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Preface

… functional composites make use of a number of underlying
ideas including connectivity patterns leading to field and
force concentration; the use of periodicity and scale in
resonant structures; the symmetry of composite structures
and its influence on physical properties; polychromatic
percolation and coupled conduction paths; varistor action
and other interfacial effects; sum, combination, and product
properties; coupled phase transformation phenomena; and
the important role that porosity and inner composites play in
composite materials.

R. E. Newnham

We have a paradox in the method of science. The research
man may often think and work like an artist, but he has to
talk like a bookkeeper, in terms of facts, figures, and logical
sequences of thought.

H. D. Smyth

Composites based on ferroelectrics are heterogeneous materials that contain two or
more components and are characterised by ferroelectric, piezoelectric, pyroelectric
and other important properties. These materials have been manufactured and
developed since the late 1970s, and their properties are the focus of attention by
specialists in physics of active dielectrics, mechanics of heterogeneous media,
piezoelectric materials science, etc. The composites in the poled state exhibit a
remarkable ability to convert mechanical energy into electric energy and vice versa
as a result of the electromechanical coupling and piezoelectric effect. Due to various
adaptive characteristics and possibilities to vary and tailor their properties under the
application of external electric and/or mechanical fields, these composites are often
regarded as an important group of smart materials [1, 2]. The studies on their
properties and other characteristics require a multidisciplinary effort of specialists
and are impossible without a good physics-mathematical basis and understanding
of the classical composition–structure–properties relations.

The aim of the present monograph is to describe and discuss the relations
between the microgeometry and piezoelectric sensitivity of composites based on
either ferroelectric ceramics or single crystals. In this monograph, we develop the
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materials science concepts on the composition–structure–properties relations in the
piezo-active composites and the analytical approach [1, 2] to show different “faces”
of the piezoelectric sensitivity. Links between the microgeometry and piezoelectric
properties of the composites are, as a rule, intricate [1–5], however one can reveal
and describe the main factors and microgeometric features that influence the
piezoelectric sensitivity at specific connectivity patterns. Despite a large number
of the connectivity patterns [1, 2] related to the two- and three-component com-
posites, one can mention a few composite types (2–2, 1–3, 0–3, and 3–3) that have
been under intensive study in the last decades. Some advantages of the piezoelectric
sensitivity are first discussed in the context of the piezoelectric coefficients of four
types (d�ij, e

�
ij, g

�
ij, and h�ij). As is known, these parameters are used to fully describe

links between mechanical and electric fields in piezoelectric media [6]. In keeping
with modern trends in materials science and engineering, numerous examples of the
piezoelectric sensitivity are analysed and compared, and these examples are also of
value for potential piezotechnical (sensors, actuators and transducers),
energy-harvesting, hydroacoustic and other applications. The novelty of the present
monograph consists in the first systematisation of many authors’ results on the
piezoelectric sensitivity and microgeometric features of modern composites based
ferroelectrics, and links between the microgeometry and piezoelectric sensitivity for
a series of two- and three-component composites form the mainstream of this
scientific work. Hereby, we remember the following phrase: “Science answers the
question why, and art the question why not” (Sol Le Witt).

Answering the question why in the present monograph, we fill a gap in the
description of the piezoelectric performance of modern anisotropic composites
characterised by various microgeometric and symmetry features. This new work
represents an international edition written by three specialists working in adjacent
areas of science and engineering, in the areas where the piezo-active composites are
of academic interest and importance for applications.

The monograph has been written on the basis of the authors’ research results
obtained at the Southern Federal University (Russia), University of Bath (UK) and
University of Rome Tor Vergata (Italy). The academic style of presentation of the
research results and the discussion about these results indicate that the present
monograph would be useful to engineers, postgraduate students, researchers and
lecturers, i.e. to many specialists working in the field of heterogeneous ferroelectric,
piezoelectric and related materials, studying and improving their effective properties
for specific applications and so on. The present monograph will be of benefit to all
specialists looking to understand the important links between the microgeometric
and sensitivity characteristics of the modern piezo-active composites. Some chap-
ters and sections of the monograph may be a basis for a university course devoted to
composites based on ferroelectrics, their properties and potential applications.
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Based on our knowledge, experience and research results, we hope that the
twenty-first century termed The Century of New Materials and Technologies will
lead to the fruitful development of new scientific directions in the field of advanced
composite materials.

Rostov-on-Don, Russia Prof. Dr. Vitaly Yu. Topolov
Bath, UK Prof. Dr. Christopher R. Bowen
Rome, Italy Prof. Dr. Paolo Bisegna
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Chapter 1
The Piezoelectric Medium
and Piezoelectric Sensitivity

Abstract The piezoelectric effect and related electromechanical properties are
described, and examples of modern piezoelectric materials and their sensitivity are
considered. Full sets of electromechanical constants of various piezoelectric
materials are given for comparison. Examples of electromechanical coupling factors
and figures of merit are also considered to show links between the piezoelectric
sensitivity and these parameters. Among materials exhibiting the important
piezoelectric properties, of interest are domain-engineered relaxor-ferroelectric
single crystals, poled ferroelectric ceramics and piezo-active composites based on
ferroelectrics. The importance of the piezoelectric sensitivity in piezotechnical
applications is briefly discussed.

Piezoelectricity as a phenomenon discovered in 1880 is of great interest from a
number of viewpoints. From the physical viewpoint, mechanical fields generate
electric fields, and vice versa: for example, an electric polarisation of a piezoelectric
material can be the result of either a mechanical stress or strain. In this context a
piezoelectric property of a dielectric serves as a linkage between the fields that are
described by tensors of different ranks, namely, by the first-rank (electric field or
electric displacement) and second-rank tensors (mechanical stress or strain). From
the crystallographic viewpoint, there are symmetry restrictions that do not enable
observation of the piezoelectric effect in all of dielectric single crystals (SCs). From
the materials-science viewpoint, no universal approach was put forward for a
number of decades to describe the features of piezoelectricity in a variety of
dielectrics, such as SCs, ceramics, textures, thin films, and composites. Moreover,
piezoelectricity is often observed in dielectric materials that exhibit other important
properties. Among them, first of all one can highlight their electrostrictive, pyro-
electric and ferroelectric properties. Such a complex range of the physical prop-
erties, their interconnections in dielectric materials and intricate linkages between
electric, mechanical and thermal fields are of an independent interest for applica-
tions such as pyroelectric sensors, piezoelectric sensors, actuators, transformers,
accelerometers, strain gauges, electromechanical frequency filters, acoustic anten-
nae, ultrasonic imaging systems, etc.
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In this chapter we highlight some characteristics of the piezoelectric medium to
demonstrate the important role of its piezoelectric sensitivity (PS). We add that
parameters concerned with the PS are of interest to both academia and industry, and
improving the parameters of modern piezoelectric materials is to be based on
knowledge from physics, mechanics, crystallography and materials science.

1.1 Piezoelectric Effect and Electromechanical Coupling

The direct piezoelectric effect was discovered by brothers P. Curie and J. Curie
during the experimental study of the behaviour of quartz SC under mechanical
loads (1880). An electric response of the quartz sample consists in its polarisation
(appearance of surface charges at the SC faces), and the direction of the polarisation
vector P changes on switching the external mechanical stress r. The
polarisation P of the sample is proportional to the stress r, and the stress field
applied to the sample is regarded as a homogeneous field. In 1881 the converse
piezoelectric effect was described by P. Curie and J. Curie. In the converse
piezoelectric effect an external electric field E applied to the material leads to a
mechanical response: in this case a stress r or a strain n in the material is achieved
[1, 2]. The application of a homogeneous electric field generates a homogeneous
mechanical field in the sample, and a proportionality between the components of
the electric and mechanical fields can be measured experimentally. Undoubtedly the
converse piezoelectric effect is similar to electrostriction that is the strain n of a
dielectric under an external electric field E. However, for electrostriction the strain n
is proportional to E2, and no symmetry restrictions are needed [1] to observe such
an effect. In contrast to the electrostriction, the piezoelectric effect follows a linear
relationship between electric and mechanical components and originates from the
displacement of ions of an acentric unit cell under an electric field [1–4]. The linear
relationship that is valid at the specific symmetry restrictions [1, 4, 5] for piezo-
electric SCs, textures, ceramics, and composites enables one to explain the change
in the sign of the piezoelectric effect when the direction of the external field E is
switched. In piezo-passive dielectrics the switching of the E direction does not lead
to the change of the sign of the strain n because of the electrostrictive character of
the strain n * E2. In piezoelectrics, as a rule, the electrostrictive strain is small in
comparison to the piezoelectric strain n * E.

The piezoelectric medium is of specific interest due to the potential for an
electromechanical coupling and piezoelectric properties concerned with non-trivial
links between electric and mechanical fields, especially in anisotropic and hetero-
geneous materials. The piezoelectric effect in poled ferroelectric ceramics (FCs) [2–
4, 6, 7] and composites based on ferroelectrics [8, 9] is complex in comparison to
the piezoelectric effect in quartz [1] or single-domain ferroelectric SCs [4, 10]
because of the impact of microstructure, domain and heterophase structures, ori-
entations, intrinsic and extrinsic contributions, mutual arrangement of components
and orientation effects [11–13].
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A description of the piezoelectric effect in SCs is often carried out in terms of
thermodynamic functions, such as Helmholtz free energy, Gibbs free energy, elastic
Gibbs energy, and electric Gibbs energy [1–4]. Each of these functions has at least
three arguments that characterise the mechanical, electric and thermal states of the
SC. The first argument can be either mechanical stress rkl or mechanical strain njr
(components of the second-rank tensors), the second argument can be either electric
field E or electric displacement D (components of the first-rank tensors), and the
third argument can be either temperature T or entropy S (components of the
zeroth-rank tensors). In some cases additional arguments, such as an external
magnetic field H or magnetic induction B [8] are taken into consideration.

Based on the thermodynamic functions and relations between the arguments of
the mechanical, electric and thermal states [1, 2], we describe the linked ‘response
—actions’ in the piezoelectric medium as follows:

rkl ¼ cEkljrnjr � eiklEi þ bklDT ð1:1Þ

Di ¼ eiklnkl þ enif Ef þ piDT ð1:2Þ

DS ¼ bjrnjr þ piEi þðq=T0ÞcDT ð1:3Þ

In (1.1)–(1.3) the constants are the elastic moduli at electric field E = const (cEkljr ,
fourth-rank tensor), piezoelectric coefficients (eikl, third-rank tensor), coefficients of
thermal stress (bkl, second-rank tensor), dielectric permittivities at mechanical strain
n = const (enif , second-rank tensor), pyroelectric coefficients (pi, first-rank tensor),
density (q, zeroth-rank tensor), and specific heat (c, zeroth-rank tensor). Summing
over the repeated subscripts in (1.1)–(1.3) is to be performed from 1 to 3. The
increments DT and DS in (1.1)–(1.3) denote differences T − T0 and S − S0,
respectively, where T0 is the initial temperature, and S0 is the initial entropy of the
SC. It should be noted that the linear relations from (1.1) to (1.3) hold at relatively
weak external fields [1–3]. For example, as follows from experimental data [1, 3, 4,
6, 14, 15], the linear dependence rkl(njr) from (1.1) obeys Hooke’s law in an
anisotropic medium at small (less than 1%) strains njr, and the linear dependence
Di(Ef) from (1.2) is valid at relatively low levels of electric field Ef applied to a
dielectric SC. For acentric dielectric SC, a low level of electric field is one, in which
the Ef value is much smaller than the electric breakdown field. Ferroelectric
single-domain SCs are piezo-active [1, 4, 6, 10] due to the acentric crystal structure
and spontaneous polarisation axis. For these SCs, the requirements concerning the
linear dependences rkl(njr) and Di(Ef) are also valid, however the Ef range becomes
narrower than that in the acentric linear dielectric SCs. It is well known that in the
presence of a low electric field E, the polarisation P of a ferroelectric SC linearly
depends on E [1, 6] so that domain-wall displacements are reversible and no nuclei
of reoriented domains [10] are formed. To follow the linear dependence Di(Ef), the
electric field E applied to the ferroelectric SC is to be several times lower than the
coercive field Ec [1, 6].
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Using (1.1)–(1.3), one can determine a set of isothermal constants (at T = const)
that describe a performance of a piezoelectric SC. A set of adiabatic constants (at
S = const) can also be derived using thermodynamic functions and a combination
of three arguments including DS (for example, njr, Ei and DS). Usually the differ-
ence between the related isothermal and adiabatic constants of the piezoelectric SCs
is approximately 1% or less [1, 8]. In this case the effect of thermal fields on the
elastic and electric responses of the piezoelectric SCs is often neglected [1, 4], and
the description of the piezoelectric effect is carried out in terms of (1.1) and (1.2) at
DT = 0, i.e., under isothermal conditions.

Equations (1.1) and (1.2) at DT = 0 can be given in the matrix form [1, 2] as
follows:

rp ¼ cEpqnq � efpEf ð1:4Þ

Dk ¼ eklnl þ enkrEr ð1:5Þ

Writing (1.4) and (1.5), we used the conventional transition from two subscripts to
one subscript in accordance with the well-known Vogt’s rule [1–4, 8, 15].
Equations (1.4) and (1.5) represent the first pair of piezoelectric equations that links
two variables, namely, mechanical strain n and electric field E. In (1.5) Pk = eklnl is
the piezoelectric polarisation caused by the external mechanical strain at the direct
piezoelectric effect. The converse piezoelectric effect is described by the stress
−efpEf in (1.4), and the sequence of subscripts (fp, f) at the converse piezoelectric
effect differs from the sequence (kl, l) at the direct effect.

As follows from the thermodynamic treatment of the interrelations between the
electric and elastic fields [1, 2] in piezoelectric SCs, the converse and direct
piezoelectric effects can also be described by the three following pairs of equations:

np ¼ sEpqrq þ dfpEf ð1:6Þ

Dk ¼ dklrl þ erkrEr ð1:7Þ

in variables of mechanical stress r and electric field E,

np ¼ sDpqrq þ gfpDf ð1:8Þ

Ek ¼ �gklrl þ brkrDr ð1:9Þ

in variables of mechanical stress r and electric displacement D, and

rp ¼ cDpqnq � hfpDf ð1:10Þ

Ek ¼ �hklnl þ bnkrDr ð1:11Þ
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in variables of mechanical strain n and electric displacement D. Superscripts r and
D denote measurement conditions at r = const and D = const, respectively.
Dielectric impermittivities brkr (at r = const) from (1.9) and bnkr (at n = const) (1.11)

are found using relations [1, 2] brkre
r
rv ¼ dkv and bnkre

n
rv ¼ dkv. Elastic moduli cEpq (or

cDpq) and elastic compliances sEpq (or sDpq) are linked by formulae [1, 2] cEpqs
E
qr ¼ dpr

and cDpqs
D
qr ¼ dpr, where dkv is the Kronecker symbol.

It should be added that (1.4)–(1.11) illustrate the electromechanical coupling in
the piezoelectric medium. This coupling stems from the link between the electric
and mechanical fields [i.e., items in the left and right parts of (1.4)–(1.11)], and this
link is maintained due to the appropriate piezoelectric coefficient that depends on
the SC symmetry, temperature etc. The full set of elastic, piezoelectric and
dielectric constants from (1.4)–(1.11) is also termed ‘electromechanical constants’.
We list the full sets of the electromechanical constants of the piezoelectric medium
as follows:

(i) cEpq, efp and enkr,

(ii) sEpq, dfp and erkr,

(iii) sDpq, gfp and brkr, and

(iv) cDpq, hfp and bnkr.

In accordance with work [4], dfp and gfp are termed ‘piezoelectric coefficients’,
and efp and hfp are termed ‘piezoelectric moduli’. In work [1] dfp is termed
‘piezoelectric modulus’, and efp, gfp and hfp are termed ‘piezoelectric coefficients’.
In work [7] the terms ‘piezoelectric coefficients’ and ‘piezoelectric moduli’ are
related to dfp, and efp, gfp and hfp are termed ‘piezoelectric coefficients’. Sometimes
dkl and gkl are termed ‘piezoelectric strain coefficients’ because of their link to the
piezoelectric strain [see the second item in the right part of (1.6) or (1.8)], and ekl
and hkl are also termed ‘piezoelectric stress coefficients’ because of their link to the
stress caused by the converse piezoelectric effect [see the second item in the right
part of (1.4) or (1.10)]. In work [9, 13, 16] the term ‘piezoelectric coefficient’ is used
to denote dfp, efp, gfp, and hfp.

By knowing the electromechanical properties (or the full set of electrome-
chanical constants) of a piezoelectric, it is possible to evaluate the effectiveness of
the conversion of electric energy into mechanical energy and vice versa. This
effectiveness is one of the main characteristics of a piezoelectric element [1–4] as a
transducer device, sensor or actuator. The effectiveness of the energy conversion in
the piezoelectric medium is characterised by an electromechanical coupling factor
(ECF) [3, 4, 6, 15]

k ¼ wpiezo=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
welwmech

p ð1:12Þ

The ECF is also termed ‘the electromechanical coupling coefficient’ [1]. In (1.12)
the volume densities of piezoelectric (or mutual) energy wpiezo = ri dmi Em/2,

1.1 Piezoelectric Effect and Electromechanical Coupling 5



electric energy wel ¼ ElerlrEr=2, and mechanical energy wmech ¼ rpsEpqrq=2 are used
to describe the electromechanical coupling.

The k2 value calculated from (1.12) characterises [1–4, 7, 15] the ratio of stored
mechanical energy to electric energy input (when a portion of electric energy is
applied to the piezoelectric material) or a ratio of stored electric energy to
mechanical energy input (when a portion of mechanical energy is applied to the
piezoelectric material). The k2 value is used to estimate a measure of the magnitude
of the piezoelectric transducer bandwidth [2]. The absolute ECF value depends [2,
3, 15] on the oscillation mode, shape of the piezoelectric element, measurement
methodology, and the electromechanical properties. As follows from numerous
literature data, two kinds of ECFs are distinguished in piezoelectrics. The first kind
is the static ECF determined from equations of the state of the piezoelectric med-
ium. The second kind is the dynamic (or effective) ECF related to the individual
piezoelectric element [2, 7, 15].

As an example, a poled FC element with a remanent polarisation vector Pr || OX3

[(X1X2X3) is the rectangular co-ordinate system] is characterised [1–4, 7, 15] by
∞mm symmetry. The piezoelectric effect in the poled FC sample can be described
in terms of (1.6) and (1.7) where three independent piezoelectric coefficients,
namely, d31, d33 and d15 are involved. They are linked to the ECFs as follows:

k33 ¼ d33=ðer33sE33Þ1=2 ð1:13Þ

(ECF at the longitudinal oscillation mode, or longitudinal ECF),

k31 ¼ d31=ðer33sE11Þ1=2 ð1:14Þ

(ECF at the transverse oscillation mode) and

k15 ¼ d15=ðer11sE55Þ1=2 ð1:15Þ

(ECF at the shear oscillation mode). Since an equality sE55 ¼ sE44 holds [2–5] in the

poled FC, (1.15) is often represented as k15 ¼ d15=ðer11sE44Þ1=2.
Equations (1.13)–(1.15) are written in the general form [1, 2, 7, 15] as

kij ¼ dij=ðeriisEjj Þ1=2 ð1:16Þ

The piezoelectric coefficient dij in (1.16) plays a key role in determining the
electromechanical coupling in the piezoelectric element, and therefore, strongly
influences the energy conversion therein.

Along with the ECFs from (1.13)–(1.15), the following ECFs are often measured
on poled FC and piezo-active composite samples with ∞mm symmetry [2–4, 6, 7,
9, 13–15]:
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kt ¼ e33=ðcD33en33Þ1=2 ð1:17Þ

(ECF at the thickness oscillation mode, or thickness ECF),

kp ¼ k31½2=ð1� rEÞ�1=2 ð1:18Þ

(ECF at the planar oscillation mode, or planar ECF) and

kh ¼ dh=ðer33sEh Þ1=2 ð1:19Þ

(ECF at hydrostatic loading, or hydrostatic ECF). In (1.18) rE is the Poisson’s ratio
at electric field E = const, and in (1.19) dh and sEh are the hydrostatic piezoelectric
coefficient and hydrostatic elastic compliance at E = const, respectively. As seen
from (1.16)–(1.19), irrespective of the oscillation mode, the ECF is related to a set
of piezoelectric, dielectric and elastic constants. Data on the ECFs from (1.13)–
(1.19) can be analysed for the selection of piezoelectric materials for active ele-
ments of electromechanical transducers, hydrophones, sensors, actuators, and
piezoelectric energy harvesters [3, 4, 6, 7, 9, 13, 15, 16].

1.2 Piezoelectric Coefficients and Sensitivity

Equations (1.4)–(1.11) contain four types of piezoelectric coefficients, namely ekl,
dkl, gkl, and hkl. In each pair of (1.4)–(1.11), there is a term corresponding to the
direct piezoelectric effect and a term corresponding to the converse piezoelectric
effect. Each piezoelectric coefficient is a component of the third-rank tensor that
links the electric and mechanical fields. It should be noted that (1.4)–(1.11) are
written in the matrix form, and each piezoelectric coefficient has two subscripts.
Links between the piezoelectric coefficients dkl, ekl, gkl, and hkl can be derived from
the thermodynamic description of the piezoelectric effect [1, 2, 4] and are repre-
sented as follows:

dfp ¼ erfkgkp ¼ efqsEqp ð1:20Þ

efp ¼ enfkhkp ¼ dfqc
E
qp ð1:21Þ

gfp ¼ brfkdkp ¼ hfqs
D
qp ð1:22Þ

hfp ¼ bnfkekp ¼ gfqc
D
qp ð1:23Þ

The piezoelectric coefficients dkl, ekl, gkl, and hkl influence the dielectric and elastic
properties measured at different conditions:
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erkr � enkr ¼ dkf erf ð1:24Þ

bnkr � brkr ¼ gkf erf ð1:25Þ

cDpq � cEpq ¼ efphfq ð1:26Þ

sDpq � sEpq ¼ dfpgfq ð1:27Þ

Equations (1.24) and (1.25) suggest that the differences between the dielectric
properties measured at the constant stress and constant strain are caused by the
piezoelectric effect. As follows from (1.26) and (1.27), the differences between the
elastic properties measured at the constant electric displacement and constant
electric field are also due to the piezoelectric effect. Based on the full set of elec-
tromechanical constants from one of the pairs of (1.4)–(1.11), it is possible to
determine the three other sets of electromechanical constants of the same piezo-
electric. For this evaluation, we should take into consideration symmetry of the
piezoelectric and relations (1.20)–(1.23).

