outstanding high temperature, 68
resistivity, 6, 9, 63, 98-100, 151
electric, 6, 32, 82, 98
resistors (PTC), 6
resonance, 26, 59-60, 62 (fig.), 63
frequency, 39, 59, 63, 65-66, 150,
152, 155-158, 160-161, 164
(fig.) 163-165
parallel, 61
series, 61
mechanical, 39, 59, 61, 63
mode, 61, 150, 163
resonant operation, 148
response time, 132-34, 138, 141
rheological,
behavior, 105, 107
models, 105, 112-113
macroscopic, 114
pronounced, 112-113
rheopectic fluids, 110-111
rigid-ion-spring model, 47
simplified, 5657, 98
robustness, 73, 166
Rochelle salt, 49, 68

sedimentation in switchable fluids, 133ff.
self-sensing
in SMA, 98
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semiconducting material, 6
Sensors
axial, 156, 158
piezoelectric, 49, 150, 157 (fig.),
168
series resonance frequency, 60—61
shape-memory alloys (see also SMA),
5,8, 33,39-40,42-45,77, 79, 85,
98-99, 102 (fig.), 106, 140-141
shape-memory effect, 5, 77, 84-85, 87,
89,91, 93, 95,97
one-way, 84-86
two-way, 86—87
shear
deformation, 33, 53, 92, 96, 144
macroscopic, 95-96
forces, 75, 106-107, 124, 128,
142-43
mode
and clutch operation, 130
movement, 111
rate, 107-108, 110111, 125, 131
stress, 107, 123—124, 128
thickening, 111, 114
thinning, 111
short circuit, 67
simulation (see also model), 146,
149
single stroke performance, 36
SMA (see also NiTi and shape-memory
alloys)
actuators, 84, 88, 92,99, 101, 142
and composite materials, 142
crystal, 94
devices, 77, 88
complex-shaped, 77
models, 98
phase transition, 89
wire, 98-99, 101, 143-44, 147
thin, 98, 100
wire-actuators, 139, 141, 143, 145,
147
smart materials, 3-4, 6, 8, 10, 12, 167
soft PZT, 69
state variables, 7
independent, 7, 9
steady state heat, 28, 29

stiffness
dynamic, 154-155, 160
external, 91
stiffness-to-weight ratios, outstanding,
139
Stokes equation, 133
strain
curves, 36-38
high, 41
increasing, 78
low, 41
vector, 55
strength, mechanical, 77
stress
dependency, 94
tensile, 80-81, 158
vector, 55
stress-strain, 18, 78, 85, 87, 142-143
stroke, 138, 154—155
structural instability, 83
structural materials
normal, 3
traditional, 11
structural properties, 10
structural thermo-elastic phase transition,
78
structures
hosting, 71, 74, 140-141
perovskite, 49-50, 69
super-elasticity, 87
super-elastic materials, 79
switchable fluids (see also ERFs),
105-106, 113115, 117, 122-124,
127, 129-132, 135
operation as valve, 124

temperature
activation, 91-92
and conductivity, 30
austenite start, 86
coefficient, 67
distributions, 29
drift, 67
elevated, 19, 84, 108
gradient, 30
high, 6, 31
higher, 97, 102



temperature (continued)

hysteresis, 102

increasing, 72, 82, 87, 94, 97, 107

melting, 19, 102, 108

range, 6, 67, 71, 82-83

sensors, 66

stress-strain, 86—87

transition temperature, 30, 81-82, 85,

87-88, 99, 101-103
and hysteresis, 101
glass, 72

tetrafluoroethylene, 49
tetragonal lattice structure, 69
thermal

expansion, 8-9, 41

relaxation time, 30
thermoplastic polymer, 22, 71
thermosetting resin, 75
thixotropic, 111

and rheopectic fluids, 110
titanium, 77
transducer, 59, 66, 74, 163, 165-166

axial, 156

bending, 161

electroacoustic, 69

piezoelectric, 165

transversal, 158

ultrasonic, 71, 73, 165
transversal

piezoactuators, 152

transducers, 156, 158
trifluoroethylene, 49
trimorph, 152, 158-161
trivial and multifunctional materials, 7-9

unit cell, 32, 50, 84, 92
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valve,
switchable fluids as, 125ff.
VCG, 140
VDF, 49, 72
velocity

complex, 26
profile, 125-127
shear, 106
sound, 73, 164—-166
very smart materials, 4, 8
vinylidene fluoride, 49
viscoelastic behavior, 105-110, 122
pronounced, 72
viscosity,
apparent, 111
viscous behavior, 113-114, 122
non-Newtonian, 111
pure, 109
voltage coefficients, 67
large piezoelectric, 68
volumetric flow rate, 126
vortex generators, 146, 148—-149
adaptive, 149 (fig.)

wire, 17,99, 101, 140, 142143,
146
actuators, 139
anchor, 143
SMA, 143

Young’s modulus, 32, 72, 102, 106,
159-160
smaller, 71

zirconium atom, 49
Zukoski model, 117



