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Preface

Intelligent material with multifield coupling properties is an important
aspect of modern science and technology with applications in many industrial
fields such as biomedical, electronic and mechanical engineering.

It is well known that most engineering materials, composite materials in
particular, are heterogeneous. The heterogeneity is either designed to meet
engineering requirements for specific properties and functions or a natural
evolution to adapt the historical architecture to changes in long term loadings
and environment. Typical examples include functionally gradient materials and
biomaterials. Functionally gradient materials are designed according to specific
functions required by users. Biomaterials, on the other hand, remodel
themselves to adapt to changes in the natural environment. Obviously, there are
many heterogeneous materials in engineering including composites, defective
materials and natural biomaterials. Heterogeneous materials exhibit complex
properties at both microscopic and macroscopic level due to their anisotropy
and interaction between components. Generally, there are two approaches used
in investigating heterogeneous materials. One is the continuum mechanics
approach, where the materials are assumed to be approximately homogeneous
and continuous media. The other is the micromechanics approach, used for
investigating the deformation and stress of heterogeneous materials by
considering the interactions of the components in the microscopic scale.

In recent years, research in macro-micro mechanics of composite materials
has resulted in a great many publications including journal papers and
monographs. Up to the present, however, no systematic treatment of
macro-micro theory of heterogeneous multifield composites has been available.
The objective of this book is to fill this gap, so that the reader can obtain a
sound basic knowledge of the solution methods of multifield composites. This
volume details the development of linear theories of multifield materials and
presents up-to-date results on magneto-electro-elastic composites. The book
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consists of eight chapters. Chapters 1, 2, 5, and 7 were written by Qing-Sheng
Yang, and the remaining four chapters were completed by Qing-Hua Qin.
Chapter 1 describes basic concepts and solution methods of heterogeneous
multifield composites. Chapter 2 introduces the essentials of homogenization
approaches for heterogeneous composites. Chapter 3 deals with basic equations
and solutions of linear piezoelectricity, and extensions to include magnetic
effects are discussed in Chapter 4. Chapter 5 is concerned with basic equations,
variational principles, and finite element solution of thermo-electro-chemo-
elastic problems. Applications of multifield theories to bone remodelling
process are detailed in Chapter 6. Chapter 7 examines general homogenization
schemes of heterogeneous multifield composites. In Chapter 8, the final chapter,
a detailed discussion of various micromechanics models of defective
piezoelectricity is provided.

The main contents of this book were collected from the authors® most recent
research outcomes and the research achievements of others in this field. Different
parts of the research presented here were partially conducted by the authors at the
Department of Engineering, Australian National University; and the Department
of Mechanics of Tianjin University, the Department of Engineering Mechanics at
Beijing University of Technology. Support from these universities, the National
Science Foundation of China, and the Australian Research Council is gratefully
acknowledged.

We are indebted to a number of individuals in academic circles and
organizations who have contributed in different, but important, ways to the
preparation of this book. In particular, we wish to extend our appreciation to our
postgraduate students for their assistance in preparing this book. Special thanks
g0 to Ms. Jianbo Liu of Higher Education Press for her commitment to the
publication of this book. Finally, we wish to acknowledge the individuals and
organizations cited in the book for permission to use their materials.

The authors would be grateful if readers would be so kind as to send us
reports of any typographical and other errors, as well as their more general
comments.

Qing-Hua Qin, Canberra, Australia
Qing-Sheng Yang, Beijing, China
May 2007
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Chapter 1 Introduction

1.1 Heterogeneous materials

In classical continuum mechanics, materials are viewed as ideal, continuous,
homogeneous media. The aim of continuum mechanics is to describe the re-
sponse of homogeneous materials to external forces using approximate consti-
tutive relations without microstructural considerations. In fact, all materials are
inhomogeneous in the microscopic scale. Manufactured composites, natural
soils and rocks as well as biological tissues are typical examples. The contin-
uum is a model of materials in the macroscopic scale. Therefore, the homoge-
neity of materials depends on the scale of measurement. The magnitude of the
micro-scale used differs for specific materials. In general, the approximate
range of the micro-scale is 107" m to 10* m.

Heterogeneous materials exist in both synthetic products and nature. Syn-
thetic examples include aligned and chopped fiber composites, particulate
composites, interpenetrating multiphase composites, cellular solids, colloids,
gels, foams, microemulsions, block copolymers, fluidized beds, and concrete.
Some examples of natural heterogeneous materials are polycrystals, soils,
sandstone, granular media, earth’s crust, sea ice, wood, bone, lungs, blood,
animal and plant tissue, cell aggregates, and tumors [1]. These heterogeneous
materials have a legible microstructure. Figs.1.1 to 1.3 show microscopic pic-
tures of some inhomogeneous materials.

It is noted that an important class of heterogeneous media is composites
which are manufactured mixtures of two or more constituents, firmly (as a rule,
but not always) bonded together [2]. The composites have inhomogeneous
properties for different domains or different directions due to the inhomogene-
ity of their microstructures. This is an important feature and merit of heteroge-
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neous materials. The microstructures of the composite materials can be de-
signed to meet various desired properties and functions. The materials may
possess very high properties in one or two directions and very weak properties
in other directions, depending on the design for structural performance. Be-
cause of their excellent designable characteristics, composite materials are in-
creasingly applied to industrial fields, for example, aeronautics and astronautics,
electronics, chemical engineering, biomedical fields and so on.