The symmetry classes that obey the conditions for the piezoelectric effect [1, 2,
4, 5] in dielectric SCs are non-centrosymmetrical and listed as follows:

(i) 1 (triclinic system),
(ii) 2 and m (monoclinic system),
(iii) 222 and mm2 (orthorhombic system),
(iv) 3, 32 and 3m (trigonal or rhombohedral system),
(v) 4, 422, 4mm, 4, and 42m (tetragonal system),
(vi) 6, 622, 6mm, 6, and 6m2 (hexagonal system), and
(vii) 23 and 43m (cubic system).

For the non-centrosymmetrical 432 class from the cubic system, every piezoelectric
coefficient equals zero because of features of symmetry [1, 4]. Among the afore-
mentioned non-centrosymmetrical classes, 1, 2, 3, 4, 6, m, mm2, 3m, 4mm and 6mm
(i.e., 10 symmetry classes) are related to polar dielectric SCs [1, 4] that exhibit both
the piezoelectric and pyroelectric properties. Ferroelectric properties can be
detected among pyroelectrics from one of the 10 symmetry classes [1, 4–6].

The Curie groups that satisfy conditions for the piezoelectric texture [1, 2, 4, 8,
15] are ∞, ∞mm and ∞/2. The number of independent piezoelectric coefficients
strongly depends on features of symmetry. For instance, in the 1 symmetry class,
the ||d|| matrix comprises the largest number of independent constants, i.e., d11, d12,
…, d16, d21, d22,…, d26, d31, d32,…, and d36, or 18 piezoelectric coefficients. These
piezoelectric coefficients are written in the matrix form [1, 2, 4] as follows:

dk k ¼
d11 d12 d13 d14 d15 d16
d21 d22 d23 d24 d25 d26
d31 d32 d33 d34 d35 d36

0
@

1
A ð1:28Þ
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The ||d|| matrix related to the mm2 symmetry class is written as

dk k ¼
0 0 0 0 d15 0
0 0 0 d24 0 0
d31 d32 d33 0 0 0

0
@

1
A ð1:29Þ

As seen from (1.29), there are five independent piezoelectric coefficients dij. The
piezoelectric coefficients in the 4mm and 6mm symmetry classes and ∞mm Curie
group are represented as follows:

dk k ¼
0 0 0 0 d15 0
0 0 0 d15 0 0
d31 d31 d33 0 0 0

0
@

1
A ð1:30Þ

In the ||d|| matrix from (1.30) there are three independent piezoelectric coefficients
dij. The minimal number of the independent piezoelectric coefficients dij is one, and
it is observed in the following symmetry classes: 422, 622, 6m2, 23, and 43m [1, 2,
4].

For the overwhelming majority of the symmetry classes, the ||e||, ||g|| and ||h||
matrices have the form that coincides with that of the ||d|| matrix. However there are
five symmetry classes in which the form of the ||e|| and ||h|| matrices differs from the
form of the ||d|| and ||g|| matrices. According to work [1, 2], these symmetry classes
are 3, 32, 3m, 6, and 6m2.

Conditions for measuring the piezoelectric coefficients are associated with the
electric and mechanical variables from (1.4) to (1.11). At the direct piezoelectric
effect, the piezoelectric coefficients are measured [1] using the following relations
for the electric polarisation Pk and field Ek:

Pk ¼ dklrl ð1:31Þ

(for dkl),

Ek ¼ �gklrl ð1:32Þ

(for gkl),

Ek ¼ �hklnl ð1:33Þ

(for hkl), and

Pk ¼ eklnl ð1:34Þ

(for ekl). It should be added that the piezoelectric polarisation is Pk = Dk at Ek = 0,
and the value of Pk is determined from a surface density of electric charges on the
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sample face [1]. At the converse piezoelectric effect, the following relations are
taken into account when measuring the piezoelectric coefficients:

np ¼ dfpEf ð1:35Þ

(for dfp),

np ¼ gfpDf ð1:36Þ

(for gfp),

rp ¼ �hfpDf ð1:37Þ

(for hfp), and

rp ¼ �efpEf ð1:38Þ

(for efp). Equations (1.31)–(1.38) suggest that it is relatively easy to find ekl and hkl
as constants of the direct piezoelectric effect and dkl as a constant of the converse
piezoelectric effect [1].

The piezoelectric coefficients from (1.31)–(1.38) characterise the PS of a
material to an external field (electric or mechanical), or more exactly, to specific
components of the field that acts on a piezoelectric element made of this material.
For the direct piezoelectric effect, the PS originates from the reaction of the
piezoelectric element to an external field, either from a mechanical stress or strain.
We assume that this field is homogeneous, and its frequency is much less than a
resonance frequency of a piezoelectric element [15].

In Fig. 1.1 we show a schematic of a piezoelectric element in the form of the
rectangular parallelepiped. The piezoelectric element can ‘feel’ the external
mechanical field in different ways, and a reaction of the field can be registered in
different ways. According to (1.31) and (1.32), the piezoelectric coefficients dkl and
gkl are introduced to show the PS with respect to the stress field (components r1, r2,
…, and r6) applied to the piezoelectric element. In fact, the PS reflects an ability of
the piezoelectric element to convert a mechanical stress (or force) into an electric
field (or voltage). The PS in terms of dkl links the surface charge density on the
piezoelectric element and the mechanical stress, and PS in terms of gkl links the

Fig. 1.1 Schematic of the
piezoelectric element.
(X1X2X3) is the rectangular
co-ordinate system
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electric field and mechanical stress at the direct piezoelectric effect [1, 2]. Taking
into account the longitudinal, transverse and shear piezoelectric effects, we dis-
tinguish the longitudinal PS, transverse PS and shear PS, respectively. A more
careful analysis of links between the mechanical fields and electric responses
enables us to distinguish the following four types of the piezoelectric coefficients
Xkl from (1.31)–(1.34), where X = d, e, g, or h:

(i) X11, X22 and X33 (related to the longitudinal PS),
(ii) X12, X13, X21, X23, X31, and X32 (related to the transverse PS),
(iii) X15, X16, X24, X26, and X34, X35 (related to the thickness shear PS), and
(iv) X14, X25, X36 (related to the face shear PS).

The piezoelectric coefficients from the group (iii) are concerned with the electric
response (e.g., polarisation Pk) that is caused by a mechanical field (e.g., stress rkl),
and one of the subscripts of rkl would be equal to that of P(P1, P2, P3). In other
words, the piezoelectric polarisation vector P is parallel to the face subjected by the
shear stress. In contrast to this, the piezoelectric coefficients from the group (iv) are
concerned with different subscripts in Pj and rkl: this means that the P vector is
perpendicular to the face subjected by the shear stress. Oscillation modes associated
with the shear stress (or strain) are often termed [17] ‘thickness shear modes’ and
‘face shear modes’.

As seen from (1.33) and (1.34), the piezoelectric coefficients hkl and ekl are
concerned with the strain field applied to the piezoelectric element at the direct
piezoelectric effect. This kind of mechanical loading is less acceptable at the
characterisation of the piezoelectric element because of a relatively narrow range of
strains that can be applied to the piezoelectric element to follow the Hooke’s law (as
a rule, the order-of-magnitude of strains in dielectrics [1] is 10−3 or less). Under the
external strain field with components n1, n2, …, and n6, the surface charge density
on the piezoelectric element (PS in terms of ekl) or the electric field between the
surfaces of the piezoelectric element (PS in terms of hkl) can be detected. It should
be added that PS of various materials is often associated with either gkl [9, 18–21]
or dkl [22, 23]. This may be explained by the relatively simple link between the
external action (mechanical stress or a force applied to the piezoelectric element)
and the response (electric field or charge). At the converse piezoelectric effect,
according to (1.36), the piezoelectric coefficients gkl link the external electric dis-
placement Df and the mechanical strain np as a response of the piezoelectric ele-
ment. In this case its PS can be determined by using Df, however an experimental
implementation of a simultaneous measurement of Df and np with a due accuracy
becomes an independent difficult task [1]. The piezoelectric coefficients dkl can be
measured at the converse piezoelectric effect [1] by taking into account the relation
(1.35) between the strain of the sample np and the applied electric field Ef.

The piezoelectric coefficients ekl, dkl, gkl, and hkl can be used as an aid in the
selection of piezoelectric materials for various applications [3, 4, 7, 15, 16, 20, 24].
For an actuator application [3], materials with a high strain per unit applied electric
field (i.e., with large values of |dkl|) would be preferable. For pressure sensors and
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listening devices [1, 4, 15], the electric field generated per unit mechanical stress
and therefore large values of |gkl| are of importance. The piezoelectric coefficients
dkl and gkl are readily available in the literature on piezoelectric materials (see, for
instance, [2–4, 6, 7, 13, 15, 16, 20], and Sect. 1.4), and as a rule, many authors pay
significant attention to improve these constants and to make the materials more
effective for specific piezotechnical applications.

1.3 Figures of Merit and Sensitivity

In a piezoelectric element reacting to the direct piezoelectric effect, a portion of
mechanical energy is converted into electric energy [1, 2], and the effectiveness of
the conversion of energy is described in terms of (1.13)–(1.19). A voltage
V induced between the surfaces of the piezoelectric element (Fig. 1.1) under a
mechanical load is related to the electric field [see (1.32)] and given by

V ¼ gijFt=R ð1:39Þ

In (1.39) gij is the piezoelectric coefficient, F is the applied force, t is the thickness
of the piezoelectric element, and R is the area of the surface on which the force acts.
An output electric power that develops due to the piezoelectric effect in the electric
condenser is expressed by

Nout ¼ CV2=2
� �

f ð1:40Þ

In (1.40) C is the electric capacitance of the piezoelectric element, and f is the
frequency of the vibration caused by the force F. We assume that electrodes applied
to the piezoelectric element are parallel to the (X1OX2) plane (Fig. 1.1), and the
thickness of the piezoelectric element is t = |A1A1′|. Its capacitance C is proportional to
the dielectric permittivity er33 measured along the OX3 axis, i.e., on the direction that
is perpendicular to the (X1OX2) plane. The frequency f is chosen in a low-frequency
range, so that f is much less than the resonance frequency of the piezoelectric
element.When the force F acts along the OX3 axis (as is conventional, for instance,
for poled FCs [1–4, 7, 15]) on the area R = |A1A2| � |A2A3|, the output electric power
of the piezoelectric element (Fig. 1.1) is Nout* CV 2 * er33(g33)

2 * d33g33. Based
on this relation, the squared figure of merit [16, 25, 26]

Q33ð Þ2¼ d33g33 ð1:41Þ

is introduced. (Q33)
2 from (1.41) is concerned with the longitudinal piezoelec-

tric effect and oscillation 33 mode (longitudinal mode). Based on (1.39) and
(1.41), we represent electric energy generated at the applied force F as
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Wgen = (Q33)
2 F2 t/(2lw), where l = |A1A2| is the length of the piezoelectric element,

and w = |A2A3| is its width (Fig. 1.1).
Along with (Q33)

2 which is related to the longitudinal piezoelectric effect, we
introduce squared figures of merit [16, 26]

Q31ð Þ2¼ d31g31 and Q32ð Þ2¼ d32g32 ð1:42Þ

which are related to the transverse piezoelectric effect and oscillation 31 and 32
modes (transverse modes), respectively, and

Qhð Þ2¼ dhgh ð1:43Þ

that is a hydrostatic analog [9, 27, 28] of the squared figure of merit (Q33)
2 from

(1.41). The hydrostatic squared figure of merit (1.43) characterises the sensing and
actuating capability of a hydrophone [27]. The PS of a hydrophone depends on the
voltage generated due to the hydrostatic pressure, and gh is a measure of this PS.
The hydrostatic piezoelectric coefficient dh is directly used as a measure of PS at the
transmitter function of the hydrophone [27, 28]. Formulae of the aforementioned
hydrostatic parameters related to piezo-active composites are given in Sect. 2.1.1.

The squared figures of merit (1.42)–(1.43) are often used to characterise the
sensor signal-to-noise ratio of the piezoelectric material and its PS at specific
oscillation modes [9, 16, 29]. A piezoelectric element with a large value of (Q3j)

2

from (1.41) or (1.42) will generate a large value of electric powerWgen caused by an
external mechanical stress. An electrical damping can additionally influence the
piezoelectric performance and to take into account dielectric losses (tand) in a
low-frequency region, one can represent the squared figure of merit in an
off-resonance region [26] as (Q31)

2 = d31g31/tand (for a 31 oscillation mode),
(Q32)

2 = d32g32/tand (for a 32 oscillation mode) or (Q33)
2 = d33g33/tand (for a 33

oscillation mode).

1.4 Effective Electromechanical Properties
in Heterogeneous Piezoelectric Materials

Numerous experimental data [1, 3, 4, 6, 7, 10, 15, 30–33] show that many ferro-
electric materials exhibit good piezoelectric properties and relatively strong elec-
tromechanical coupling. Among ferroelectrics of interest it is worth noting
compounds with the general chemical formula ABO3 and the perovskite-type
structure. After discovering the ferroelectric and piezoelectric properties in BaTiO3,
PbTiO3, KNbO3 in the 1940s [1, 32] and after the detailed study of various solid
solutions based on the perovskite-type ferroelectrics in the 1950–90s [6, 7, 15, 30],
the merit of these materials has been obvious. In piezotechnical applications, fer-
roelectrics and related materials are often used as heterogeneous materials with
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predictable electromechanical properties [3, 6–9, 34]. The heterogeneous character
of these materials is demonstrated at different levels including ferroelectric poly-
domain SCs [6, 10, 11, 32], ferroelectric polycrystalline media (FCs) [3, 4, 6, 7, 15,
30, 32–34] and composites based on either a ferroelectric SC or FC [8, 9, 13, 16,
34]. Each kind of heterogeneity influences the electromechanical properties that
may be regarded as effective [7–9, 11, 34] or averaged on a large macroscopic
volume of a sample. In Sect. 1.4 we show examples of the piezoelectric perfor-
mance of heterogeneous ferroelectric materials.

1.4.1 Polydomain Ferroelectric Single Crystals

The first example of the electromechanical properties is related to the polydomain
BaTiO3 SC. At room temperature the ferroelectric phase is characterised by the
4mm symmetry, and the full sets of electromechanical constants of the
single-domain BaTiO3 SCs are known from experimental studies [10, 31]. However
below the Curie point TC, as a rule, the ferroelectric SC is split into domains, and
the electromechanical properties of polydomain samples are to be taken into
account. In the 4mm phase of BaTiO3 there are 180° and 90° domain types, and
their features have been studied by using different methods (see, for instance,
monographs [6, 10, 32]). The 90° domain structure plays an important role in
forming the piezoelectric properties.

We assume that the SC sample is split into the 90° domains with the conven-
tional ‘head-to-tail’ arrangement [11], and these domains are regularly distributed
over the SC sample. In the rectangular co-ordinate system (X1X2X3), spontaneous
polarisation vectors of the 90° domains are Ps

(1)(−P; 0; P) and Ps
(2)(P; 0; P). The

planar 90° domain walls that separate the domains are parallel to the (X1OX2) plane,
i.e., parallel to the crystallographic plane of the {110}-type. The average sponta-
neous polarisation vector of the polydomain SC is Ps "" OX3 at equal volume
fractions of the domain types. The co-ordinate axes OX1, OX2 and OX3 are parallel
to the main crystallographic axes X, Y and Z, respectively. Such a polydomain
BaTiO3 SC is described by a mm2 symmetry, and the piezoelectric coefficients of
this SC are represented in the matrix form as shown in (1.29). The full set of
electromechanical constants of the polydomain SC (Table 1.1) was calculated [11]
for a case of the motionless 90° domain walls. A contribution from the domain-wall
displacements in the electromechanical properties of the BaTiO3 SC split into the
90° domains was evaluated in work [12].

We add for comparison that the piezoelectric coefficients dij of the single-domain
BaTiO3 SC are described by the matrix (1.30), and the experimental values
d31 = –38 pC/N, d33 = 110 pC/N and d15 = 407 pC/N are known, for instance,
from monograph [10]. The specific arrangement of the 90° domains and the large
shear piezoelectric activity in the single-domain state (i.e., d15 � |d31|) lead to an
increase of the longitudinal piezoelectric activity of the polydomain BaTiO3 SC
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(see d33 from Table 1.1). We mention that quartz, the first piezoelectric SC on
which the new physical phenomenon has been discovered in 1880, is characterised
by 32 symmetry and by relatively small piezoelectric coefficients d11 = 2.30 pC/N
and d14 = −0.693 pC/N at room temperature [31]. The ||d|| matrix of the quartz SC
[1, 2, 31] has the form shown in (1.28) and comprises five non-zero elements as
follows: d11, d12 = −d11, d14, d25 = −d14, and d26 = −2d11.

In the two last decades, a number of attempts have been made to obtain and
study ferroelectric SCs with domain-engineered structures [35–39]. Such domain
structures (see schematics in Fig. 1.2) can be formed in an electric field [35–38]
applied along a specific crystallographic direction of the SC sample. Among the

Fig. 1.2 Schematics of non-180° domains in the [001]-poled a and [011]-poled b do-
main-engineered SCs with the perovskite-type structure. Ps,1, Ps,2, Ps,3, and Ps,4 are spontaneous
polarisation vectors of several domain types, E is the poling direction, and [100], [010] and [001]
are perovskite unit-cell directions (reprinted from Bowen et al. [40], with permission from the
Royal Society of Chemistry)

Table 1.1 Elastic
compliances sEab (in
10−12 Pa−1), piezoelectric
coefficients dij (in pC/N) and
dielectric permittivities erpp
[7, 11] of the polydomain
BaTiO3 SC (mm2 symmetry)
at room temperature

sE11 7.92

sE12 −3.80

sE13 −1.28

sE22 8.05

sE23 −3.80

sE33 7.92

sE44 11.9

sE55 30.2

sE66 13.6

d31 −189

d32 −24.5

d33 225

d15 126

d24 269

er11=e0 265

er22=e0 2680

er33=e0 2130
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perovskite-type domain-engineered SCs that are of interest due to their remarkable
electromechanical properties [40], first of all we mention relaxor-ferroelectric solid
solutions of (1 − x)Pb(B1, B2)O3–xPbTiO3 (see Sect. 1.4.2) and lead-free solid
solutions based on KNbO3 [41–43]. Examples of the full sets of electromechanical
constants of the KNbO3-based domain-engineered SCs poled along [001] of the
perovskite unit cell are given in Table 1.2. The domain arrangement obtained in the
ferroelectric rhombohedral (3m symmetry) phase at the poling field E || [001] is
shown in Fig. 1.2a. Data from Table 1.2 suggest that increasing the elastic com-
pliance (mainly sE11 and sE33 of the SC) leads to an increase of the piezoelectric
coefficients d3j. We add that the single-domain KNbO3 SC at room temperature is
characterised by mm2 symmetry [see the matrix of dij in (1.29)], and its elec-
tromechanical constants have been measured by different authors [44, 45].
According to experimental data [44], the piezoelectric coefficients of the
single-domain KNbO3 SC are d31 = 11, d32 = –19, d33 = 20, d15 = 22, and
d24 = 17.5 (in pC/N). The full set of optimised constants related to the (YXt)-45° of
the single-domain KNbO3 SC [45] comprises d31 = 12.73, d32 = –31.96,
d33 = 28.95, d15 = 25.10, and d24 = 79.19 (in pC/N). The domain-engineered SCs
with compositions chosen near the morphotropic phase boundary exhibit improved
piezoelectric properties (Table 1.2) in comparison to the KNbO3 SC [44] due to the
domain-orientation effect [46] and possible displacements of interphase boundaries
in external electric or mechanical fields.

Table 1.2 Elastic
compliances sEab (in
10−12 Pa−1), piezoelectric
coefficients dij (in pC/N) and
dielectric permittivities erpp of
domain-engineered [001]-
poled KNbO3-based SCs
(4mm symmetry) at room
temperature

KNN-Ta

[41]
KNN-TLb

[42]
KNNTL:Mnc

[43]

sE11 11.9 17.2 33.4

sE12 −4.30 −5.11 −7.36

sE13 −5.60 −10.7 −25.8

sE33 15.5 27.0 57.7

sE44 12.0 15.4 12.8

sE66 10.7 13.9 13.5

d31 −77.0 −163 −260

d33 162 354 545

d15 45.0 171 66

er11=e0 291 1100 400

er33=e0 267 790 650
a(K0.562Na0.438)(Nb0.768Ta0.232)O3 SC
bLix(K0.501Na0.499)1−x](Nb0.660Ta0.340)O3
c[Lix(K1−yNay)1−x](Nb1−zTaz)O3:Mn, where x = 0.06, y = 0.1–
0.3, z = 0.07–0.17, and the level of Mn doping is 0.25 mol%
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1.4.2 Domain-Engineered Relaxor-Ferroelectric Single
Crystals

Many perovskite-type relaxor-ferroelectric solid solutions studied in the last 20–
30 years [35, 47–51] exhibit outstanding electromechanical properties and related
parameters. Widespread representatives of relaxor-ferroelectric SCs with high
piezoelectric performance are described by one of the following general formulae:
(1 − x)Pb(B1, B2)O3–xPbTiO3 or (1 − x − y)Pb(B1, B2)O3–xPb(B1′, B2′)O3–

yPbTiO3. Hereby Pb(B1, B2)O3 and Pb(B1′, B2′)O3 are complex perovskites that are
regarded as disordered dielectric compounds where B1 (or B1′) = Mg, Zn, Ni, Fe,
Sc, Yb, and In (low-valence metals), and B2 (or B2′) = Nb, Ta and W (high-valence
metals) [48, 51]. A combination of metal ions with low and high valences results in
the properties that distinguish Pb(B1, B2)O3 from ‘normal’ (ordered or regular)
perovskite-type ferroelectrics such as PbTiO3, BaTiO3 or KNbO3. The complex
perovskites Pb(B1, B2)O3 exhibit a broad and frequency-dispersive dielectric
maxima and contain polar nanoregions (with ferroelectric or antiferroelectric
ordering) in a non-polar phase over a wide temperature range. These materials are
often termed ‘relaxors’ or ‘ferroelectric relaxors’ [32, 47, 50] because of the
relaxation dielectric polarisation.

The perovskite-type solid solutions of (1 − x)Pb(B1, B2)O3–xPbTiO3 combine
the physical properties of the relaxor-type and ‘normal’ (or regular) ferroelectric
components, and, as a rule, excellent electromechanical properties are observed
near the morphotropic phase boundary [47–51]. To achieve a high piezoelectric
activity in SC samples, the relaxor-ferroelectric solid solutions are often engineered
by compositional adjustment with a corresponding decrease in Curie temperature
TC of the paraelectric-to-ferroelectric phase transition [47, 48, 51], and
domain-engineered structures are formed in the electric field [35, 48].

The domain-engineered SCs of (1 − x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 (PMN–xPT)
and (1 − x)Pb(Zn1/3Nb2/3)O3–yPbTiO3 (PZN–yPT) have been the focus of many
experimental and theoretical studies, see for instance, [39, 48, 51, 52]. Of particular
interest are compositions in the vicinity of the morphotropic phase boundary [47,
51], with intricate domain/heterophase states [52–54]. From numerous experimental
results, the non-180° domain structures engineered in the electric field [36, 47, 48,
51, 55], intermediate ferroelectric phases and related heterophase structures [48, 50,
54, 56], and domain-orientation processes [57–59] lead to excellent electrome-
chanical properties. Due to these and other phenomena, the domain-engineered
PMN–xPT and PZN–yPT SCs poled along the certain crystallographic directions
(often along [001], [011] or [111] of the perovskite unit cell, see examples of the
crystallographic directions in Fig. 1.2) are characterised by very large piezoelectric
coefficients dij * 103 pC/N and ECFs [60–66]. Undoubtedly, these parameters are
of value for piezoelectric trandsucer, sensor, actuator, and energy-harvesting
applications [16, 17, 47, 48, 51, 58]. Other relaxor-ferroelectric solid solutions
that are of interest for applications include (1 − x − y)Pb(In1/2Nb1/2)O3–yPb
(Mg1/3Nb2/3)O3–xPbTiO3 [(1 − x − y)PIN–yPMN–xPT], (1 − x − y)Pb(Yb1/2Nb1/2)
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O3–yPb(Mg1/3Nb2/3)O3–xPbTiO3 [(1 − x − y)PYN–yPMN–xPT], and lead-free
(1 − x)(Na1/2Bi1/2)TiO3–xBaTiO3 (NBT–xBT).

The full sets of electromechanical constants of a number of relaxor-ferroelectric
SCs poled along [001] are given in Table 1.3. The non-180° domains in these SCs
are arranged as shown in Fig. 1.2a. We add for comparison that, at room temper-
ature, the single-domain PbTiO3 SC is characterised by the 4mm symmetry and
piezoelectric coefficients [10] d31 = –26 pC/N, d33 = 160 pC/N and d15 = 56 pC/N.
The absolute values of piezoelectric coefficients |d3j| * 103 pC/N in the
domain-engineered PMN–xPT and PZN–yPT SCs (Table 1.3) are larger than the
values of |d3j| of conventional FC materials based on Pb(Zr1–xTix)O3 (see
Sect. 1.4.3). Moreover, the piezoelectric coefficient d33 in the [001]-poled hetero-
phase PZN–0.08PT SC can reach approximately 12,000 pC/N [56] due to the
electric-field-induced phase transition and the presence of the ferroelectric inter-
mediate monoclinic phase.

Important interconnections between the structure and properties in the PMN–xPT
and PZN–yPT SCs have been discussed in work [49, 50, 57–59]. The high piezo-
electric activity in these SCs is associated with a polarisation rotation under an
electric field E. The polarisation rotation between the single-domain states in the
ferroelectric 4mm and 3m phases [57, 59] can be implemented in different ways that
form intermediate monoclinic phases [49] and complex heterophase states [54, 56].

The formation of other types of non-180° domain structures in the
relaxor-ferroelectric SCs leads to changes in their electromechanical properties.
Data in Table 1.4 are related to the domain-engineered SCs, but with mm2 sym-
metry [62, 65, 67–69] that is achieved at electric poling along [011] of the per-
ovskite unit cell. On poling the SC sample along [011], two domain types
(Fig. 1.2b) are formed in the ferroelectric 3m phase. As a consequence, we observe
significant changes in the piezoelectric coefficients dij in comparison to those from
Table 1.3. For example, we observe a violation of the condition |d31| = |d32| < d33
that is typical of the [001]-poled SCs (see Table 1.3). The piezoelectric effect in the
[011]-poled SCs is characterised by the relation |d32| > d33 > d31 (see Table 1.4).
For the [011]-poled SCs, the inequality d15 � d24 is also valid. The change in the
poling direction of the relaxor-ferroelectric SC also gives rise to changes in its
piezoelectric anisotropy.

It should be added that in some cases the full sets of electromechanical constants
measured on relaxor-ferroelectric SC samples are inconsistent in terms of the
piezoelectric coefficients dij, efp, gij, and hij. Some examples of the inconsistency
and violation of relations (1.20)–(1.27) were discussed in work [70, 71].

The relaxor-ferroelectric SCs are often used as active elements of piezoelectric
energy harvesters [72–75] and as piezoelectric components of advanced composites
[9, 13, 16, 17, 76, 77] that are suitable for many piezotechnical applications due to
the large piezoelectric coefficients d3j, ECFs k3j and other parameters.
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1.4.3 Poled Ferroelectric Ceramics

Compositions of perovskite-type ferroelectric solid solutions [6, 7, 30, 32] can be
varied in a wide range to improve specific properties of active dielectric materials.
Among them the poled FCs are most widespread, and this is mainly concerned with
the important electromechanical properties [3, 4, 6, 7]. Attempts to classify the FCs
have been made by many researchers [7, 78, 79]. From the classification scheme
[78] and by considering the widespread FCs based on Pb(Zr1−xTix)O3 [6, 7, 15, 30,
32–34], it is possible to identify materials which are stable with regard to electric
and mechanical loads, materials with high dielectric permittivity er33, materials
having high PS with respect to mechanical stress fields (large absolute values of
piezoelectric coefficients gfp), materials with the large piezoelectric anisotropy,
materials with high stability with regard to resonance frequency, materials with low
dielectric permittivity er33, and high-temperature materials (materials with high TC).
From the classification method proposed by Gorish et al. [7], the FCs based
on Pb(Zr1−xTix)O3 are divided into four groups that are related to molar concentra-
tions x as follows: 0 � x � 0.1, 0.1 � x � 0.4, 0.4 � x � 0.6, and 0.6 � x � 1.

Table 1.4 Elastic compliances sEab (in 10−12 Pa−1), piezoelectric coefficients dij (in pC/N) and
dielectric permittivities erpp of domain-engineered [011]-poled relaxor-ferroelectric SCs (mm2
symmetry) at room temperature

PMN–
0.28PT
[62]

PMN–
0.29PT
[67]

PZN–
0.07PT
[68]

PZN–
0.09PT
[69]

0.26PIN–0.42PMN–
0.32PT:Mn,a

composition A [65]

0.26PIN–0.42PMN–
0.32PT:Mn,a

composition B [65]

sE11 13.40 18.0 67.52 73.07 18.0 23.5

sE12 −21.18 −31.1 −60.16 −63.98 −28.0 −39.0

sE13 −12.67 8.4 3.355 4.256 13.1 20.6

sE22 54.36 11.2 102.0 125.6 68.1 90.4

sE23 −39.59 −61.9 −54.47 −68.04 −39.4 −56.4

sE33 28.02 49.6 62.02 67.49 30.9 43.8

sE44 15.22 14.9 15.45 15.12 15.5 16.2

sE55 147.06 69.4 291.5 299.3 116 189

sE66 22.47 13.0 14.08 16.54 20.0 21.1

d15 2162 1188 1823 2012 2030 2986

d24 160 167 50 118.7 125 160

d31 447 610 478 476.0 455 608

d32 −1150 −1883 −1460 −1705 −1200 −1508

d33 860 1030 1150 1237 810 1053

er11/e0 4235 3564 8240 8740 4916 6274

er22/e0 1081 1127 1865 2075 1084 1499

er33/e0 3873 4033 3180 3202 3213 3523
aLevel of doping Mn is from 1 to 5 mol% [65]
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Each group of the FCs exhibits properties that are useful for specific piezotechnical
and transducer applications.

Examples of the full sets of electromechanical constants of poled FCs with the
perovskite-type structure are given in Table 1.5. It should be noted that the FC
material poled along the OX3 axis is characterised by the ∞mm symmetry [1, 2, 4],
and the matrix of the piezoelectric coefficients dij is given in (1.30). The elastic

Table 1.5 Elastic compliances sEpq (in 10−12 Pa−1), piezoelectric coefficients dij (in pC/N) and
dielectric permittivities erkk of poled perovskite-type FCs at room temperature [16]a

FC sE11 sE12 sE13 sE33 sE44 d31 d33 d15 er11=e0 er33=e0

BaTiO3 (I) 8.55 −2.61 −2.85 8.93 23.3 −79 191 270 1623 1900

BaTiO3 (II) 9.1 −2.7 −2.9 9.5 22.8 −78 190 260 1450 1700

ZTS-19 15.1 −5.76 −5.41 17.0 41.7 −126 307 442 1350 1500

PZT-4 12.3 −4.03 −5.35 15.6 39.1 −124 291 496 1440 1280

PZT-5 16.3 −5.67 −7.17 18.7 47.4 −170 373 583 1730 1700

PZT-5H 10.8 −3.28 −3.41 11.6 28.3 −128 315 482 2640 2490

PZT-7A 10.7 −3.22 −4.62 13.9 39.5 −60.2 151 364 843 427

PZ 27 16.9 −6.32 −8.56 22.5 43.9 −174 419 515 1800 1770

PZ 34 7.71 −1.54 −3.99 13.0 17.0 −3.92 59.1 39.2 191 196

PCR-1, hpb 12.5 −4.4 −5.8 15.9 38.8 −95 220 420 1130 650

PCR-7, hp 17.2 −7.2 −6.7 17.3 42.4 −280 610 760 2970 3500

PCR-7M, hp 17.5 −6.7 −7.9 19.6 43.8 −350 760 880 3990 5000

PCR-8, hp 12.5 −4.6 −5.2 15.6 35.3 −130 290 410 1380 1400

PCR-8, ct 13.3 −4.8 −4.4 14.5 39.5 −125 280 458 1320 1300

PCR-13, ct 10.4 −3.7 −2.1 11.3 28.5 −65 140 200 870 780

PCR-21, hp 11.8 −4.5 −3.9 12.6 40.8 −109 250 370 1400 1350

PCR-63, hp 9.8 −3.5 −2.7 9.8 24.1 −60 140 166 960 1170

PCR-73, hp 17.9 −6.8 −9.6 23.5 43.7 −380 860 980 4750 6000

Pb(Zr0.54Ti0.46)O3 11.6 −3.33 −4.97 14.8 45.0 −60.2 152 440 990 450

Pb(Zr0.52Ti0.48)O3 13.8 −4.07 −5.80 17.1 48.2 −93.5 223 494 1180 730

(Pb0.94Sr0.06)
�

�(Ti0.47Zr0.53)O3

12.3 −4.05 −5.31 15.5 39.0 −123 289 496 1475 1300

Modified PbTiO3 (I) 7.50 −1.51 −1.10 8.00 17.9 −4.40 51.0 53.0 228 177

Modified PbTiO3 (II) 7.7 −1.7 −1.2 8.2 19 −6.8 56 68 240 190

Modified PbTiO3 (III) 7.51 −1.5 −1.1 8.0 18 −5.0 53 54 230 180

(Pb0.9625La0.025)
�

�(Ti0.99Mn0.01)O3

7.20 −1.42 −1.73 7.62 15.8 −4.15 47.2 53.0 223 168

(Pb0.85Nd0.10)
�

�(Ti0.99Mn0.01)O3

6.84 −1.50 −1.83 7.27 16.4 −5.42 56.8 79.5 313 252

(Pb0.855Nd0.11)
�

�(Ti0.94Mn0.02In0.04)O3

6.77 −1.55 −1.79 7.29 16.0 −6.40 57.9 86.4 318 248

PMN–0.35PT 13.2 −3.96 −6.05 14.7 33.4 −133 270 936 4610 3270
aBased on experimental data [6, 8, 15, 30, 78, 80, 81, 85, 97, 104–106] on poled FCs
bFC samples of the PCR type have been manufactured using either the conventional technology (ct) or hot
pressing (hp). PCR is the abbreviation for the group ‘piezoelectric ceramics from Rostov-on-Don’ (Russia) [78]
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compliance s66 of the poled FC obeys the condition [1, 2, 4, 7, 15]
s66 ¼ 2ðsE11 � sE12Þ.

Absolute values of the piezoelectric coefficients d3j of the FCs are smaller (and
sometimes considerably smaller) than |d3j| of many domain-engineered
relaxor-ferroelectric SCs (see Tables 1.3 and 1.4). This feature can be associated
with the granular microstructure of the FC sample, with internal mechanical stress
fields in each grain and the restricted possibilities of domain reorientations within
the material.

Based on formulae (1.20)–(1.27) and experimental data from Table 1.5, we
evaluate the piezoelectric coefficients eij, gij and hij of the FCs (Table 1.6). It is seen
that the studied materials can be divided into the following groups: FCs with
e33 > 0 and e31 < 0 and FCs with e3j > 0. For all the FCs listed in Tables 1.5 and
1.6, inequalities d33 > 0, d31 < 0, g33 > 0, and g31 < 0 are valid irrespective of
sgne3j. Moreover, the piezoelectric coefficients d3j of the FCs with positive e3j
satisfy the condition for a large piezoelectric anisotropy

d33= d31j j � 1 ð1:44Þ

that is equivalent to the condition

g33= g31j j � 1 ð1:45Þ

due to the relation (1.20) and ∞mm symmetry. The elastic anisotropy of these FCs
also influences the signs and anisotropy of the piezoelectric coefficients e3j and h3j.
Such a performance is typical of the poled PbTiO3-type FCs [80, 81]. The physical
reasons that lead to the large piezoelectric anisotropy in these FCs are discussed in
work [82–84]. The condition

e33= e31j j � 1 ð1:46Þ

holds for the modified PbTiO3 FCs simultaneously with the conditions (1.44) and
(1.45), see Tables 1.5 and 1.6. The condition (1.46) is equivalent to the condition

h33= h31j j � 1 ð1:47Þ

due to the relation (1.21) and ∞mm symmetry of the poled FC. It should be also
noted that the FCs with e3j > 0 are characterised by largest values of h33 listed in
Table 1.6. It is seen, for instance, that the piezoelectric coefficient h33 of modified
PbTiO3 (compositions I–III) is about three times larger than h33 of the widespread
PZT-5H FC and about twice larger than h33 of the PZT-4 FC. Such an unexpected
advantage of the FCs with e3j > 0 over the PZT-type FCs is accounted for by
moderate dielectric permittivities enkk of the FCs [80, 85] with e3j > 0. For these

FCs, the enkk values are almost order-of-magnitude smaller than enkk of the PZT-type
FCs and promote larger values of h33 in accordance with the relation (1.21) even at
moderate values of the piezoelectric coefficient e33 (see Table 1.6).
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Analysing the longitudinal piezoelectric effect in the FCs [2, 6–9], one can state
that their piezoelectric coefficients d33 and g33 vary in wider ranges than e33 and h33.
However a piezoelectric polarisation P(0; 0; P3) of the poled FC element shown in
Fig. 1.1 can be achieved under a mechanical stress r3 or at a strain n3:

P3 ¼ d33r3 ¼ e33n3 ð1:48Þ

In (1.48) it is assumed that a homogeneous mechanical field is applied to the
piezoelectric element. As a rule, the mechanical stress r3 remains relatively small
(i.e., satisfying the Hooke’s law) in a wide range. At the same time, a range of
permissible strain n3 values that obey the Hooke’s law is relatively narrow due to
the elastic properties of the piezoelectric medium. This distinction influences the
ranges wherein the piezoelectric coefficients d33 and e33 of the FCs can be found.
A similar variation of d33 and e33 can be detected in ferroelectric and
relaxor-ferroelectric SCs.

In Fig. 1.3 we show examples of the piezoelectric polarisation P caused by
homogeneous mechanical stresses in a poled FC sample. The matrix of the
piezoelectric coefficients ||d|| from (1.30) means that conditions d31 = d32 6¼ d33 and
d15 = d24 hold for the FC sample poled along the OX3 axis (Fig. 1.3a). In Fig. 1.3a
various components of the mechanical stress tensor rtu are shown. To follow (1.31)
where the mechanical stress rl is given in the one-index form, we remind that the
components rtu are expressed [1, 2] in terms of rl as follows: r11 = r1, r22 = r2,
r33 = r3, r12 = r21 = r6, r13 = r31 = r5, and r23 = r32 = r4. The piezoelectric

Fig. 1.3 Schematics of
mechanical stress components
rtu applied to a poled FC
sample (a) and the
piezoelectric polarisation
P (b–f) caused by specific
components of rtu in the same
sample. The orientation of the
P vector means that
conditions d31 < 0 (b) d32 < 0
(c) d33 > 0 (d) d15 > 0 (e),
and d24 > 0 (f) hold at rtu > 0
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polarisation P of the sample can be thereafter detected on electric charges at the
sample faces that are perpendicular to the P arrow in Fig. 1.3b–f. It is obvious that
the PS of the FC sample is linked with the non-zero elements of ||d||: the larger
absolute value of dij would lead to a larger PS at the constant mechanical stress.

The PS can be also analysed in terms of the piezoelectric coefficients eij. At the
direct piezoelectric effect, they link the piezoelectric polarisation P of the sample
and the mechanical strain ntu applied to the sample [1, 2]. Equation (1.34) describes
the aforementioned link, however the mechanical strain nl is represented in the
one-index form. We note that the tensor components ntu are expressed [1, 2]
in terms of nl as follows: n11 = n1, n22 = n2, n33 = n3, n12 = n21 = n6/2,
n13 = n31 = n5/2, and n23 = n32 = n4/2. In the piezoelectric sample loaded by an
external mechanical strain ntu = const, the larger PS is achieved in a case of the
larger absolute value of the piezoelectric coefficient eij.

The similar analysis of the PS characteristic of poled FCs at the direct piezo-
electric effect can be carried out in terms of the piezoelectric coefficients gij or hij
[see (1.32) and (1.33)].

Among the modern FC materials with high PS, we mention a nanostructured
(K0.5Na0.5)NbO3:Mn FC. According to work [86], for this FC, d33 = 340 pC/N,
g33 = 220 mV.m/N, TC = 673 K, and the valid condition (1.44) are stated. Such a
performance enables us to regard this lead-free nanostructure FC as a good coun-
terpart to many FCs from Tables 1.5 and 1.6 and a promising candidate for sensor
applications with high PS.

1.4.4 Piezo-Active Composites

Composites are heterogeneous systems that consist of two or more components.
These components differ in chemical composition and physical properties and are
separated by distinct interfaces [8]. Each composite material is characterised by the
following features [8, 9]:

(i) the typical size of the separate structural elements are small in comparison
with the whole composite sample (i.e., there is an element of
micro-inhomogeneity) and

(ii) the typical sizes of the structural elements are greater than the size of their
individual atoms or molecules so that each component of the composite
sample is regarded as a continuous medium. As a result, to describe the
composite effective properties, it is possible to apply appropriate physical laws
and equations suitable for continuous media.

Piezo-active composites (often termed ‘piezo-composites’) are heterogeneous
materials that contain at least one piezoelectric component. The piezo-active
composites form the vast and important group of modern smart materials. This
group is of interest due to the large number of components that may be involved in
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the design of the composites [6–9, 13, 16, 20, 21, 27]. The piezo-active composites
are also of interest due to the ability to vary and tailor the microgeometry, effective
physical properties, their anisotropy, and hydrostatic and other parameters across a
wide range. The piezo-active composites based on ferroelectrics form the final (and
very important) link in hierarchy-of-properties chains [7, 9, 83, 84]
of ‘single-domain ferroelectric SC ! polydomain ferroelectric SC ! FC !
composite’ and ‘single-domain ferroelectric SC ! polydomain ferroelectric
SC ! heterophase ferroelectric SC ! composite’.

Since the 1980s, FC materials have been of interest as main piezoelectric
components of composites [3, 6–8, 14, 28, 87]. However since the 2000s,
relaxor-ferroelectric SCs with the large piezoelectric coefficients d3j (see
Sect. 1.4.2) are also used as components of modern composites [9, 13, 16, 17, 76,
77]. The second component of the composite are often chosen among polymers that
can be piezoelectric [9, 87, 88], piezo-passive [9, 76, 77, 89], monolithic, auxetic,
or porous [9, 13, 16, 20, 21, 90], In the last decade construction materials such as
cement and clay are also of interest to manufacture novel piezo-active composites
(see, for instance, [91, 92]). In some papers a porous piezoelectric medium based on
FC is interpreted as a composite [9, 16, 93, 94] with a specific mictogeometry.
There are also FC samples with oriented pores therein [95].

The well-known classification of the two-component composites with planar
interfaces was first put forward by Newnham et al. [87]. This classification is
concerned with the so-called connectivity of each component. Connectivity is
regarded as one of the main characteristics of the microstructure and expressed by
the numbers of dimensions (or co-ordinate axes) in which each component is
continuously distributed between limiting surfaces of the composite sample. The
distribution of a self-connected state of a component can take place along zero, one,
two, or three co-ordinate axes, i.e., connectivity a = 0, 1, 2, or 3 for component 1
and connectivity b = 0, 1, 2, or 3 for component 2. The connectivity of a
two-component composite is written [9, 87] as a−b where the connectivity of the
piezoelectric or most piezo-active component takes the first position (a). In the case
of a � b, the n-component composites are described by (n + 3)!/(3! n!) connec-
tivities [87], and for instance, the number of connectivities is 10 for n = 2. It is also
possible to introduce 10 alternative connectivities, namely, a–b at a � b and n = 2.