Fig. 1.1 Fiber reinforced composite

Fig. 1.3 Microstructure of a bone
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Heterogeneous materials often exhibit very complex properties, presenting
new challenges and opportunities to scientists and engineers. In recent years
several new composite materials have been developed which display not only
good mechanical properties but also some new functions such as thermal, elec-
tric, magnetic, photic, and chemical effects. At the same time, composite mate-
rials can create new functions and performance which are absent in their con-
stituents. Such multiple physical properties are usually coupled with each other.
Consequently, the coupling properties and deformation behavior of heteroge-
neous materials are topics of great interest for qualitative and quantitative in-
vestigation.

1.2 Multifield coupling properties of heterogeneous ma-
terials

A number of heterogeneous materials can fulfill the transfer between mechani-
cal and non-mechanical energy (thermal, electrical, chemical energy, etc). Such
materials are usually called intelligent materials. These materials can be used in
adaptive structures, sensors, and actuators. Intelligent materials are sensitive to
variables of the external environment, adjusting their shape or size to adapt to
changes in that environment. This multifield coupling behavior is a unique
characteristic of intelligent materials. For instance, piezoelectric ceramics, pie-
zoelectric polymers, and some biological tissues (e.g. bone, skin, etc) exhibit
thermo-electro-elastic coupling properties [3]. Electric current and heat flow
will be excited when the material is subject to a mechanical loading, and vice
versa.

As an example, a composite material consisting of a piezoelectric phase
and a piezomagnetic phase exhibits considerable multifield coupling properties,
i.e. both electro-mechanical and magneto-mechanical coupling. In addition, it
displays a remarkably large coupling coefficient between static electric and
magnetic fields, which is absent in either constituent. The magnetoelectric cou-
pling in the composite is created through the interaction between the piezoelec-
tric phase and the piezomagnetic phase, which is called a product property. The
product property of composites offers great engineering opportunities to de-
velop new materials.

In a different example, biological tissues, a form of natural material, can
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perform energy transfer between chemical and mechanical energy. In this proc-
ess electric and thermal effects are coupled. This phenomenon can also be
found in clay, gel, and so on, and can be described by thermo-electro-
chemo-mechanical coupling theory.

Research into heterogeneous media has a long history. Two approaches
have been adopted: macro-mechanical and micro-mechanical approaches.
Macromechanics deals with material as a homogeneous continuum based on
the approximate constitutive model, ignoring heterogeneity of the microstruc-
ture. The macroscopic or averaged properties of heterogeneous materials are
studied. However, the macroscopic properties of materials depend on mi-
cro-structural information, such as the geometric and physical properties of the
constituents and the behavior of their interface. Micromechanics has been de-
veloped to investigate the relations between the effective properties and micro-
structures of heterogeneous materials and the interactions among the constitu-
ents[4,5]. As the characteristic length of microstructure is far less than the
characteristic length of the whole body, a homogenization is carried out to cap-
ture the macroscopic behavior of the materials, as shown in Fig.1.4. Denoting y
as the microscopic scale and x as the structural scale, since y<<x, the composite
is replaced by the homogenized continuum.

2 00
e
..-LT".
| x |

(a) Heterogeneous material with microstructure (b) Homogenized continuum
Fig.1.4 Homogenization of heterogeneous materials

In the frame of micromechanics, the emphasis is placed on the bridging of
effective properties and micro-structure parameters of materials. Effective
properties that can be measured experimentally include effective elastic stiff-
ness, conductivity of electricity and heat, permeability coefficient of fluid and
coupling coefficients among physical fields. An understanding of the relations
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of effective properties and microstructure of materials is very vital in the design

of new composite materials.

1.3 Overview and structure of the book

The multifield coupling behavior of the heterogeneous material is a multi-
disciplinary subject. This book focuses on the multifield coupling properties of
several intelligent materials, investigating them by means of macro- and micro-
mechanics. The first group of materials involved is artificially intelligent mate-
rials, such as piezoelectric solids, piezomagnetic materials, and electric activity
polymers which are sensitive to stimuli from the external environment. The
second group of materials includes natural materials, such as biological materi-
als (bone, soft tissue, articular cartilage). These materials exhibit thermo-electro-
chemo-mechanical coupling effects. Investigation of the behavior of such mate-
rials can contribute to understanding of the interaction of the fields and mecha-
nism of deformation, growth, aging and rebuilding of the biological system.
This book is divided into two parts: macromechanics and micromechanics.
Macromechanical analysis is covered in Chapters 3 to 6. The phenomenological
theory of continuous media is applied in the investigation of multifield coupling
behavior of heterogeneous materials. In Chapter 3 the linear theory and general
solutions of piezoelectric materials are described. In Chapter 4 electro-elastic
coupling theory is extended to magneto-electro-elastic coupling problems. In
Chapter 5 we discuss fundamental equations and analytical methods of
thermo-electro-chemo-mechanical coupling problem. Chapter 6 involves ap-
plications of thermo-electro-elastic coupling in bone remodeling.
Micro-mechanical analysis focuses on the connection between
macro-properties and micro-structure parameters, devoting attention to estab-
lishing analytical methods for the effective coupling properties of materials.
Micro-mechanical analysis is dealt with in Chapters 2, 7, and 8. Chapter 2 dis-
cusses the homogenization theory of microstructure and the method of calcula-
tion of the effective properties of heterogeneous elastic materials. In Chapter 7,
we introduce the homogenization methods in the general sense, including the
direct average method, the indirect average method, and the mathematical ho-
mogenization method. In Chapter 8 a micro-mechanical model of
thermo-piezoelectric solid is described, and the effective properties of