The concept of connectivity [87, 96] is fundamental in developing an under-
standing of the electromechanical interaction between components within the
piezo-active composites, in the study of the distribution of internal electric and
mechanical fields and in the interpretation of experimental or calculated data related
to composites with a specific connectivity. The connectivity of the piezo-active
composites is a crucial factor in influencing the piezoelectric response and elec-
tromechanical coupling of these materials [9, 13, 16, 87, 96].

The entire complex of the a–b connectivity patterns, their evolution and inter-
connections between them in the two-component composites with a system of
planar interfaces were analysed in work [96]. To describe the evolution and
determine the effective electromechanical properties in the a−b composite with
planar interfaces, a group of so-called junction connectivity patterns (1–1, 1–3, 2–2,
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and 3–1) was introduced. Knowledge of the evolution of the connectivity patterns
enables the analysis of the a–b composites and their effective electromechanical
properties [9, 96].

The problem of predicting the effective physical properties is of interest to many
specialists undertaking theoretical and experimental studies of these heterogeneous
materials. A formulation of the related problem on the effective electromechanical
properties in a piezo-active composite is given in work [8]. If the averaged com-
ponents of the electric field Ef

� �
and the mechanical strain nq

� �
in a macroscopic

region of the composite sample are independent of co-ordinates xj (j = 1, 2 and 3),
then (1.4) and (1.5) can be written for the piezo-active composite in the following
form:

rp
� � ¼ c�Epq nq

� �� e�fp Ef
� � ð1:49Þ

Dkh i ¼ e�kl nlh iþ e�nkr Erh i ð1:50Þ

In (1.49) and (1.50) elastic moduli c�Epq , piezoelectric coefficients e�fp and dielectric

permittivities e�nkr constitute the full set of effective electromechanical constants of
the piezo-active composite. Hereafter we use the asterisk (*) to denote the effective
properties and parameters of the composite. The effective properties from (1.49)
and (1.50) are found [8, 9] by taking into account equations of electric and
mechanical equilibrium and boundary conditions at the surface of the macroscopic
region in the heterogeneous medium. The determination of the effective elec-
tromechanical properties is concerned with an averaging of a series of vector and
tensor components of the electric and mechanical fields, for example, nq, Ef, rp, and
Dk. This averaging procedure is performed on volume fractions of components, for

which the full sets of electromechanical constants (for instance, cðnÞ;Epq , eðnÞfp and eðnÞ;nkr )
are known, and n = 1, 2, …, can be used to denote the nth component in the
composite.

In the present monograph we apply a number of methods to predict, interpret and
compare the PS and related parameters of the composites with specific connectivity
patterns. The main methods to be used are the matrix method, effective field method
(EFM) and finite element method (FEM) [9, 13, 16, 24, 34, 40, 92, 94, 97–102].

1.5 Conclusion

This chapter has been devoted to the introduction and description of the elec-
tromechanical properties and PS of the piezoelectric medium. By taking into
account formulae (1.31)–(1.34) for the direct piezoelectric effect and (1.35)–(1.38)
for the converse piezoelectric effect, one can consider four types of the piezoelectric
coefficients (dkl, ekl, gkl, and hkl) that characterise PS of materials in different ways
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(longitudinal, transverse, thickness shear, or face shear PS). To the best of our
knowledge, no systematic study of the kinds of PS in various materials has been
carried out before writing the present monograph.

As follows from numerous literature data, the most important piezoelectric
materials have been poled FCs, domain-engineered relaxor-ferroelectric SCs and
piezo-active composites with at least one of the aforementioned components. The
use of highly-effective relaxor-ferroelectric SCs with compositions near the mor-
photropic phase boundary is of significant interest due to their electromechanical
properties. The excellent electromechanical properties of the relaxor-ferroelectric
PMN–xPT and PZN–yPT SCs (Tables 1.3 and 1.4) in the domain-engineered/
heterophase states are achieved due to the large piezoelectric coefficients dij, elastic
compliances sEab and ECFs kij. It is shown that changes in the poling direction of
these SCs lead to changes in their PS, ECFs and anisotropy of the piezoelectric
properties.

The electromechanical properties of the poled FCs (Tables 1.5 and 1.6) depend
on microstructure, composition, poling conditions and technological factors such as
a range of sintering temperatures, and temperature-pressure parameters, etc. The
lower piezoelectric activity of the poled FCs in comparison to the
domain-engineered PMN–xPT and PZN–yPT SCs leads to smaller values of |dij|. In
some piezotechnical applications the poled FCs with large values of |gij| and |hij| as
well as with the large piezoelectric anisotropy [see conditions (1.44)–(1.47)] are
preferable.

The electromechanical properties of the polydomain and domain-engineered
SCs, poled FCs and piezo-active composites are regarded as effective properties of
heterogeneous materials in accordance with features of their microstructure, domain
structure, arrangement of components, and connectivity. The piezo-active com-
posites based on ferroelectrics are the final link in the hierarchy-of-properties
chains, and this feature is to be taken into account when PS can be varied in wide
ranges due to a range of factors (physical, chemical, microgeometric, technological,
etc.). The variety of the effective electromechanical properties and related param-
eters of the piezo-active composites open up new possibilities for piezotechnical
applications of these materials.
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Chapter 2
Effective Piezoelectric Coefficients
d�ij: From Microgeometry to Anisotropy

Abstract Piezoelectric coefficients dij are most widespread to describe the piezo-
electric effect, electromechanical properties and other related parameters. The
effective piezoelectric coefficients d�ij and their links to sensitivity are discussed for
piezo-active composites with various connectivity patterns. Examples of the
piezoelectric sensitivity of the 2–2-type, 1–3-type, 1–1-type, 0–3-type, and 3–b
composites based on ferroelectics are considered. The role of the microgeometry in
forming the piezoelectric sensitivity and anisotropy of the piezoelectric coefficients
d�3j is analysed. Ways to improve the piezoelectric sensitivity in terms of d�ij are
discussed in connection with potential piezotechnical applications.

Among the four types of the piezoelectric coefficients that are used to describe the
piezoelectric effect, electromechanical properties and other related parameters [1–5]
in a piezoelectric medium, the piezoelectric coefficients dij from (1.6) to (1.7) play
an important role. In the historical sense, these piezoelectric coefficients enabled the
study of the direct and converse piezoelectric effects within a relatively short time
range in the 1880s and demonstrate important relations between the electric and
elastic responses of dielectrics under the application of external fields [1, 2].
Examples of the sensor or actuator performance and energy-harvesting character-
istics of piezoelectric devices [4–8] have been studied taking into account the
piezoelectric coefficients dij. They play a vital role in the study of the performance
of poled FEs by piezoresponse force microscopy [9], in forming the figures of merit
of hydrophones [4, 10] and related hydroacoustic devices. Based on knowledge of
the dij values, one can find implicit links between the piezoelectric performance and
electromechanical coupling of the piezoelectric medium, for example, see (1.16), as
well as important interrelations between the four types of its piezoelectric coeffi-
cients [see, for instance, (1.20)–(1.23)] in terms of the electromechanical properties.
In piezo-active composites, these coefficients are regarded as ‘effective’ properties
[8, 10–12] and depend on the properties of components, orientations of their main
crystallographic axes, the connectivity and microgeometry of the composite, poling
conditions, technological factors, etc. [12–14].
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In this chapter we discuss examples of the effective piezoelectric coefficients d�ij
and their links to the PS of piezo-active composites. We also highlight examples of
the anisotropy of the piezoelectric coefficients d�ij in specific composites and their
advantages over poled FCs, especially highlighting the PS along specific directions
of energy conversion.

2.1 2–2-Type Composites

2.1.1 2–2 Ceramic/Polymer Composites

Since the 1970s, two-component composites consisting of FC and polymer com-
ponents have been studied and manufactured for various applications [4, 8, 10, 15,
16]. Usually a FC/polymer composite is formed by combining the high piezo-
electric performance of a poled FC component with the beneficial mechanical
properties of a polymer component [4, 15–18]. By correctly combining the prop-
erties of the FC and polymer components and tailoring the microgeometric features,
the composite can achieve specific advantages [10, 14–18] over the FC component.

The 2–2 FC/polymer composite system is widespread [10, 15–18] due to its
simple laminar microgeometry and electromechanical properties. We remind the
reader that the ‘2’ index in the connectivity formula ‘2–2’ means that the first (or
second) component of this composite is distributed continuously along two
co-ordinate axes [15], and the component with the higher piezoelectric activity is
assumed on the first position in the formula. We will consider the 2–2 composite as
a system of layers of two components, and these layers are distributed regularly
along one of the co-ordinate axes. The poling direction of each FC layer and the
composite sample as a whole can be chosen to be either perpendicular (Fig. 2.1) or
parallel (Fig. 2.2) to the system of interfaces that separate the FC and polymer
layers. In some specific cases it is possible that the poling direction of the ferro-
electric polymer component can differ from the poling direction of the FC com-
ponent, but in the majority of cases, the polymer is inactive and is considered as a
piezo-passive component [10–12, 17, 18]. Taking into account the mutual orien-
tation of the poling axis and interfaces, specialists often term the 2–2 composites
[10, 15] ‘series-connected’ (Fig. 2.1) or ‘parallel-connected’ (Fig. 2.2).

There are many methods suitable for manufacturing the 2–2 FC/polymer com-
posites; see, for example, work [10, 17, 18]. Rapid prototyping methods (or solid
freeform fabrication) [17–19] are effective for the manufacture of fine-scale 2–2 and
other FC-based composites using computer-aided design. These methods are also
suitable to manufacture 2–2 composites with a volume-fraction gradient, with
curved FC skeletons and with a specific orientation of the layers with respect to the
poling direction [17, 18].

The simplicity of the 2–2 structure, as shown in Figs. 2.1 and 2.2, and the
possibility of varying and tailoring the volume fractions of the components in a

36 2 Effective Piezoelectric Coefficients d�ij …



wide range [10, 11, 17, 18] enable the manufacture and design of materials with
extreme values of a variety of effective parameters concerned with the piezoelectric
effect. For example, in the case of 2–2 series-connected FC/polymer composites
based on PZT-type FCs, the non-monotonic volume-fraction dependence of the

thickness ECF k�t = e�33/ c�D33 e
�n
33

� �
1/2 [see (1.17) in the similar form for a piezo-

electric medium], piezoelectric coefficient e�31 and dielectric permittivity e�r11 in the
stress-free condition exhibit maxima [10, 11, 20], where e�3j is the piezoelectric

coefficient, c�D33 is elastic modulus measured at electric displacement D = const and

e�n33 is dielectric permittivity measured at mechanical strain n = const. The

Fig. 2.1 Schematic of the 2–2 series-connected composite. m and 1 − m are volume fractions of
components C1 and C2, respectively. (X1X2X3) is the rectangular co-ordinate system. In a case of
the FC/polymer composite, it is assumed that OX3 is the poling axis (reprinted from monograph by
Topolov and Bowen [10], with permission from Springer)

Fig. 2.2 Schematic of the 2–2 parallel-connected composite. m and 1 − m are volume fractions of
components C1 and C2, respectively. (X1X2X3) is the rectangular co-ordinate system. In a case of
the FC/polymer composite, it is assumed that OX3 is the poling axis (reprinted from monograph by
Topolov and Bowen [10], with permission from Springer)
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piezoelectric coefficient e�31 can pass through a value of zero and reach max e�31 > 0

[11] even at negative values of the piezoelectric coefficient eðnÞ31 of the FC and
polymer components. In the parallel-connected composites, the thickness ECF k�t ,
and hydrostatic (or hydrophone) piezoelectric coefficients

d�h ¼ d�33 þ d�32 þ d�31 and g�h ¼ g�33 þ g�32 þ g�31; ð2:1Þ

and squared hydrostatic figure of merit

ðQ�
hÞ2 ¼ d�hg

�
h ð2:2Þ

pass through maxima [10, 21].
To predict the effective electromechanical properties and related parameters of

the 2–2 composite, we assume that its layers have a large length in the OX1 and OX2

directions (Fig. 2.1) or in the OX2 and OX3 directions (Fig. 2.2). The interfaces
separating these layers are considered planar, with perfect bonding between the
adjacent layers.

To determine the effective electromechanical properties of the 2–2 composite,
we apply the matrix method [10, 22]. The electromechanical constants of the nth
component of the composite are given by the 9 � 9 matrix

C nð Þ�� �� ¼ jjsðnÞ;Ejj
jjdðnÞjj

 
jjdðnÞjjt

jjeðnÞ;rjj

!
ð2:3Þ

In (2.3) ||s(n),E|| is the 6 � 6 matrix of elastic compliances, ||d(n)|| is the 6 � 3 matrix
of piezoelectric coefficients and ||e(n),r|| is the 3 � 3 matrix of dielectric permit-
tivities of the first component (n = 1) and second component (n = 2), and the
superscript t denotes the transposition. In this method, the aforementioned matrices
of properties belong to the components that can be from any symmetry class, and
below we give formulae for this general case. A matrix ||C*|| of the effective
electromechanical properties of the 2–2 composite is represented as [10, 22]

C�j jj j ¼ Cð1Þ�� ���� �� � Mj jj jmþ Cð2Þ�� ���� �� 1�mð Þ
h i

Mj jj jmþ Ij jj j 1�mð Þ½ ��1 ð2:4Þ

The structure of the ||C*|| matrix from (2.4) is similar to ||C(n)|| from (2.3). The
effective electromechanical properties of the composite are determined from (2.4) in
a long-wave approximation [10, 21, 22]. This means that any wavelength from an
external field is much longer than the thickness of separate layers (C1 or C2, see
Figs. 2.1 and 2.1) in the composite system. In (2.4) ||M|| is the matrix related to the
boundary conditions at interfaces xi = const (i = 3 for the series-connected com-
posite, see Fig. 2.1, or i = 1 for the parallel-connected composite, see Fig. 2.1), and
||I|| is the identity matrix. We remind the reader that in (2.4) we deal with the 9 � 9
matrices only.
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In a 2–2 composite with a parallel connection of layers (see Fig. 2.2), the
boundary conditions at x1 = const imply a continuity of components of mechanical
stress r11, r12 and r13, mechanical strain n22, n23 and n33, electric displacement D1,
and electric field E2 and E3. We then represent ||M|| for interfaces x1 = const as

Mj jj j ¼ p1j jj j�1jjp2jj; ð2:5Þ

where the matrix

jjpnjj ¼

1 0 0 0 0 0 0 0 0

sðnÞ;E12 sðnÞ;E22 sðnÞ;E23 sðnÞ;E24 sðnÞ;E25 sðnÞ;E26 dðnÞ12 dðnÞ22 dðnÞ32

sðnÞ;E13 sðnÞ;E23 sðnÞ;E33 sðnÞ;E34 sðnÞ;E35 sðnÞ;E36 dðnÞ13 dðnÞ23 dðnÞ33

sðnÞ;E14 sðnÞ;E24 sðnÞ;E34 sðnÞ;E44 sðnÞ;E45 sðnÞ;E46 dðnÞ14 dðnÞ24 dðnÞ34

0 0 0 0 1 0 0 0 0

0 0 0 0 0 1 0 0 0

dðnÞ11 dðnÞ12 dðnÞ13 dðnÞ14 dðnÞ15 dðnÞ16 eðnÞ;r11 eðnÞ;r12 eðnÞ;r13

0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 1

0
BBBBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCCCA
ð2:6Þ

is written in terms of the electromechanical constants of the components, and n = 1
and 2. For the series-connected 2–2 composite, we write ||pn|| that has a form similar
to that in (2.6), but is concerned with the boundary conditions at x3 = const
(Fig. 2.1). We now use ||pn|| to find ||M|| from (2.5) and then to calculate the full set of
electromechanical constants of the composite at m = const in accordance with (2.4).

Taking the matrix elements C�
ab(m) from (2.4), we analyse the effective piezo-

electric coefficients d�ij(m) of the 2–2 FC/polymer composite, where the volume
fraction of the FC component m can be varied from 0 to 1. Here we consider
examples of the piezoelectric performance of the composites whereby the polymer
component is piezo-passive. The polymer components that are of interest for our
analysis are shown in Table 2.1. We consider the polymer components with dif-
ferent stiffness characteristics, but of specific interest is so-called auxetic

Table 2.1 Elastic
compliances sab (in
10−12 Pa−1) and dielectric
permittivity epp of
piezo-passive polymers at
room temperature

Polymers s11 s12 epp/e0

Araldite [22] 216 −78 4.0

Polyurethane [23] 405 −151 3.5

Elastomer [24] 3300 −1480 5.0

Polyethylene (high-density)
[8, 12, 25]

1540 −517 2.3

Auxetic polyethylene [8, 12, 25] 5260 4360 2.3
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polyethylene (PE) with a negative Poisson’s ratio [25]. In contrast to the remaining
polymers from Table 2.1, this auxetic component is characterised by elastic com-
pliances s1b > 0, and such an elastic behaviour distinctively influences the piezo-
electric properties of the composite. Hereby we neglect a specific microgeometry of
auxetic PE [25] and regard a 2–2–c FC/auxetic polymer composite as a material
with 2–2 connectivity.

The studied 2–2 FC/polymer composites are characterised by∞mm symmetry for
a series connection (Fig. 2.1) or mm2 for a parallel connection (Fig. 2.2). This means
that the matrix of the effective piezoelectric coefficients ||d*|| of the composite has the
form of ||d|| from (1.30) (series connection) or from (1.29) (parallel connection).

Typical examples of the piezoelectric performance of the 2–2 FC/polymer
composites are shown in Figs. 2.3 and 2.4. In Fig. 2.3 the volume-fraction
dependences d�ij(m) are shown for the PCR-7M-based composite, where the
PCR-7M FC is characterised by the high piezoelectric activity (as shown by data in
Table 1.5). In Fig. 2.4 we show the volume-fraction dependences d�ij(m) that are
related to the composite based on the modified PbTiO3 FC. It can be seen from
Table 1.5 that the modified PbTiO3 FC materials have a moderate piezoelectric

Fig. 2.3 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of 2–2
parallel-connected PCR-7M FC/polymer composites
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activity (e.g., their piezoelectric coefficient d33 is approximately 15 times smaller
than the piezoelectric coefficient d33 of PCR-7M), but it exhibits a large piezo-
electric anisotropy, i.e., condition (1.44) holds. The graphs in Figs. 2.3 and 2.4
suggest that a change from araldite to polyurethane in the piezo-passive polymer
layers of the composite does not lead to appreciable changes in the volume-fraction
dependences d�ij(m) (cf. Fig. 2.3a, b, as well as Fig. 2.4a, b). A change from
polyurethane to elastomer in the polymer layers does however lead to distinct
changes in d�ij(m) (cf. Figure 2.3b, c, as well as Fig. 2.4b, c). The more remarkable
changes are observed if we replace the elastomer layers with an auxetic PE, as
shown in see Figs. 2.3d and 2.4d. The aforementioned changes in d�ij(m) are a result
of the role of the elastic properties of the polymer component. On lowering its
stiffness, we achieve more rapid increase in d�24(m) and d�33(m), as shown by curves
2 and 5 in any graph of Figs. 2.3 and 2.4, which is a result of the piezoelectric
response becoming more pronounced along the co-ordinate axes OX2 and OX3. As
seen from Fig. 2.2, both the components are distributed continuously along these
axes. In contrast to d�24(m), the related shear piezoelectric coefficient d�15(m) remains
small in a wide m range as shown by curve 1 in any graph of Figs. 2.3 and 2.4, and

Fig. 2.4 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of 2–2
parallel-connected modified PbTiO3 (III) FC/polymer composites
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such behaviour can be accounted for by the strong influence of the interfaces
x1 = const in Fig. 2.2 on the shear piezoelectric effect. In fact, these interfaces
suppress the piezoelectric polarisation along OX1 in the presence of piezo-passive
polymer layers. Changes in d�31(m) as shown by curve 3 in any graph of Figs. 2.3
and 2.4 are concerned with the role of the interfaces x1 = const and elastic prop-
erties of the FC and polymer components. Interrelations between their elastic

compliances sðnÞab lead to a non-monotonic volume-fraction dependence d�31(m) (see
curve 3 in Figs. 2.3d and 2.4), and in the PbTiO3-based composite the elastic
anisotropy of the FC component plays an important role in a wide m range.

The series-connected composites are characterised by relatively small values of
d�3j(m) at volume fractions 0 < m < 0.9 due to the poor orientation of the layers
(Fig. 2.1) with respect to the poling direction. Under an external electric field E||
OX3 a considerable depolarisation field appears in the FC layers that provide only a
small contribution to the piezoelectric response of the composite along OX3. In
Table 2.2 we show examples of the volume-fraction dependences d�ij(m) of the
PCR-7M-based composite. It is clear that the lower piezoelectric activity of the
modified PbTiO3 FC leads to smaller values of |d�3j(m)| in a wide m range. For
instance, d�33 = 1 pC/N at m = 0.433, and d�31 = –1 pC/N at m = 0.910 in the 2–2
modified PbTiO3 (III) FC/araldite composite with series-connected layers. In con-
trast to d�3j(m), the d�15(m) dependence follows a uniform increase with increasing
m (see 4th and 7th columns in Table 2.2), and changes of the polymer component
only lead to minor changes in d�15(m). Hereby we observe the considerable shear PS,
especially at m > 0.3. This is a result of the orientation of the interfaces (Fig. 2.1)
that do not impede the shear piezoelectric effect in the series-connected composite.
The auxetic polymer component strongly influences the piezoelectric coefficient

Table 2.2 Piezoelectric coefficients d�ij (in pC/N) of 2–2 series-connected PCR-7M-based
composites

m d�31 d�33 d�15 d�31 d�33 d�15
PCR-7M FC/araldite PCR-7M FC/auxetic PE

0 0 0 0 0 0 0

0.01 –0.0593 0.0701 16.3 –0.155 –0.136 17.0

0.02 –0.0996 0.120 32.2 –0.160 –0.135 33.7

0.05 –0.171 0.211 78.6 –0.168 –0.127 82.1

0.10 –0.232 0.297 151 –0.178 –0.107 157

0.20 –0.304 0.419 280 –0.201 –0.0589 289

0.30 –0.367 0.544 391 –0.230 0.00337 401

0.50 –0.539 0.904 573 –0.322 0.203 583

0.70 –0.917 1.72 716 –0.536 0.669 723

0.90 –2.77 5.74 832 –1.60 2.99 834

0.95 –5.51 11.7 857 –3.19 6.44 858

0.99 –25.9 56.1 876 –15.4 33.0 877
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d�33(m) at volume fractions m < 0.3 (6th column in Table 2.2). We observe the
non-monotonic behaviour of d�33(m) at m � 1 due to the negative Poisson’s ratio of
auxetic PE. At m > 0.3 the role of the FC component becomes more active, and
d�33(m) resembles the behaviour of that in the parallel-connected composites; see,
for instance, curve 5 in Fig. 2.3 or Fig. 2.4.

In general, the studied series-connected FC-based composites are characterised
by the piezoelectric coefficients d�ij that obey the condition

d�15 ¼ d�24 � d�3j
��� ��� ð2:7Þ

at 0.01 	 m 	 0.99, where j = 1 and 3. The parallel-connected FC-based com-
posites demonstrate different examples of the piezoelectric performance and ani-
sotropy (Figs. 2.3 and 2.4) which depend on the properties of both the FC and
polymer components. The electromechanical properties of the FC component play a
dominant role at large volume fractions (m > 0.5), while the properties of the
polymer component strongly influences the PS and anisotropy of d�ij in the com-
posite, as a rule, at m < 0.3.

2.1.2 2–2 Single Crystal/Polymer Composites

Interest in the piezoelectric performance of modern SC/polymer composites [10, 12,
26–28] stems from the outstanding electromechanical properties of the
relaxor-ferroelectric SC component [29–36]. To the best of our knowledge, full sets
of electromechanical constants have been measured on samples of only
perovskite-type relaxor-ferroelectric SCs along one of the following poling direc-
tions: [001], [011] or [111] in the perovskite unit cell. Examples of the elec-
tromechanical properties of the poled PMN–xPT SCs are shown in Tables 1.3, 1.4
and 2.3, and examples of the domain arrangement in the poled state are shown in
Fig. 1.2. We note that PMN–0.28PT has been the first relaxor-ferroelectric SC, for
which self-consistent and full sets of electromechanical constants were measured
[33] on the [001]-, [011]- and [111]-poled samples. In the single-domain state at
room temperature, the PMN–0.28PT SC is characterised by 3m symmetry with a
spontaneous polarisation vector Ps||[111]. The domain-engineered SC poled along
[001] exhibits 4mm symmetry and has an average spontaneous polarisation vector
Ps||[001]. Poling along the perovskite unit-cell [011] axis leads to the
domain-engineered state [32] with mm2 symmetry and an average spontaneous
polarisation vector Ps||[011]. Data from Tables 1.3, 1.4 and 2.3 suggest that these
SCs poled along the aforementioned crystallographic directions demonstrate high
piezoelectric activity resulting in large absolute values of specific piezoelectric
coefficients dij. Due to this piezoelectric performance and various symmetry fea-
tures, the 2–2 SC/polymer composite poled along the specific direction becomes an
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attractive composite material where different variants of the PS and anisotropy of d�ij
can be observed. Such a composite is also of independent interest due to a variety of
shear oscillation modes [36] that do not appear in conventional FC samples because
of their ∞mm symmetry.

It is assumed that the 2–2 SC/polymer composite is characterised by a regular
distribution of alternating SC and polymer layers in the OX1 direction (Fig. 2.2),
and the layers are continuous in the OX2 and OX3 directions. In Fig. 2.2 now C1
refers to SC, and C2 refers to polymer. The effective electromechanical properties
of the 2–2 SC/polymer composite are determined by means of the matrix method,
as described in Sect. 2.1.1. In Sect. 2.1.2 we analyse examples of the
volume-fraction dependences of the piezoelectric coefficients d�ij(m) (Figs. 2.5, 2.6
and 2.7) at specific orientations of the main crystallographic axes in the SC com-
ponent. Among the polymer components of interest in Table 2.1, we consider
araldite as a relatively stiff polymer with a positive Poisson’s ratio and an auxetic
PE as a very soft polymer with a negative Poisson’s ratio.

The arrangement of curves in graphs of Fig. 2.5 for the SC based composites
differs from the arrangement shown in Fig. 2.3 for the PCR-7M-based composite
with the high piezoelectric activity. The smaller values of d�15(m) and d

�
24(m) (curves

1 and 2 in Fig. 2.5) are related to the PMN–xSC-based composites: their SC
components poled along [001] are characterised by piezoelectric coefficients d15
(Table 1.3) that are smaller than d15 of the PCR-7M FC (Table 1.5). Comparing
Fig. 2.5a–c leads to an increase in |d�3j| due to larger values of |d3j| in the PMN–
0.33PT SC in comparison to the PMN–0.28PT. The PMN–0.33PT is located almost
at the morphotropic phase boundary and exhibits high piezoelectric activity and

Table 2.3 Elastic compliances sEab (in 10−12 Pa−1), piezoelectric coefficients dij (in pC/N) and
dielectric permittivity erpp of [111]-poled single-domain PMN–xPT SCs (3m symmetry) at room
temperature

Electromechanical
constants

Single-domain PMN–0.28PT
SC [32]

Single-domain PMN–0.33PT
SC [30]

sE11 8.78 62.16

sE12 −4.90 −53.85

sE13 −0.93 −5.58

sE14 16.87 −166.24

sE33 6.32 13.34

sE44 138.69 510.98

sE66 27.4 232.02

d15 2382 4100

d22 −312 1340

d31 −43 –90

d33 97 190

er11/e0 4983 3950

er33/e0 593 640
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Fig. 2.5 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of 2–2
parallel-connected [001]-poled PMN–xPT SC/polymer composites: x = 0.28 (a and b) and
x = 0.33 (c and d)

Fig. 2.6 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of 2–2
parallel-connected [011]-poled PMN–0.28PT SC/polymer composites
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Fig. 2.7 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of 2–2
parallel-connected [111]-poled PMN–xPT SC/polymer composites: x = 0.28 (a–e) and x = 0.33
(f–k)
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strong electromechanical coupling [29, 30, 36]. The auxetic polymer mainly
influences the piezoelectric coefficients d�31(m) and d�32(m) at m < 0.1 (see curves 3
and 4 in Fig. 2.5b, d) irrespective of the molar concentration x in the SC compo-
nent. The non-monotonic behaviour of d�31(m) and d�32(m) is observed at
0 < m < 0.03, when the positive elastic compliance s12 of auxetic PE actively
influence the transverse piezoelectric response.

Fig. 2.7 (continued)
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In general one can state that the studied 2–2 composites based on the [001]-poled
SCs are of interest due to the large values of |d�3j| (Fig. 2.5) in a wide
volume-fraction range.

In a case of the 2–2 composite based on the [011]-poled SC, we see minor
changes in the d�ij(m) dependences (Fig. 2.6) on changing the polymer component.
There is the only non-monotonic d�31(m) dependence in the PMN–0.28PT SC/
auxetic PE composite, see curve 3 in Fig. 2.6b. This can be accounted for by the
influence of the auxetic polymer component on the piezoelectric response as a result
of the interfaces x1 = const (Fig. 2.2). The piezoelectric coefficient d�15(m) rapidly
increases at 0.9 < m < 1, see curve 1 in Fig. 2.6. Such a shear piezoelectric
response represents an example of a ‘sleeping PS’ and is strongly affected by the
aforementioned interfaces x1 = const. Due to the presence of these interfaces, the
piezoelectric coefficient d�15 of the composite can be considerable at very large
volume fractions m of the SC component with high piezoelectric activity, and in a
wide m range we observe a validity of the condition

d�15 � d�24 ð2:8Þ

(see curves 1 and 2 in Fig. 2.6). Moreover, the derivative dd�15 / dm is small in the
wide m range and increases at m > 0.9. The composite based on the [011]-poled SC
is also characterised by the relation

d�31\d�33\ d�32
�� �� ð2:9Þ

as shown by curves 3–5 in Fig. 2.6. The inequality (2.9) correlates with values of
the piezoelectric coefficients d3j of the SC component (see Table 1.4).

The 2–2 composite based on the [111]-poled SC represents an example of the PS
that depends on both the components and their volume fractions. Our analysis of the
piezoelectric coefficients d�ij enables us to conclude that such a composite is
described by m symmetry, and the corresponding matrix of d�ij in a case of the
interfaces x1 = const (Fig. 2.2) is given by

jjd�jj ¼
0 0 0 0 d�15 d�16
d�21 d�22 d�23 d�24 0 0
d�31 d�32 d�33 d�34 0 0

0
@

1
A: ð2:10Þ

Non-monotonic dependences of the piezoelectric coefficients d�ij(m) are observed
in Fig. 2.7 that are often concerned with the interfaces x1 = const and elastic
properties of the polymer component. The specific non-monotonic dependence is
observed in a case when the piezoelectric coefficient dij = 0 for both the SC and
polymer components, however d�ij 6¼ 0 is allowed for the m symmetry class, see
Fig. 2.7d, j. In this situation we see relatively small deviations of d�ij from zero
values at m = 0 and 1.
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The very large values of the piezoelectric coefficient d15 of the [111]-poled SC
(see Table 2.3) should promote large values of d�15, however the interfaces x1 =
const in the composite impede its shear piezoelectric response, and we again
observe the ‘sleeping PS’ in the wide volume-fraction range, as shown by curve 1 in
Fig. 2.7a, c, f, i. The similar ‘sleeping PS’ is also typical of the piezoelectric
coefficient d�16, see curve 2 in Fig. 2.7a, c, f, i. In contrast to d�15, the piezoelectric
coefficient d�24 exhibits large values in a wide volume-fraction range irrespective of
the SC and polymer component (see curve 3 in Fig. 2.7b, e, h, k), and the related
shear PS may be of interest for piezoelectric sensor and actuator applications.

The large piezoelectric coefficient d22 of the [111]-poled PMN–0.33PT SC (see
Table 2.3) leads to large values of d�22 of the composite in a wide m range as shown
by curve 2 in Fig. 2.7h, k, We remind the reader that the piezoelectric coefficient
d�22 characterises the longitudinal PS where the OX2 axis is parallel to the interfaces
x1 = const (Fig. 2.2). In comparison to d�22, the piezoelectric coefficient d

�
33 remains

relatively small, see curve 6 in Fig. 2.7b, e, k. In the [111]-poled PMN–0.33PT SC
the piezoelectric coefficient d33 is smaller than d22 by about seven times
(Table 2.3), and this circumstance leads to a less favourable PS due to the piezo-
electric coefficient d�22 of the composite irrespective of its polymer component.
Undoubtedly, the example of the pronounced longitudinal PS concerned with d�22 in
the PMN–0.33PT-based composite is important for sensor and actuator
applications.

The [111]-poled PMN–xPT SC/auxetic PE composite is of specific interest due
to the large anisotropy of the piezoelectric coefficients d�2j and changes in sgn d�21.
Traditionally the poled PbTiO3-type FCs and related composites exhibit a large
anisotropy of d�3j: see, for instance, Table 1.5, (1.44) and work [10, 12, 37]. In the
[111]-poled PMN–xPT SCs, as seen from Table 2.3, the largest longitudinal
piezoelectric coefficient is d22, but not d33. As a consequence, the condition
d�22 > d�33 holds for the composite in a wide volume-fraction range; compare curves
2 and 6 in Fig. 2.7e or Fig. 2.7k. In the presence of auxetic polymer layer s, the
effective redistribution of internal mechanical and electric fields takes place, so that
conditions

d�22=d
�
2f

��� ���
 5 ð2:11Þ

and

d�21 mdð Þ ¼ 0 ð2:12Þ

can be valid. For the PMN–0.28PT-based composite, the condition (2.11) is valid at
0.178 < m < 0.449, and md = 0.312. At m = md the [111]-poled PMN–0.28PT SC/
auxetic PE composite is characterised by the piezoelectric coefficients d�22 = –267
pC/N and d�23 = –2.18 pC/N, i.e., the longitudinal PS along OX2 is dominating. For
the PMN–0.33PT-based composite, the condition (2.11) is valid at
0.180 < m < 0.447,md = 0.312, and values of d�22 = 779 pC/N and d�23 = 17.0 pC/N
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are achieved at m = md. The piezoelectric performance at the valid condition (2.12)
suggests that the studied composites have obvious advantages over the highly ani-
sotropic PbTiO3-type FCs [37] first and foremost due to the large d�22 values. It should
be added in connection with (2.11) that, in contrast to the conventional poled FCs [3,
4], electrodes on the 2–2 composite sample (Fig. 2.2) are perpendicular to the OX2

axis. The validity of (2.11) and (2.12) opens up new possibilities of piezotechnical
applications for the studied 2–2 composites. These applications can be concerned
with the longitudinal oscillation modes, transducer, sensor, and other related func-
tions of the studied piezo-active composites.

2.1.3 2–0–2 Single Crystal/Ceramic/Polymer Composites

In work [38] samples of a 2–2-type PZT FC/heterogeneous polymer composite
were prepared by the adding of inorganic particles (for instance, graphite, silicon or
strontium ferrite in the powder form) to each polymer layer. This use of the
additives led to an improvement in specific effective parameters of the composite
that is described by 2–0–2 connectivity. For instance, in the parallel-connected
PZT-based composite containing strontium ferrite in the polymer layers, larger
values of the ECF k�t at the thickness oscillation mode are achieved [38]. An
improvement of the piezoelectric response and related parameters of the 2–2-type
composites can be achieved by employing a system of 0–3 FC/polymer layers in
addition to the main piezo-active component. The influence of FC inclusions in the
0–3 layer on the performance of the 2–2-type composites based on
relaxor-ferroelectric SCs have been recently studied [39, 40].

Now it is assumed that the 2–0–2 composite consists of a system of
parallel-connected layers of two types (Fig. 2.8), and these layers are arranged
regularly along the OX1 axis. The Type I layer is represented by a
domain-engineered SC with a spontaneous polarisation Ps

(1) and volume fraction
m. The Type II layer is regarded as a 0–3 FC/polymer composite, and the volume
fraction of such layers in the composite sample is 1 − m. The shape of each FC
inclusion (see inset in Fig. 2.8) obeys the equation

x1=a1ð Þ2 þ x2=a2ð Þ2 þ x3=a3ð Þ2¼ 1 ð2:13Þ

relative to the axes of the co-ordinate system (X1X2X3). In (2.13) a1, a2 = a1 and a3
are semi-axes of the inclusion. Its aspect ratio is qi= a1/a3, and subscript ‘i’ denotes
the inclusion. Linear sizes of each FC inclusion are much smaller than the thickness
of each layer as measured along OX1 (see Fig. 2.8). The FC inclusions in the
Type II layer occupy sites of a simple tetragonal lattice with unit-cell vectors
parallel to the OXj axes. In Sect. 2.1.3 we consider the piezoelectric performance of
the 2–0–2 composite that is based on either the [001]-poled SC or [011]-poled SC.
Domain types in these SCs are schematically shown in Fig. 1.2.
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We evaluate the effective electromechanical properties of the 2–0–2 composite
as follows [39]. At the first stage, the effective properties of the 0–3 FC/polymer
composite in the Type II layer are determined using EFM [10] that takes into
consideration an interaction between the FC inclusions. The effective electrome-
chanical properties of the 0–3 composite are represented in the form of the 9 � 9
matrix as follows:

Cð0�3Þ�� ���� �� ¼ cð0�3Þ;E�� �� eð0�3Þ�� ��t
eð0�3Þ�� �� � eð0�3Þ;n�� ��

 !
: ð2:14Þ

In (2.14) the superscript t denotes the transposition of the matrix. Elements of the
||C(0−3)|| matrix from (2.14) are found using the formula [10]

C 0�3ð Þ�� �� ¼ C pð Þ�� ��þmi C FCð Þ�� ��� C pð Þ�� ��� �
Ik kþ 1� mið Þ Sk k C pð Þ�� ���1

C FCð Þ�� ��� C pð Þ�� ��� �h i�1
:

ð2:15Þ

In (2.15), ||C(FC)|| and ||C(p)|| are matrices of the electromechanical properties of FC
and polymer, respectively, ||I|| is the identity matrix, and ||S|| is the matrix that
contains the Eshelby tensor components [41] and depends on elements of ||C(p)|| and
the aspect ratio qi. ||C

(FC)|| and ||C(p)|| from (2.15) have the form shown in (2.14).
At the second stage, the effective properties of the 2–0–2 composite are eval-

uated using the matrix method (see Sect. 2.1.1). Hereby we use ||C(0−3)|| from (2.15)
as the ||C(2)|| matrix that describes the properties of the Type II layer, and the ||C(1)||
matrix that characterises the properties of SC in the Type I layer. The effective
electromechanical properties of the 2–0–2 composite are described by the ||C*||

Fig. 2.8 Schematic of the 2–0–2 SC/FC/polymer composite. (X1X2X3) is a rectangular co-ordinate
system, m and 1 − m are volume fractions of the SC and FC/polymer layers, respectively, mi is the
volume fraction of isolated FC inclusions in the polymer medium, a1 and a3 are semi-axes of each
inclusion (reprinted from paper by Topolov et al. [39], with permission from Taylor and Francis)
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matrix from (2.4). These properties are functions of the volume fraction of the SC
component m, volume fraction of the FC inclusions mi in the Type II layer and
aspect ratio of these inclusions qi.

Of particular interest is the combination of the soft polymer component and stiff
modified PbTiO3 FC in the Type II layer [39]. Differences in the elastic properties

Fig. 2.9 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of the 2–0–2
[001]-poled PMN–0.33PT SC/modified PbTiO3 (I) FC/PE composite. The schematic of the
composite is shown in Fig. 2.8
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of the layers allow control of the dependence of the piezoelectric properties of the
composite on the elastic properties and their anisotropy in the Type II layer. It is
clear that changes in the elastic properties in the Type II layer are a result of
changes in the volume fraction mi and aspect ratio qi of the FC inclusions therein.
As follows from our evaluations, the Type II layer exhibits a low piezoelectric
activity [39] compared to the SC component due to the presence of isolated FC
inclusions at 0 < mi	 0.3 and 0.01 	 qi	 100. The absolute values of the
piezoelectric coefficients of the 0–3 modified PbTiO3 FC/polymer composite are

|dð0�3Þ
3j | < 10 pC/N [39, 40], even under ideal electric poling conditions. We

therefore neglect the lower piezoelectric properties of the Type II layer in the 2–0–2
composite and now consider only the piezo-active SC component, i.e., the [001]-
poled domain-engineered SC (see the orientation of domains in Fig. 1.2a).
Examples of the volume-fraction (m) dependence of the piezoelectric coefficients d�ij
of the 2–0–2 composites are graphically represented in Figs. 2.9 and 2.10. In
Figs. 2.9 and 2.10 we show the graphs for a case of a relatively small volume
fraction of FC inclusions (mi = 0.1) and vary their aspect ratio qi in a wide range,
i.e., 0.01 	 qi	 100. The values of 0 < qi< 1 are related to prolate FC inclusions,
and the values of qi> 1 are related to oblate FC inclusions.

Graphs in Figs. 2.9 and 2.10 suggest that the Type II layers with the FC
inclusions influence the piezoelectric properties of the studied composites in a
variety of ways. The mutual arrangement of curves 1 and 2 in Figs. 2.9 and 2.10
undergo very minor changes at 0.01 	 qi	 100, and this means that the shear
piezoelectric effect is almost non-sensitive to changes in the microgeometry and
elastic anisotropy in the Type II layer. This effect is less important in comparison to
the longitudinal and transverse effects in the composite based on the [001]-poled
PMN–0.33PT SC. Changes in the mutual arrangement of curves 3–5 in Figs. 2.9
and 2.10 are a result of the influence of the elastic anisotropy of the Type II layer on
the piezoelectric effect (either longitudinal or transverse), and such an influence
becomes more pronounced as the FC inclusions become either highly prolate or
highly oblate.

Fig. 2.9 (continued)
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The main feature of the piezoelectric performance of the composite based on the
[011]-poled PMN–0.28PT SC consists in the ‘sleeping PS’ concerned with the
largest piezoelectric coefficient d15 of the SC component. The very small piezo-
electric coefficient d�15 in a wide m range, see curve 1 in Fig. 2.10, is due to the
suppressing influence of the interfaces x1 = const (Fig. 2.8) on the shear

Fig. 2.10 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of the 2–0–2
[011]-poled PMN–0.28PT SC/modified PbTiO3 (I) FC/PE composite. The schematic of the
composite is shown in Fig. 2.8
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piezoelectric effect. The [011] poling direction leads to large values of |d32| of the
SC component (see 2nd column in Table 1.4) and |d�32| of the composite as a whole
(see curve 4 in Fig. 2.10). The PMN–0.28PT-based composite is also of interest
due to the relatively large values of d�33, see curve 5 in Fig. 2.10. It is obvious that
the interfaces x1 = const do not strongly influence the longitudinal piezoelectric
effect in such a composite. The FC inclusions in the Type II layer influence the
anisotropy of the piezoelectric coefficients d�3j to a restricted extent: there are no
large changes in the mutual arrangement of curves 3–5 in Fig. 2.10 with changes of
the aspect ratio qi.

In our study on the 2–0–2 composites, we have used components with con-
trasting properties: for instance, the relaxor-ferroelectric SC with a strong shear
piezoelectric effect, non-poled FC and piezo-passive polymer. The piezoelectric
activity of the SC layer and the active role of the elastic subsystem in the 0–3 FC/
polymer layer lead to large piezoelectric coefficients in specific ranges of the vol-
ume fraction of SC m. Such a performance of the studied 2–0–2 SC/FC/polymer
composites is important for piezoelectric actuator, transducer and energy-harvesting
applications concerned with specific oscillation modes.

2.2 1–3-Type Composites

In the 1–3 composite sample, a component with a higher piezoelectric activity is
self-connected in one dimension, often along the poling axis, and a component with
a lower piezoelectric activity, or a piezo-passive component, is self-connected in
three dimensions. In fact, the 1–3 composite represents a system of long rods
(component termed ‘C1’ in Fig. 2.11) aligned in a large matrix (component termed
‘C2’ in Fig. 2.11). The rods can be made of FC or ferroelectric SC, and the matrix
of the composite can be made of polymer, cement, glass, etc. [4, 8, 10, 12, 17–20,
24]. The 1–3 FC/polymer composites are widespread [4, 8, 10–12, 16–18, 24, 42]
for a few reasons. Among them we mention an ease of poling, available methods to
manufacture high-quality composite samples and a variety of advantages for the 1–
3 composite over poled monolithic FCs.

Fig. 2.11 Schematic of the
1–3 composite. m and
1 − m are volume fractions of
components C1 and C2,
respectively. (X1X2X3) is the
rectangular co-ordinate
system
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The combination of the relatively low dielectric permittivity and high piezo-
electric activity at small volume fractions of FC (often less than 10%) results in a
significant PS associated with large values of the piezoelectric coefficient g�33 of the
1–3 FC/polymer composite [10, 15, 16, 23, 24, 42]. On increasing the volume
fraction of FC, the high PS of the composite is achieved due to the large piezo-

electric coefficient d�33 that becomes approximately equal to dð1Þ33 of the FC com-
ponent even at its moderate volume fractions [24, 38]. Changes in the configuration
of the cross section of the FC rod (C1 in Fig. 2.11) by the horizontal plane can lead
to changes in the anisotropy of the piezoelectric properties of the 1–3 composite
[12, 43]. Moreover, large values of its ECFs k�33 and k�t are observed in wide
volume-fraction ranges [10, 44]. These and other important parameters of the
composite have stimulated intensive research into the development and manufac-
ture of a variety of 1–3 composites in the last decades. Since the 2000s, the 1–3
relaxor-ferroelectric SC/polymer composites [8, 10, 12, 26, 27] have been advanced
piezoelectric materials due to their high effective parameters and outstanding
electromechanical properties of the SC components; see, for instance, Tables 1.3
and 1.4.

The piezo-active 1–3 composites are also of interest due to the non-monotonic
dependence of their parameters on the volume fraction of the main piezoelectric
component in rods. Among the parameters exhibiting the non-monotonic beha-
viour, one can mention the piezoelectric coefficients d�3j, e

�
33, g

�
3j, and h�33 [10, 27,

42–44], hydrostatic piezoelectric coefficients d�h and g
�
h [4, 10, 24, 42, 43], thickness

ECF k�t [10, 26, 42, 44], hydrostatic ECF k�h [8, 12, 23], and squared hydrostatic

figure of merit ðQ�
hÞ2 [10, 24, 44]. Of independent interest are the orientation effects

[12, 45, 46] and aspect-ratio effects [47, 48] which enable us to improve some
effective parameters of the 1–3-type composites based on relaxor-ferroelectric SCs.
The main methods that can be applied to predict the effective electromechanical
properties and related parameters of the 1–3-type composites are the matrix method,
EFM and FEM [10, 22, 24, 43–48].

In Sect. 2.2 we analyse relations between the composite microgeometry and PS
of various composites that are based on either FCs or ferroelectric SCs. Some
modifications of the matrix and related examples of the PS will be discussed in the
context of improving the performance of the composites for specific piezotechnical
applications.

2.2.1 1–3 Ceramic/Polymer Composites

Since the 1980s, the 1–3 FC/polymer composite is of great interest as a hetero-
geneous material that combines the high PS, large figures of merit, ECFs, and other
parameters [10, 11, 15, 24]. In Sect. 2.2.1 we show examples of the PS concerned
with the piezoelectric coefficients d�ij of a few FC-based composites. Among the FC
components of interest, as earlier, we choose the PCR-7M FC with large values of
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|dij| and the modified PbTiO3 FC with a large anisotropy of d3j (see data in
Table 1.5). The polymer components that can form the matrices in the 1–3 com-
posites are listed in Table 2.1. When using auxetic PE as a matrix component, we
do not specify the connectivity pattern in the microporous polymer matrix [25] of
the related composite (it should then be described by the formula 1–3–c). In our
study this composite is described by 1–3 connectivity.

It is assumed that the long FC rods (component termed ‘C1’ in Fig. 2.11) are
arranged periodically in the large polymer matrix (component termed ‘C2’ in
Fig. 2.11). Centres of symmetry of the bases of the FC rods form a square lattice in
the (X1OX2) plane of the rectangular co-ordinate system (X1X2X3) shown in
Fig. 2.11. The remanent polarisation vector of the FC rod is Pr

(1) "" OX3. The full
set of electromechanical constants of the 1–3 composite with the square cross
section rods is evaluated by means of either the matrix method [10, 22] or FEM [12,
43] via the COMSOL package [49]. The boundary conditions involve components
of electric and mechanical fields at the rod—matrix interface. In FEM the rectan-
gular representative unit cell, containing the FC rod that is adjusted to yield the
appropriate volume fraction m of the FC component (Fig. 2.11), is discretised using
triangular elements. The unknown displacement field is interpolated using
second-order Lagrange shape functions, leading to a problem with approximately
120,000–200,000 degrees of freedom. Periodicity is enforced at the boundary of the
rectangular representative unit cell of the composite. After solving the equilibrium
problem, the effective elastic moduli c�Eab (m), piezoelectric coefficients e�ij(m) and
dielectric permittivities e�npq(m) of the composite are computed by means of aver-
aging the resulting local stress and electric-displacement fields over the represen-
tative unit cell. The volume fraction m of FC can be varied from 0 to 1 due to the
planar microgeometry of this composite, see Fig. 2.11. The matrix of its effective
piezoelectric coefficients d�ij has the form similar to that shown in (1.30).

Examples of the volume-fraction dependences of d�ij are shown in Figs. 2.12 and
2.13. We observe the non-monotonic d�31(m) dependence: see, for instance, curve 2
in Figs. 2.12d and 2.13. In the PCR-7M-based composite, d�31 passes through a
maximum point (see curve 2 in Fig. 2.12d) at small volume fractions m. A similar
behaviour was observed for the related 2–2 composite, see curve 3 in Fig. 2.3d.
Such a character of the d�31(m) dependence is accounted for by the influence of the
interface x1 = const (both in the 2–2 and 1–3 composites) and by the active role of
the auxetic polymer matrix. The condition d�31(m) � 0 holds at m � 0.3 (see curve
2 in Fig. 2.12d), and a large piezoelectric anisotropy is achieved, i.e., condition
(1.44) holds for d�3j of the composite. Irrespective of the polymer component, the
piezoelectric coefficient d�15 exhibits minor changes at m < 0.95 (curve 1 in
Fig. 2.12), and we observe the ‘sleeping PS’ due to the weak shear effect sup-
pressed by the FC—polymer interfaces in the composite structure (Fig. 2.11). We
remind the reader that the similar examples of the ‘sleeping PS’ concerned with d�15
and planar interfaces were shown in Sect. 2.1.
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In contrast to d�15, the piezoelectric coefficient d�33 of the 1–3 composite is
characterised by a rapid increase (see curve 3 in Fig. 2.12), and softening the
polymer component promotes the larger values of d�33. This is due to the system of
FC rods that are poled and distributed continuously along the OX3 axis (see C1 in
Fig. 2.11).

The 1–3 composite based on the modified PbTiO3 FC demonstrates trends in the
behaviour of d�15(m) (curve 1 in Fig. 2.13) and d�33(m) (curve 3 in Fig. 2.13) as
shown in Fig. 2.12 for the PCR-7M-based composite. The non-monotonic
d�31(m) dependence (see curve 2 in Fig. 2.13a–c) at relatively small volume frac-
tions m and in the presence of the polymer matrix with a positive Poisson’s ratio is
similar to that observed in the related 2–2 composite (see curve 3 in Fig. 2.4a–c). It
is also seen that min d�31(m) shifts towards the volume fraction m = 0 (see curve 2 in
Fig. 2.13a–c) on softening the polymer matrix in the 1–3 composite or the polymer
layers in 2–2 composites (see curve 3 in Fig. 2.4a–c). In both composite types, the
interfaces x1 = const play a key role in forming the lateral piezoelectric effect and
strongly influence the d�31(m) dependence, however the |d�31| value remains fairly

Fig. 2.12 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of 1–3
PCR-7 M FC/polymer composites with square cross section rods. The schematic of the composite
is shown in Fig. 2.11
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small in comparison to |d�31| of the aforementioned PCR-7M-based composite. It is
striking that the auxetic polymer matrix leads to an increase in d�31(m) in the
modified PbTiO3 FC/auxetic PE composite by approximately 6.5 times in com-
parison to |d31| of FC. As follows from our analysis, max d�31(m) appears at a
volume fraction m � 1 (see curve 2 in Fig. 2.13d) due to the active influence of
elastic properties of the auxetic polymer component on the piezoelectric perfor-
mance of the composite.

The 1–3 FC-based composites are also studied to show the role of the pillar
effect in forming the effective properties and their anisotropy [12, 43]. The pillar
effect in the 1–3 composite mainly means the influence of the cross section of the
piezoelectric rod on the performance of the composite. In Sect. 2.2.1 we discuss a
performance of a 1–3 FC/polymer composite with elliptical cross sections of rods
(Fig. 2.14) in the (X1OX2) plane that is perpendicular to the poling axis OX3. This
1–3 composite has a cellular structure and a regular distribution of FC rods in the
large polymer matrix.

Fig. 2.13 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of 1–3 modified
PbTiO3 (III) FC/polymer composites with square cross section rods. The schematic of the
composite is shown in Fig. 2.11
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Cross sections of the FC rods by the (X1OX2) plane of the rectangular
co-ordinate system (X1X2X3) (Fig. 2.14) are described by the equation

x1=a1ð Þ2 þ x2=a2ð Þ2¼ 1 ð2:16Þ

relative to the axes of the rectangular co-ordinate system (X1X2X3). Semi-axes of the
ellipse af (f = 1 and 2) from (2.16) are constant in the whole composite sample.
Centres of symmetry of these ellipses are arranged periodically on the OX1 and OX2

directions. The remanent polarisation vector of each FC rod is Pr
(1) "" OX3. It is

assumed that the FC rods are aligned along the OX3 axis (like the C1 rods in
Fig. 2.11), and the height of each rod obeys the condition h � af.

The effective electromechanical properties of the 1–3 composite with elliptical
cross sections of its rods are determined in the long-wave approximation [8, 12, 43]
within the framework of the FEM via the COMSOL package. The rectangular
representative unit cell, containing the FC rod in the form of an elliptical cylinder
with semi-axes af adjusted to yield the appropriate volume fraction m of the FC
component (Fig. 2.14), is discretised using triangular elements. The unknown
displacement field is interpolated using second-order Lagrange shape functions,
leading to a problem with approximately 120,000–200,000 degrees of freedom. The
number of the degrees of freedom depends on the ratio of semi-axes η = a2/a1.
Periodicity is enforced at the boundary of the rectangular representative unit cell of
the composite. After solving the equilibrium problem, the effective elastic moduli
c�Eab (m, η), piezoelectric coefficients e

�
ij(m, η) and dielectric permittivities e�npq(m, η) of

the composite are computed by means of averaging the resulting local stress and
electric-displacement fields over the representative unit cell. We add that the vol-
ume fraction m and the ratio of semi-axes η are varied [43] in ranges 0 < η 	 1 and
0 < m < p/4, respectively. The limiting case of η = 0 corresponds to a 2–2
parallel-connected composite, and the limiting case of η = 1 is relevant to a circular
rod cross section and the 1–3 connectivity pattern. The limiting case of the volume
fraction m = p/4 is related to a system of the rods touching each other.

As follows from our analysis, the matrix of the piezoelectric coefficients d�ij of
the 1–3 FC/polymer composite at 0 < η < 1 has the form shown in (1.29), and at

Fig. 2.14 Cross section of the 1–3 FC/polymer composite by the X1OX2 plane. (X1X2X3) is the
rectangular co-ordinate system, a1 and a2 are semi-axes of the ellipse, m is the volume fraction of
FC, and 1 − m is the volume fraction of polymer (reprinted from paper by Topolov and Bisegna
[43], with permission from Springer)
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η = 1 the matrix of d�ij is similar to that in (1.30). In a wide volume-fraction range,
the shear piezoelectric coefficients d�15 and d�24 obey conditions

d�15 � d�3j
��� ��� and d�24 � d�3j

��� ��� at m ¼ const; ð2:17Þ

where j = 1, 2 and 3. We observed a similar ‘sleeping PS’ as a result of the very
weak shear piezoelectric effect in the 1–3 PCR-7M-based composites with circular
cylindrical rods, see curves 1 in graphs of Fig. 2.12. Changes in the piezoelectric
coefficients d�3j(m, η) at 0 	 m 	 0.7 and 0.01 	 η 	 1 are graphically repre-
sented in Fig. 2.15. Trends in changes of d�3j are similar to that shown in Fig. 2.12d:
the configuration of curve 2 therein resembles the configuration of curves built for
d�31 (Fig. 2.15a) or d

�
32 (Fig. 2.15b) at η = const, and the configuration of curve 3 in

Fig. 2.12d is similar to the configuration of curves built for d�33 (Fig. 2.15c) at
η = const. The auxetic polymer component with a negative Poisson’s ratio strongly

Fig. 2.15 Piezoelectric coefficients d�3j (in pC/N) of the 1–3 PCR-7M FC/auxetic PE composite
with elliptical cross section rods
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influences the lateral piezoelectric effect in the composite (Fig. 2.15a, b) at volume
fractions m � 1. Due to the presence of the auxetic PE matrix, changes in sgn d�31
and sgn d�32 are observed, and this is also typical of the volume fractions m � 1,
see Fig. 2.15a, b. Changes in the η value lead to the equality d�31 � d�32 that holds in
the wide m range. The range 0.2 < m < 0.4 is of interest due to the large anisotropy
of d�3j: we see that at increasing the volume fraction m, the condition d�31 = 0 holds
at m = m1 and the condition d�32 = 0 holds at m = m2 > m1. For the studied the 1–3
PCR-7M FC/auxetic PE composite, the difference m2 − m1 does not exceed 0.15 in
the wide η range.

Figure 2.15c suggests that the longitudinal piezoelectric effect in the studied
composite undergoes minor changes at varying η. Changes of the piezoelectric
coefficient d�33 at η = const are similar to those in the 1–3 composites wherein the
polymer matrix is characterised by a positive Poisson’s ratio (see, for instance,
curve 3 in Fig. 2.13a–c), and the configuration of the cross section of the rod has a
little influence on the d�33(m) dependence. It should be added that the d�33(m) de-
pendence is similar to that related to the parallel-connected 2–2 FC/polymer
composites (see curve 5 in Fig. 2.3a–c or Fig. 2.4a–c). This is accounted for by the
continuous distribution of the FC component (i.e., rods in the 1–3 composite or
layers in the 2–2 composite) along the OX3 axis, see C1 in Figs. 2.2 and 2.11.

2.2.2 1–3 Single Crystal/Polymer Composites

Piezo-active 1–3 composites based on SCs of the perovskite-type relaxor-based
solid solutions, e.g. PMN–xPT and PZN–xPT, are intensively studied as
high-performance materials [8, 10, 12, 44, 50] and suitable [26, 27] for piezoelectric
transducer and energy-harvesting applications. The main reason for the high
piezoelectric performance of these composites is the outstanding electromechanical
properties of the domain-engineered PMN–xPT and PZN–xPT SCs with compo-
sitions near the morphotropic phase boundary; see, for instance, the full sets of
electromechanical constants of these SCs in Tables 1.3 and 1.4.

A modification of the 1–3 composite structure shown in Fig. 2.11 becomes an
important factor [8, 9, 50] that influences the effective parameters and potential
applications for advanced piezo-active composites. The relative simplicity of the 1–
3 composite structure and possibilities for modification (such as reinforcing the
polymer matrix with a third component, formation of a porous polymer matrix, etc.
[9, 11]) open up possibilities to improve the PS of the 1–3-type composites.

The first example of the PS is concerned with the 1–3 composite based on the
domain-engineered PMN–0.33PT SC, see graphs of d�ij in Fig. 2.16. The effective
electromechanical properties of the 1–3 composite are determined by means of the
matrix method, see (2.4) and work [10, 22]. It is seen that replacing the polymer
component does not lead to appreciable changes of d�15 (see curve 1 in Fig. 2.16).
A transition from a hard polymer (araldite) to a soft polymer (elastomer) leads to a
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more intensive increase of |d�3j| at the volume fraction of SC in the range
0 < m < 0.2 (see curves 2 and 3 in Fig. 2.16c), and the saturation of |d�3j| is
observed at m > 0.6. The auxetic polymer component strongly influences d�31,
especially at 0 < m < 0.2 (see curve 2 in Fig. 2.16d), and this effect concerned with
the negative Poisson’s ratio is similar to that in the 2–2 SC/auxetic PE composite
(see curve 3 in Fig. 2.5b, d).

In the second example we consider a 1–3 composite based on the
domain-engineered KNNTL:Mn SC. The volume-fraction dependences of d�3j of
this lead-free composite (Fig. 2.17) are similar to those shown in Fig. 2.16.
However a larger difference between elastic compliances of the KNNTL:Mn SC
and polymer components enables us to observe the saturation of |d�3j| even at
m > 0.2 (Fig. 2.17c). The smaller values of the piezoelectric coefficients |d3j| of the
KNNTL:Mn SC (Table 1.2) in comparison to |d3j| of the PMN–0.33PT SC
(Table 1.3) lead to a lower PS of the lead-free composite in comparison to that
based on the PMN–0.33PT SC. Nevertheless, the KNNTL:Mn-based composite
may be of interest due to d�33 � 500 pC/N (see curve 3 in Fig. 2.17) and d�31 = 0

Fig. 2.16 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of 1–3 [001]-
poled PMN–0.33PT SC/polymer composites with square cross section rods. The schematic of the
composite is shown in Fig. 2.11
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(see curve 2 in Fig. 2.17d). The combination of these piezoelectric coefficients
leads to the longitudinal PS that is approximately 8–9 times higher than in the
highly anisotropic modified PbTiO3 FCs [37] whose piezoelectric coefficients d3j
are known from Table 1.5. It should be noted that the value of d�33 � 500 pC/N is
also larger than d33 of many poled FCs based on Pb(Zr, Ti)O3, see Table 1.5.

2.2.3 1–2–2 Composites Based on Single Crystals

The three-component 1–3-type composite structures consisting of FC rods and
polymer layers were first studied in work [51, 52]. The piezoelectric performance of
the three-component composite based on the [001]-poled PMN–0.33PT SC was
first discussed in work [53]. Topolov et al. first studied a 1–3-type SC-based
composite [53] wherein the matrix was laminar and comprised of two piezo-passive
polymer components. Due to such a matrix, an effect of the elastic properties of the

Fig. 2.17 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of 1–3 [001]-
poled KNNTL:Mn SC/polymer composites with square cross section rods. The schematic of the
composite is shown in Fig. 2.11
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laminar polymer matrix on the performance and hydrostatic parameters of the
composite based on the PMN–0.33PT SC was described in work [53].

We assume that the long SC rods are regularly distributed in the laminar matrix
surrounding them (Fig. 2.18a), and a square arrangement of the rods is observed in
the (X1OX2) plane. The main crystallographic axes of each SC rod are oriented as
follows: X||OX1, Y||OX2 and Z||OX3. The layers of the two polymers are regularly
distributed along the OX3 axis (see inset in Fig. 2.18a) that is the poling axis of the
composite. The composite system is described by 1–2–2 connectivity. For this
composite, we first evaluate the electromechanical properties of the laminar poly-
mer matrix (2–2 connectivity, matrix method) and then the properties of the system
“Rods—laminar matrix” (1–3 connectivity, either by the matrix method or FEM).

Fig. 2.18 Schematic of the 1–2–2 SC/polymer-1/polymer-2 composite (a) and volume-fraction
dependences of piezoelectric coefficients d�3j (b and c, in pC/N) of the 1–2–2 [001]-poled PMN–
0.33PT SC/araldite/monolithic PE composite with square cross section rods. In schematic a, Ps

(1) is
the spontaneous polarisation vector of the SC component. In graphs b and c, m is the volume
fraction of the SC component in the composite sample, and mar is the volume fraction of araldite in
the laminar matrix
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Results based on the matrix method are shown in Fig. 2.18b, c. A difference
between values of d�3j calculated by the matrix method and FEM does not exceed
2% in a wide m range.

The volume fraction of araldite mar in the laminar matrix influences an increase
of |d�3j| and PS of the composite with increasing m. At larger volume fractions mar,
this increase becomes less intensive at m � 1. One of the main reasons for such a

behaviour is related to a decrease of the elastic compliance sð2Þ33 of the laminar matrix
on increasing mar, and this decrease strongly influences the piezoelectric effect,
especially along the OX3 axis. As is known from work [50], the combination of the
polymer layers with the larger difference between their elastic constants influences
the lateral piezoelectric effect in the 1–2–2 composite to a larger degree. Hereby the
role of the laminar matrix is similar to the role of the system of the highly oblate
pores in the porous polymer matrix [50], see Sect. 2.2.4. The aforementioned
features of the PS and anisotropy of d�3j are to be taken into consideration at the
prediction of the piezoelectric performance of the 1–3-type composites and
important for some piezotechnical applications.

2.2.4 1–3–0 Composites Based on Single Crystals

The next example of the modification of the 1–3 composite structure is related to
systems with 1–3–0 connectivity. This particular connectivity was studied in work
[54, 55], however in [54, 55] no detailed study on the piezoelectric coefficients d�ij
was carried out. In Sect. 2.2.4 we consider the behaviour of d�ij and related PS of the
1–3–0 composites based on SCs.

It is assumed that the composite shown in Fig. 2.19 contains a system of SC rods
in a porous polymer matrix. The SC rods are in the form of rectangular paral-
lelepipeds and continuous along the OX3 axis. The SC rods have a square base and
characterised by a regular square arrangement in the (X1OX2) plane. The main
crystallographic axes X, Y, and Z of each SC rod are parallel to the following
co-ordinate axes shown in Fig. 2.19: X||OX1, Y||OX2 and Z||OX3. Each SC rod is
characterised by a spontaneous polarisation vector Ps

(1) "" OX3, and the OX3 axis is
the poling direction of the composite sample as a whole. The polymer matrix
contains a system of spheroidal air pores that are described by the equation

x1=a1;p
� �2 þ x2=a2;p

� �2 þ x3=a3;p
� �2¼ 1 ð2:18Þ

relative to the axes of the rectangular co-ordinate system (X1X2X3), and semi-axes
of the spheroid from (2.18) are a1,p, a2,p = a1,p and a3,p. The porous matrix is
characterised by 3–0 connectivity. The air pores are regularly distributed in the
polymer matrix and occupy the sites of a simple tetragonal lattice with unit-cell
vectors parallel to the OXk axes. The shape of each pore is characterised by the
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aspect ratio qp = a1,p/a3,p that is assumed to be fixed over the composite sample.
The radius or the largest semi-axis of each pore is considered to be much less than
the length of the side of the square that is the intersection of the SC rod with the
(X1OX2) plane shown in Fig. 2.19.

The effective electromechanical properties of the 1–3–0 composite shown in
Fig. 2.19 are evaluated in two stages [54, 55]. During the first stage, the effective
properties of the polymer matrix with spheroidal pores are determined as a function
of the volume fraction of the pores (or porosity of the polymer matrix) mp and the
aspect ratio qp. The corresponding calculation is based on Eshelby’s concept of
spheroidal inclusions in heterogeneous solids [41, 56]. The effective properties of
the porous polymer medium with 3–0 connectivity are represented in the matrix
form [55, 56] as follows:

Cð3�0Þ�� ���� �� ¼ Cð2Þ�� ���� �� Ij jj j � mp Ij jj j � 1 � mp
� �

Sk k� ��1
h i

ð2:19Þ

In (2.19) ||C(2)|| is the 9 � 9 matrix of the electromechanical properties of the
polymer component, ||I|| is 9 � 9 identity matrix, and ||S|| is the 9 � 9 matrix that
comprises components of the electroelastic Eshelby tensor [41]. The elements of
||S|| depend on the aspect ratio qp of the pore and on the properties of polymer. The
effective properties of porous polymer are represented by

C 2ð Þ�� �� ¼ c 2ð Þ;E�� �� e 2ð Þ�� ��t
e 2ð Þ�� �� � e 2ð Þ;n�� ��

 !
; ð2:20Þ

Fig. 2.19 Schematic of the 1–3–0 SC/porous polymer composite. m and 1 − m are volume
fractions of the SC and porous polymer, respectively, mp is the volume fraction of air in the porous
polymer matrix. Ps

(1) is the spontaneous polarisation vector of the SC component. In the inset, a
spheroidal pore with semi-axes af is shown schematically (reprinted from Topolov et al. [55], with
permission from Elsevier)
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where ||c(2),E|| is the 6 � 6 matrix of elastic moduli measured at electric field
E = const, ||e(2)|| is the 3 � 6 matrix of piezoelectric coefficients, ||e(2),n|| is the
3 � 3 matrix of dielectric permittivities at mechanical strain n = const, and
superscript ‘t’ refers to the transposed matrix. The ||C(3–0)|| matrix from (2.19) has
the structure similar to that of ||C(2)|| from (2.20) and ||C(0−3)|| from (2.14).

During the second stage of evaluations, the effective electromechanical prop-
erties of the 1–0–3 composite are calculated using either the matrix method [10, 12]
or FEM [55]. Some results of calculations by means of these methods were com-
pared in work [55]. The electromechanical properties of the 1–3–0 composite
depend on the volume fractions m, mp and aspect ratio qp and are regarded as
properties which are homogenised in the long-wave approximation. This means that
the wavelength of an external acoustic field is much longer than the size of the SC
rod in the composite sample [55].

The volume-fraction (m) dependence of the piezoelectric coefficients d�ij of the
1–0–3 composite (Fig. 2.20) shows that the main changes in the wide m range are
related to d�3j (j = 1 and 3) while d�15 remains small and almost constant at

0 < m < 0.9. Thus, we observe the ‘sleeping PS’ at d�15 � dð1Þ15 and d d�15/dm ! 0.
Similar trends are observed in the 1–3 composites (see Figs. 2.12a–c, 2.16a–c and
2.17a–c) where the main piezoelectric component is characterised by a relatively

small anisotropy of its piezoelectric coefficients dð1Þ3j and by signs of the piezo-

electric coefficients eð1Þ3j [10, 12] as follows:

sgn eð1Þ33 ¼ �sgn eð1Þ31 [ 0: ð2:21Þ

A comparison of the graphs shown in Fig. 2.20 enables us to conclude that the
piezoelectric coefficients d�3j at m = const undergo small changes due to the pres-
ence of both prolate (0 < qp < 1) and spherical (qp = 1) pores in the matrix.
Distinct changes in the d�3j curves, especially at j = 3, are observed in the presence
of the highly oblate pores (qp � 1), see Fig. 2.20g–i. This is due to the relatively

large elastic compliance sð2Þ33 of the porous matrix and to the considerable difference

between sð2Þ33 and sð2Þ11 . An increase of the porosity mp in the matrix at qp = const also

leads to an increase of sð2Þ33 , and this increase leads to a higher PS for the composite
structure along the OX3 axis. It should be added that the porous structure of the
matrix in this composite system enables one to vary its piezoelectric anisotropy, but
only to a restricted degree. This is a result of the presence of a SC component with a

small anisotropy of its piezoelectric coefficients dð1Þ3j , see, for instance, data on the
PMN–0.33PT SC in Table 1.3. The porous polymer matrix in the 1–3–0 composite
plays an important role in forming a large anisotropy of the ECFs, and relevant
examples are discussed in work [55].
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Fig. 2.20 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of the 1–3–0
[001]-poled PMN–0.33PT SC/porous polyurethane composite with square cross section rods. The
schematic of the composite is shown in Fig. 2.19
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2.2.5 1–0–3 Composites Based on Single Crystals

The next important example of the modification of the 1–3 composite structure is
concerned with the use of a 0–3 composite matrix. It is assumed that a 1–0–3
composite consists of a system of SC rods embedded in a FC/polymer matrix
(Fig. 2.21). The structure of the 1–0–3 composite is similar to that shown in
Fig. 2.19, however the isolated FC inclusions are regularly located in the matrix
instead of the pores. The shape of each FC inclusion in the polymer matrix (see the
inset in Fig. 2.19) obeys (2.13) relative to the axes of the rectangular co-ordinate
system (X1X2X3), where a1, a2 = a1 and a3 are the semi-axes of the FC inclusion,
and qi= a1/a3 is its aspect ratio. The FC inclusions occupy sites of a simple
tetragonal lattice with unit-cell vectors parallel to the OXk axes. We remind the
reader that the similar 0–3 composite structure was considered in the Type II layers
of the 2–0–2 SC/FC/polymer composite, see Sect. 2.1.3.

The effective electromechanical properties of the 1–0–3 composite shown in
Fig. 2.21 are determined in two stages that are similar to those described in
Sect. 2.2.4. However during the first stage, the effective properties of the 0–3
FC/polymer composite are evaluated within the framework of the EFM [46–48] that

Fig. 2.20 (continued)

70 2 Effective Piezoelectric Coefficients d�ij …



takes into account an interaction between the FC inclusions in the polymer medium.
We characterise the effective properties of the 0–3 composite by a 9 � 9 matrix [10]

C 0�3ð Þ�� �� ¼ C pð Þ�� ��þmi C FCð Þ�� ��� C pð Þ�� ��� �
Ik kþ 1� mið Þ Sk k C pð Þ�� ���1

C FCð Þ�� ��� C pð Þ�� ��� �h i�1
:

ð2:22Þ

||C(FC)|| and ||C(p)|| from (2.22) characterise the properties of the FC and polymer
components, respectively, and the structure of ||C(0−3)||, ||C(FC)|| and ||C(p)|| is similar
to that of ||C(2)|| from (2.20). In (2.22) ||I|| is the identity matrix, and ||S|| is the matrix
that comprises components of the electroelastic Eshelby tensor [41]. The second
stage leads to the averaging of properties by means of either the matrix method or
FEM [46–48]. As a result of the averaging, the effective electromechanical prop-
erties of the 1–0–3 composite are represented as functions of the volume fractions
m and mi and aspect ratio qi.

By analogy with the 2–0–2 composite described in Sect. 2.1.3, we choose
components with contrasting properties as follows: the [001]-poled PMN–0.33PT SC
(main component, rods), modified PbTiO3 FC (main component in the 0–3 matrix) and
PE. Our evaluations of the properties of the 0–3 FC/polymer matrix suggest that it
exhibits a low piezoelectric activity due to the presence of isolated inclusions at volume
fractions of FC 0 < mi 	 0.3 and aspect ratios 0.01 	 qi	 100. Despite the
assumption that the level of poling of the 0–3 matrix is ideal, the absolute values of its

piezoelectric coefficients are relatively low whereby |dð0�3Þ
3j | < 10 pC/N [47, 48], i.e.,

two orders-of-magnitude less than |dð1Þ3j | of the PMN–0.33PT SC and related SCs
listed in Table 1.3. Hereafter we neglect the piezoelectric activity of the 0–3 matrix in
comparison to the piezoelectric activity of the SC rod and consider the FC inclusions

Fig. 2.21 Schematic of the 1–0–3 SC/FC/polymer composite. m and 1 − m are volume fractions
of the SC and the FC/polymer matrix, respectively, mi is the volume fraction of FC in the matrix,
and Ps

(1) is the spontaneous polarisation vector of the SC component. In the inset, a spheroidal FC
inclusion with semi-axes af is shown schematically
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in the unpoled state. It is important to underline that any potential incomplete poling
of the 0–3 matrix in the studied 1–0–3 composite is thereby avoided.

Graphs in Fig. 2.22 show that the FC inclusions in the polymer matrix can
influence the PS of the composite even at the relatively small volume fraction

Fig. 2.22 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of the 1–0–3
[001]-poled PMN–0.33PT SC/modified PbTiO3 (I) FC/monolithic PE composite with square cross
section rods at the volume fraction of FC mi = 0.1. The schematic of the composite is shown in
Fig. 2.21
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mi = 0.1. We see changes in the piezoelectric coefficients d�3j (see curves 2 and 3 in
Fig. 2.22), while the piezoelectric coefficient d�15 undergoes minor changes and
remains small at 0 < m < 0.9 (see curve 1 in Fig. 2.22). Such distinctions in the
behaviour of the piezoelectric coefficients are observed due to the 1–3-type com-
posite structure (Fig. 2.21) and were earlier mentioned for the 1–3 and 1–0–3
composites (see Sects. 2.2.1, 2.2.2 and 2.2.4). The changes in the piezoelectric
coefficients d�3j are concerned with the changes in the aspect ratio of the FC
inclusions, and the latter changes strongly influence the elastic anisotropy of the

0–3 matrix (Table 2.4). Data in Table 2.4 show that the sð0�3Þ
11 /sð0�3Þ

uv ratios undergo
large changes during a transition of the FC inclusion in the 0–3 matrix from a
prolate (0 < qi < 1) to oblate (qi > 1) shape.

An increase of the volume fraction of FC mi leads to changes in the sð0�3Þ
11 /sð0�3Þ

uv

ratios, but to a lesser degree. We show an example of such changes at qi = 100 in
Table 2.4. Figure 2.22 suggests that the piezoelectric anisotropy of the 1–0–3
composite can be varied at a relatively small anisotropy of the piezoelectric coef-

ficients dð1Þ3j of the PMN–0.33PT SC. A similar behaviour of d�ij and variations of the

Table 2.4 Ratios of elastic

compliances sð0�3Þ
11 /sð0�3Þ

uv of
the 0–3 modified PbTiO3

(I) FC/monolithic PE
composite with non-poled
aligned spheroidal inclusions
(EFM calculations)

qi mi sð0�3Þ
11 /sð0�3Þ

12 sð0�3Þ
11 /sð0�3Þ

13 sð0�3Þ
11 /sð0�3Þ

33

0.01 0.10 −3.95 −69.78 13.5

0.1 0.10 −4.22 −13.2 2.77

1 0.10 −4.86 −4.86 1.00

10 0.10 −5.14 −4.49 0.597

100 0.10 −5.65 −4.54 0.176

100 0.15 −5.67 −4.41 0.126

100 0.20 −5.68 −4.28 0.0998

100 0.25 −5.68 −4.18 0.0831

100 0.30 −5.67 −4.09 0.0709

Fig. 2.22 (continued)
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piezoelectric anisotropy are observed (Fig. 2.23) when the PMN–0.33PT SC in the
composite is replaced with the KNNTL:Mn SC, a component with a lower
piezoelectric activity. This is due to the anisotropy of the elastic properties of the
0–3 FC/polymer matrix (Table 2.4). We remind the reader that, as with the

Fig. 2.23 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of the 1–0–3
[001]-poled KNNTL:Mn SC/modified PbTiO3 (I) FC/monolithic PE composite with square cross
section rods at the volume fraction of FC mi = 0.1. The schematic of the composite is shown in
Fig. 2.21
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[001]-poled PMN–0.33PT SC, the [001]-poled KNNTL:Mn SC is characterised by

a relatively small anisotropy of dð1Þ3j , see data in Table 1.2.
When predicting the piezoelectric properties of the KNNTL:Mn-based com-

posite (Fig. 2.23), we also assume that the 0–3 matrix is unpoled. The highly oblate
FC inclusions (qi � 1) in the 0–3 matrix lead to a weakening of the transverse
piezoelectric effect from to the SC rods in the composite (Fig. 2.21) and, therefore,
lead to a decrease of |d�31|. The system of the SC rods oriented parallel to the poling
axis OX3 favours a strong longitudinal piezoelectric effect, and large values of d�33
are achieved in the presence of FC inclusions at any aspect ratio qI, see curve 3 in
Figs. 2.22 and 2.23. This effect due to the 0–3 matrix plays an important role in
forming the hydrostatic piezoelectric response of the 1–0–3 composite [46–48] and
is to be taken into consideration for the prediction of the PS of related composite
structures. The effect of the elastic anisotropy of the 0–3 matrix on the hydrostatic
PS of a PZN–0.08PT-based composite leads to large values of its piezoelectric

coefficient d�h * 103 pC/N [48] while the piezoelectric coefficient dð1Þh of the [001]-
poled PZN–0.08PT SC is negative. According to data from Table 1.3, we obtain

dð1Þh = −20 pC/N.
It can be seen in graphs in Fig. 2.24 that changes in the piezoelectric coefficients

d�ij of the 1–0–3 composite at qi = 100 remain small when we vary the volume
fraction of FC mi. This behaviour correlates with minor changes in the ratios of the

elastic compliances sð0�3Þ
11 /sð0�3Þ

uv of the 0–3 matrix, see data in Table 2.4. On
increasing the volume fraction mi, we observe a decrease of both |d�31| and d�33, see
Fig. 2.24a, b. In the same case, the piezoelectric coefficient d�15 increases
(Fig. 2.24c), but within a restricted range.

Thus, the 1–0–3 SC/FC/polymer composite represents an example of a material
wherein three components with contrasting properties influence the PS, and the
piezoelectric anisotropy of the composite depends on properties of the 0–3 FC/
polymer matrix. The performance of the studied composite is to be taken into
account in sensor, actuator and hydroacoustic applications.

Fig. 2.23 (continued)
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2.3 1–1-Type Composites

A 1–1 connectivity pattern means that each component of a two-component
composite is distributed continuously in one direction. Despite the relatively simple
microgeometry of the 1–1 composite (Fig. 2.25a) that resembles the well-known
1–3 composite shown in Fig. 2.11, electromechanical properties and related
parameters of the 1–1 composite were studied only for some FC/polymer combi-
nations [57, 58]. In Sect. 2.3 we consider examples of the volume-fraction beha-
viour of the piezoelectric coefficients d�ij and PS of the 1–1-type FC-based
composites.

Fig. 2.24 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of the 1–0–3
[001]-poled PMN–0.33PT SC/modified PbTiO3 (I) FC/monolithic PE composite with square cross
section rods at qi = 100. The schematic of the composite is shown in Fig. 2.21
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2.3.1 1–1 Ceramic/Polymer Composites

It is assumed that the 1–1 composite contains rectangular FC and polymer paral-
lelepipeds which are alternating in the OX1 and OX2 directions (Fig. 2.25). The
height of each parallelepiped equals h (that measured along the poling axis OX3),
and conditions h � |LN| and h � |LU| are valid over the whole composite sample
(Fig. 2.25) where the regular distribution of the FC and polymer components is
observed. Effective electromechanical properties of the 1–1 composite are deter-
mined by means of the matrix method [57] and represented as functions of two
parameters, t = |MS|/|MV| and n = |RS|/|RT|. The volume faction of FC as a main
piezoelectric component in this composite (see C1 in Fig. 2.25a) is given by

m ¼ ntþ 1�nð Þ 1�tð Þ ð2:23Þ

As follows from (2.23), m = 1 (limiting case) is achieved at either n = t = 1 or
n = t = 0. If n = 0 or 1 and 0 < t < 1, then we obtain the 2–2 parallel-connected
FC/polymer composite (see Sect. 2.1.1). The similar 2–2 composite can be also
considered at t = 0 or 1 and 0 < n < 1.

The 1–1 FC/polymer composite poled along OX3 (Fig. 2.25a) is described by
mm2 symmetry and characterised by a following peculiarity [57, 58]. The effective
electromechanical properties evaluated for a pair of parameters (t, n) remain
unchanged for parameters (1 − t, 1 − n). For instance, the piezoelectric coefficients
d�ij obey the condition

d�ij t; nð Þ ¼ d�ij 1� t; 1� nð Þ ð2:24Þ

Fig. 2.25 Schematic of the 1–1 composite (a) and cross section of the 1–1 composite by the
(X1OX2) plane (b). m and 1 − m are volume fractions of components C1 (dashed in b) and C2,
respectively. (X1X2X3) is the rectangular co-ordinate system (b reprinted from paper by Glushanin
and Topolov [57], with permission from IOP Publishing)
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Equation (2.24) suggests that the analysis of the PS of the composite can be carried
out, for example, at 0 < t 	 0.5 and 0 < n < 1. Hereafter we consider the piezo-
electric coefficients d�3j (j = 1, 2 and 3) and their anisotropy. As in the 1–3-type
composites, the piezoelectric coefficient d�15 in the 1–1-type composites remains
relatively small in the wide volume-fraction (m) range. Such a feature is common in
the 1–3, 1–1 and related composite structures because of the system of long
piezoelectric rods (see C1 in Figs. 2.11 and 2.25a) distributed continuously along
one poling axis.

Examples of the d�3j(t, n) dependence (Fig. 2.26) show that the piezo-passive
polymer component plays the important role in forming the PS of the composite
and influences the piezoelectric anisotropy. For the araldite-containing composite, a
similar monotonic behaviour of d�31(t, n) and d�32(t, n) is observed; see Fig. 2.26a, b.
In the composite that contains auxetic PE, we observe the sign-variable and
non-monotonic behaviour of d�31(t, n) and d�32(t, n); see Fig. 2.26d, e. We note that
the non-monotonic behaviour in the latter case is observed at m � 1, i.e., when the
volume fraction of the auxetic polymer component is large and this component can
influence the transverse PS of the composite to a large extent. It should be reminded
that the change in sgn d�31 and sgn d�32 is observed in the presence of the PCR-7M

FC that is characterised by the large transverse piezoelectric coefficient dð1Þ31 (see
Table 1.5). At the same time, the d�33(t, n) dependence is similar in both the
composites; see Fig. 2.26c, f. This behaviour means that the polymer component
plays a passive role in forming the longitudinal PS of the 1–1 composite.

2.3.2 1–1–0 Ceramic/Porous Polymer Composites

A modification of the 1–1 composite structure shown in Fig. 2.25a leads to changes
in the PS. Now we assume that the polymer rods of the composite contain a system
of spheroidal air pores that are described by (2.18) relative to the axes of the
rectangular co-ordinate system (X1X2X3). The schematic of the pore is shown in the
inset in Fig. 2.19. As in the case of the 1–3–0 composite considered in Sect. 2.2.4,
the pores are regularly distributed in the polymer medium and occupy the sites of a
simple tetragonal lattice with unit-cell vectors parallel to the OXk axes. The shape of
each pore is characterised by the aspect ratio qp = a1,p/a3,p, and this value is con-
stant over the composite sample. The radius or the largest semi-axis of each pore
remains considerably less than the length of the side of the square being the
intersection of the FC rod by the (X1OX2) plane shown in Fig. 2.25a. The FC/
porous polymer composite is characterised by 1–1–0 connectivity. The effective
electromechanical properties of the 1–1–0 composite are evaluated in two stages
[57, 58], and these stages are similar to those described in Sect. 2.2.4.

Graphs in Fig. 2.27 show that the porous polymer influences the piezoelectric
coefficients d�3j (j = 1, 2 and 3) and their anisotropy, and this influence depends on
the aspect ratio qp. For instance, at qp = 0.1 (prolate pores), we see the considerable
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analogy between the d�31 and d
�
32 curves shown in Fig. 2.27a, b. At qp = 1 (spherical

pores), some distinctions between the d�31 and d�32 curves (Fig. 2.27d, e) are
observed. At qp = 100 (heavily oblate pores), the obvious distinctions between d�31

Fig. 2.26 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of 1–1
PCR-7M FC/polymer composites. The schematic of the composite is shown in Fig. 2.25a
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and d�32 (Fig. 2.27g, h) are observed. Such an ‘evolution’ of the curves is concerned
with considerable changes in the elastic anisotropy of the porous polymer that
influences the transverse PS to a large extent. As for the d�33 curves, they undergo
less considerable changes when the aspect ratio qp increases from 0.1 to 100; see
Fig. 2.27c, f, i. This is due to the weaker influence of the porous polymer on the
longitudinal PS in the studied 1–1–0 composite.

Fig. 2.27 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of the 1–1–0
PCR-7M FC/porous araldite composites at qp = 0.1 (a–c), qp = 1 (d–f), and qp = 100 (g–i). The
arrangement of the FC rods in the composite is shown in Fig. 2.25a, see C1
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Thus, we see an analogy between the PS of the 1–1-type and 1–3-type com-
posites. However the 1–1 composite structure (Fig. 2.25a) opens up additional
opportunities to vary the transverse PS and anisotropy of the piezoelectric coeffi-
cients d�3j. This feature of the 1–1-type composites is to be taken into account at a
selection of potential materials for piezoelectric transducer, actuator and related
applications.

2.4 0–3-Type Composites

The 0–3 composite system is one of the most common piezo-composite types
studied earlier (see, for instance, [8, 10–12, 16–18, 59]). The 0–3 composite shown
in Fig. 2.28 consists of the three-dimensionally connected matrix reinforced by a
system of isolated inclusions. The widespread type of the 0–3 composites is the FC/
polymer composite wherein the polymer matrix can be either piezo-passive or
piezo-active, and the main piezoelectric component is poled FC [10–12]. Effective
electromechanical properties and related parameters of the 0–3 composites are
highly dependent on their microstructure, properties and volume fractions of the

Fig. 2.27 (continued)
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components, poling conditions, technological factors, etc. [10–14. 59]. In Sect. 2.4
we discuss examples of the PS of various 0–3 composites.

The first example is concerned with a 0–3 ZTS-19 FC/clay composite that was
first considered in work [60]. Clay is regarded as a piezo-passive isotropic com-
ponent with elastic moduli c11 = 4.48 � 108 Pa and c12 = 1.73 � 108 Pa and di-
electric permittivity epp/e0 = 8.0 [61, 62]. ZTS-19 is the typical FC material based
on Pb(Zr, Ti)O3 [10–12], and the full set of electromechanical constants of this FC
is given in Table 1.5. It is assumed that the FC inclusions are spheroidal and
regularly distributed in the large clay matrix, and the poling axis of each inclusion
and the composite sample as a whole is OX3 (Fig. 2.28). The shape of each FC
inclusion is described by (2.13) in the axes of the rectangular co-ordinate system
(X1X2X3), and the aspect ratio of each inclusion is q = a1/a3. The FC inclusions
occupy the sites of a simple tetragonal lattice with unit-cell vectors parallel to the
OXk axes shown in Fig. 2.28. Results of the FEM modelling of the piezoelectric
properties of the 0–3 composite are graphically represented in Fig. 2.29. It is seen
that even at the ideal poling of the ZTS-19 inclusions aligned in the clay matrix, the
piezoelectric coefficients d�ij of the composite obey the condition

d�ij=d
1ð Þ
ij � 1 ð2:25Þ

in the wide volume-fraction (m) range. In Fig. 2.29 we show the volume-fraction
dependence of d�ij in the presence of the non-oblate FC inclusions, i.e., 0 < q 	 1.
The isolated FC (piezoelectric) inclusions surrounded by the piezo-passive matrix
promote a lower PS of the 0–3 composite in comparison to the 1–3, 2–2 and 1–1
composites where the piezoelectric component is distributed continuously along the

poling axis. For the composite with the oblate FC inclusions (q > 1), the d�ij/d
ð1Þ
ij

ratio from (2.25) becomes smaller in comparison to that at 0 < q 	 1.
In the second example a relatively low PS and validity of (2.25) are predicted for

a 0–3 [001]-poled PMN–0.33PT SC/araldite composite (Fig. 2.30). Calculations of
d�ij were performed by means of the FEM. We observe the rapid decrease of |d�3j|

Fig. 2.28 Schematic of the
0–3 composite. The poling
direction is denoted by an
arrow. a1 and a3 are
semi-axes of the spheroidal
inclusion, m and 1 − m are
volume fractions of
components (reprinted from
Topolov et al. [59], with
permission from Taylor and
Francis)
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(Fig. 2.30a, b) on increasing the aspect ratio q of the SC inclusions. The piezo-
electric coefficient d�15 becomes smaller than that in the 0–3 ZTS-19 FC/clay
composite, see Figs. 2.29c, d and 2.30c. Such behaviour may be accounted for by a
lesser difference between elastic constants of the SC and polymer components in
comparison to the elastic properties of the ZTS-19 FC and clay in the first example.

Moreover, the piezoelectric coefficient dð1Þ15 of the ZTS-19 FC is approximately three

times larger than dð1Þ15 of the PMN–0.33PT SC; see data in Tables 1.3 and 1.5.
The third example is concerned with a 0–3 SC/FC composite. The piezoelectric

performance of such composites was first studied in work [63]. It is assumed that
the SC inclusions (volume fraction m) are regularly distributed in the large FC
matrix (volume fraction 1 − m), and both the components are poled along the OX3

axis (Fig. 2.28). The shape of each SC inclusion is described by (2.13), the aspect
ratio is qi= a1/a3, and a1, a2 = a1 and a3 are semi-axes of the SC inclusion. The
domain arrangement in each SC inclusion is shown in Fig. 1.2a, and the co-ordinate
axes OXj obey conditions OX1||[100], OX2||[010] and OX3||[001]. Hereby we con-
sider two modes of the arrangement of the SC inclusions, namely, the simple cubic
and body-centered arrangements. Among the components of interest, we choose the

Fig. 2.29 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of the 0–3
ZTS-19 FC/clay composite. The schematic of the composite is shown in Fig. 2.28

2.4 0–3-Type Composites 83



PMN–0.33PT SC with the high piezoelectric activity (see data in Table 1.3) and the
modified PbTiO3 FC with the large piezoelectric anisotropy and moderate piezo-
electric activity (see data in Table 1.5). As follows from Table 2.5, changes in the
aspect ratio q lead to changes in the piezoelectric coefficients d�ij and piezoelectric
anisotropy. At q = const and m = const, we observe minor changes in d�ij when the

arrangement of the SC inclusions in the FC matrix changes. We add that the d�ij/d
ð1Þ
ij

ratio undergoes major changes, however the condition (2.25) holds for the three
piezoelectric coefficients of the composite (i.e., for ij = 31, 33 and 15 simultane-
ously) in restricted ranges of q and m.

In the fourth example we assume that the spheroidal SC inclusions are sur-
rounded by the porous polymer medium (see the inset in Fig. 2.19). The polymer
matrix contains a system of spheroidal pores with the aspect ratio qp, see also
(2.18). As in the case of the 1–3–0 composite, the pores are regularly distributed in
the polymer medium and occupy the sites of a simple tetragonal lattice with
unit-cell vectors parallel to the OXk axes (see Sect. 2.2.4). The composite that

Fig. 2.30 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of the 0–3
[001]-poled PMN–0.33PT SC/araldite composite. The schematic of the composite is shown in
Fig. 2.28
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consists of the system of the aligned SC inclusions and the porous polymer matrix
is described by 0–3–0 connectivity. In the 0–3–0 composite m is the volume
fraction of the SC component, and mp is porosity of the matrix therein. The
volume-fraction (m) dependence of the piezoelectric coefficients d�ij of the 0–3–0
composite with spherical pores (qp = 1) is represented in Fig. 2.31. It is seen that at
the aspect ratio of the SC inclusion q > 0.1, the piezoelectric coefficients |d�3j|
become small, and changes in porosity mp of the matrix do not lead to appreciable
changes in d�ij of the composite. The piezo-passive polymer matrix and the isolated
piezoelectric inclusions promote a weakening of the PS even at the relatively large
elastic compliances of the inclusions and matrix in the composite.

2.5 3–b Composites

In the last decades, FC/polymer composites with 3–b connectivity are of interest
[10, 16–19, 64] due to their considerable PS and large hydrostatic parameters. The
first index 3 means that the first component (FC) is distributed continuously in the
composite sample along three co-ordinate axes, and the second index is b = 0, 1, 2,
or 3, i.e., the number of the axes, along which the second component (polymer) is

Table 2.5 Piezoelectric coefficients d�ij (in pC/N) and the anisotropy factor d�33/|d
�
31| of the 0–3

[001]-poled PMN–0.33PT SC/modified PbTiO3 FC (I) composite at different modes of the
arrangement of SC inclusions, FEM calculations

m d�31 d�33 d�15 d�33/|d
�
31| d�31 d�33 d�15 d�33/| d

�
31|

q = 0.1, simple cubic arrangement q = 0.1, body-centered arrangement

0.05 −10.2 64.8 69.4 6.35 −10.3 63.8 69.4 6.39

0.10 −14.2 74.6 70.9 5.25 −14.2 72.8 71.0 5.31

0.20 −23.8 97.5 74.5 4.10 −23.9 93.8 74.6 4.13

0.30 −36.3 126 79.0 3.47 −36.5 120 79.1 3.48

0.50 −75.8 212 92.4 2.80 −77.0 201 92.7 2.80

q = 0.3, simple cubic arrangement q = 0.3, body-centered arrangement

0.05 −9.99 63.8 69.4 6.39 −10.2 64.2 70.5 6.29

0.10 −13.7 72.8 71.0 5.31 −14.0 73.5 72.9 5.25

0.20 −22.7 93.8 74.6 4.13 −23.4 95.8 77.8 4.09

0.30 −34.5 120 79.1 3.48 −35.8 124 82.6 3.46

0.50 −71.9 201 92.7 2.80 −75.8 212 93.6 2.80

q = 0.5, simple cubic arrangement q = 0.5, body-centered arrangement

0.05 −9.71 62.9 69.5 6.48 −10.1 63.6 70.6 6.30

0.10 −13.1 70.7 71.0 5.40 −13.8 72.5 72.8 5.25

0.20 −21.3 89.2 74.7 4.19 −22.8 93.5 77.6 4.10

0.30 −31.9 113 79.2 3.54 −34.8 121 82.4 3.48

0.50 −67.6 190 93.1 2.81 −73.9 206 92.5 2.79
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distributed, varies from zero to three. To the date, no paper is known where the four
connectivity patterns at b = 0, 1, 2, and 3 are compared and the effective parameters
of the 3–b composites are analysed in detail. In Sect. 2.5 we show examples of the
piezoelectric properties and their anisotropy in some 3–b composites based on FCs.

Fig. 2.31 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of the 0–3–0
[001]-poled PMN–0.33PT SC/porous araldite composite at porosity of the polymer matrix
mp = 0.1 (a–c) and mp = 0.2 (d–f). Each pore in the polymer matrix is characterised by the aspect
ratio qp = 1
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Piezoelectric properties of ZTS-19 FC/clay composites with connectivity pat-
terns 3–0 and 3–1 are characterised by similar volume-fraction dependences
(Fig. 2.32), and quantitative differences stem from the specifics of the shape of the
clay inclusions. The structure of the 3–0 composite is similar to that shown in
Fig. 2.28. In the 3–0 composite, the FC matrix contains spheroidal clay inclusions
that are distributed over the sample. The shape of each clay inclusion is described
by (2.13) in the axes of the rectangular co-ordinate system (X1X2X3), and the aspect
ratio of each inclusion is q = a1/a3. The clay inclusions occupy the sites of a simple
tetragonal lattice with unit-cell vectors parallel to the OXk axes shown in Fig. 2.28.
In the studied 3–0 composite, mcl is the volume fraction of clay, and 1 − mcl is the
volume fraction of FC. The poling direction of the FC component and composite as
a whole is OX3. The 3–1 composite is regarded as a limiting case of the 3–0
composite at q = 0. In the 3–1 composite, the regular arrangement of clay circular
rods is also assumed.

Graphs in Fig. 2.32 were built by taking into account FEM calculations. It is
seen that the transverse piezoelectric effect becomes stronger (Fig. 2.32a) on
increasing the aspect ratio q, i.e., at the transition from the prolate to spherical shape

Fig. 2.32 Volume-fraction dependences of piezoelectric coefficients d�3j (in pC/N) of 3–0
(a–b) and 3–1 (c) ZTS-19 FC/clay composites
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of the clay inclusion. The weakening of the longitudinal piezoelectric effect on
increasing the aspect ratio q (Fig. 2.32b) is caused by the shape of the same clay
inclusions.

For instance, the larger piezoelectric coefficient d�33 at mcl = const is expected in
the presence of the clay inclusions with a smaller aspect ratio q. Minor changes in
the d�33 curves at 0 < q 	 1 (Fig. 2.32b) are accounted for by the strong influence
of the poled FC matrix on the PS of the composite. Figure 2.32c shows that
changes in d�3j of the 3–1 composite are observed in the narrower ranges in com-
parison to the 3–0 composite. Such a feature is concerned with the presence of the
clay inclusions that are continuously distributed along the poling axis OX3 and
make no serious obstacles at the poling of the composite sample at the electric field
E||OX3. It should be added that the results on the FEM modelling of the elec-
tromechanical properties of the 3–0 composite were used in work [60] where the
ZTS-19 FC/clay composite was first manufactured and characterised as a
piezo-active composite with a few connectivity patterns.

Examples of the volume-fraction behaviour of the piezoelectric coefficient d�33 of
composites based on the PZT-5H FC are shown in Fig. 2.33, where m is the volume
fraction of the FC component. The related 3–b composites with the regular
arrangement of their components were manufactured and studied in work [19]. The
largest values of d�33 at m = const are achieved in the 3–1 composite (Fig. 2.33a)
where the polymer rods are distributed continuously along the poling axis OX3.
A decrease of d�33 at m = const in the 3–2 and 3–3 composites (Fig. 2.33b, c) in
comparison to d�33 of the 3–1 composite is caused by technological factors,
non-dense contacts between the FC and polymer components in samples, incom-
plete poling of some fragments of the samples, etc.

Our analysis of the d�33(m) dependences in Fig. 2.33 enables us to conclude that
these dependences can be approximated by

d�33 mð Þ ¼ a0 þ a1mþ a2m
2 þ a3m

3: ð2:26Þ

In (2.26) ai are coefficients that do not depend on m. We add for a comparison that a
volume-fraction dependence d�33(mpl) in a ZTS-19 FC/polymer composite from
work [65] is represented as

d�33 mpl
� � ¼ a�0 þ a�1mpl þ a�2mpl

2 þ a�3mpl
3 þ a�4mpl

4 ð2:27Þ

In (2.27) ai* are coefficients that do not depend on mpl, and mpl is the volume
fraction of the polymer component. A difference between the polynomials (2.26)
and (2.27) can be accounted for by specifics of the composite mcirogeometry,
poling conditions and other factors.

88 2 Effective Piezoelectric Coefficients d�ij …



2.6 Electromechanical Coupling Factors
and Their Relations to d�ij

Based on (1.16)–(1.18), we analyse ECFs related to the 1–3 SC/polymer composite.
Figure 2.34a shows links between the piezoelectric coefficient d�31 and ECFs k�31
and k�p which are concerned with the transverse piezoelectric effect. In Fig. 2.34b
links between the piezoelectric coefficient d�33 and ECFs k�33 and k�t are observed,
and these parameters are concerned with the longitudinal piezoelectric effect. The
effective parameters of the 1–3 PMN-0.33PT-based composite were evaluated by
means of the matrix method, see Sect. 2.2.2. A correlation between d�3j(m) and
k�3j(m) (see curves 1 and 2 in Fig. 2.34) is accounted for by a restricted influence of
the dielectric and elastic properties of the 1–3 composite on its electromechanical
coupling and by the proportionality k�3j * d�3j in accordance with (1.16). A small

Fig. 2.33 Volume-fraction dependences of the piezoelectric coefficient d�33 (in pC/N) of 3–b
PZT-5H FC/epoxy composites and examples of the polynomial approximation of d�33(m) at b = 1
(a), b = 2 (b) and b = 3 (c). Experimental points (black squares in graphs) are adapted from work
[19])
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difference between the ECFs k�33 and k�t (see curves 2 and 3 in Fig. 2.34b) in the
wide m range is typical of the 1–3 composite poled along the OX3 axis [12, 42, 44].

A considerable anisotropy of the ECFs can be observed in the 1–3-type com-
posite wherein the matrix is characterised by a specific elastic anisotropy [55]. This
elastic anisotropy is caused by auxetic polymers, pores or FC inclusions in the
polymer medium [8, 46–48, 52, 54, 55]. Examples of the large anisotropy of the
piezoelectric coefficients d�3j and ECFs related to the longitudinal and transverse
piezoelectric effects in the 1–3–0 composite with the porous polymer matrix are
shown in Table 2.6. The highly oblate pores promote the larger anisotropy of d�3j on
increasing porosity mp in the polymer matrix. The similar conditions for the large
anisotropy of the ECFs are valid in narrower volume-fraction ranges [m1, m2] in
comparison to the anisotropy of d�3j, see 3rd, 4th and 5th columns in Table 2.6. On
increasing porosity mp in the matrix, the volume-fraction range corresponding to the

Fig. 2.34 Volume-fraction (m) dependence of piezoelectric coefficients d�3j (in pC/N) and ECFs
k�3j, k

�
p and k�t in the 1–3 [001]-poled PMN–0.33PT SC/araldite composite. The schematic of the

composite is shown in Fig. 2.11

Table 2.6 Volume-fraction ranges [m1, m2] wherein conditions for the large anisotropy of
piezoelectric coefficients d�3j and ECFs hold for the 1–3–0 [001]-poled PMN–0.33PT SC/porous
araldite compositea

qp mp Validity of the
condition d�33/|d

�
31| 
 5

Validity of the
condition k�33/|k

�
31| 
 5

Validity of the
condition k�t /|k

�
p | 
 5

10 0.2 [0.001, 0.048] – –

10 0.3 [0.001, 0.111] – –

100 0.1 [0.001, 0.273] [0.001, 0.196] –

100 0.2 [0.001, 0.300] [0.001, 0.245] [0.001, 0.093]

100 0.3 [0.001, 0.309] [0.001, 0.275] [0.001, 0.130]

The schematic of the composite is shown in Fig. 2.19
aThe volume fraction of SC m is varied from 0.001 to 0.999
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large anisotropy of d�3j becomes wider, see 3rd column in Table 2.6 at qp = 100.
This effect is concerned with the influence of elastic properties of the porous
polymer matrix on the ECFs of the composite [12, 55], and such an influence
strongly depends on the oscillation mode and volume fraction of SC. It should be
reminded that the PMN–0.33PT SC, the only piezoelectric component in the
studied 1–3–0 composite, does not exhibit the remarkable anisotropy of the

piezoelectric coefficients dð1Þ3j , see data in Table 1.3.

2.7 Hydrostatic Piezoelectric Response
and Its Relation to d�ij

As is known from Sect. 1.3, the hydrostatic piezoelectric coefficient dh is directly
used as a measure of PS at the transmitter function of the hydrophone. The effective
hydrostatic piezoelectric coefficient d�h from (2.1) is related to a composite sample
with electrodes applied perpendicular to the OX3 axis, and this axis is often
regarded as a poling axis of the composite [4, 10, 12, 17]. The piezoelectric
coefficient d�h from (2.21) has important links to the hydrostatic squared figure of
merit (2.2) and hydrostatic ECF

k�h ¼ d�h= e�r33s
�E
h

� �1=2 ð2:28Þ

In (2.28) e�r33 is the dielectric permittivity of the composite at r = const, and

s�Eh ¼
X3
a¼1

X3
b¼1

s�Eab ð2:29Þ

is the hydrostatic elastic compliance of the composite at E = const.
An example of interrelations between the hydrostatic parameters from (2.1),

(2.2) and (2.28) is shown in Fig. 2.35. Calculations were performed by means of
the matrix method. The maximum of each parameter shown in Fig. 2.35 is caused
by the behaviour of the piezoelectric coefficients d�3j shown in Fig. 2.16a, see curves
2 and 3. Maxima of (Q�

h)
2 from (2.2) and k�h from (2.28) are observed at smaller

volume fractions m (curves 2 and 3 in Fig. 2.35) in comparison to max d�h (curve 1
in Fig. 2.35). This is accounted for by the influence of dielectric properties of the
composite on (Q�

h)
2 and k�h . The diffuse min k�h at m � 0.9 (curve 2 in Fig. 2.35) is

caused by the non-monotonic volume-fraction behaviour of elastic compliances s�Eab
that determine s�Eh from (2.29).

In the related 1–3–0 composite, maxima of the hydrostatic parameters from
(2.1), (2.2) and (2.28) depend on the aspect ratio of the air pore qp and porosity mp

which are characteristics of the matrix, see Fig. 2.19. Table 2.7 suggests that
increasing maxima of the parameters correlates with increasing the aspect ratio qp at
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mp = const. This is consistent with data in Table 2.6 and with the statement that the
elastic anisotropy of the porous polymer matrix strongly influences the hydrostatic
parameters of the 1–3–0 composite.

Fig. 2.35 Volume fraction
dependence of the hydrostatic
piezoelectric coefficient d�h (in
pC/N), squared figure of merit
(Q�

h)
2 (in 10−12 Pa−1)

and ECF k�h of the 1–3
[001]-poled PMN–0.33PT
SC/araldite composite. The
schematic of the composite is
shown in Fig. 2.11

Table 2.7 Maximum values of the hydrostatic piezoelectric coefficient d�h (in pC/N), squared
figure of merit (Q�

h)
2 (in 10−12 Pa−1) and ECF k�h of the 1–3–0 [001]-poled PMN–0.33PT SC/

porous araldite composite

qp Max d�h Max [(Q�
h)
2] Max k�h

Composite at mp = 0.1

0.1 282 (m = 0.486)a 8.32 (m = 0.105) 0.196 (m = 0.150)

0.5 294 (m = 0.478) 9.19 (m = 0.109) 0.219 (m = 0.145)

1 313 (m = 0.464) 10.8 (m = 0.099) 0.240 (m = 0.138)

10 609 (m = 0.356) 56.8 (m = 0.066) 0.448 (m = 0.096)

100 1390 (m = 0.194) 684 (m = 0.020) 0.760 (m = 0.046)

Composite at mp = 0.2

0.1 291 (m = 0.463) 9.43 (m = 0.096) 0.177 (m = 0.134)

0.5 316 (m = 0.448) 11.4 (m = 0.091) 0.214 (m = 0.125)

1 353 (m = 0.425) 15.1 (m = 0.084) 0.254 (m = 0.114)

10 829 (m = 0.294) 133 (m = 0.045) 0.549 (m = 0.070)

100 1640 (m = 0.146) 1520 (m = 0.011) 0.816 (m = 0.032)

Composite at mp = 0.3

0.1 303 (m = 0.438) 10.9 (m = 0.086) 0.162 (m = 0.117)

0.5 340 (m = 0.418) 14.2 (m = 0.079) 0.211 (m = 0.106)

1 394 (m = 0.390) 20.8 (m = 0.071) 0.265 (m = 0.094)

10 998 (m = 0.252) 236 (m = 0.032) 0.609 (m = 0.054)

100 1780 (m = 0.120) 2550 (m = 0.007) 0.840 (m = 0.024)

The schematic of the composite is shown in Fig. 2.19
aThe volume fraction of SC which is related to the maximum of the hydrostatic parameter is given
in parentheses
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The similar behaviour of the hydrostatic parameters from (2.1), (2.2) and (2.28)
is observed in the 2–0–2 SC/FC/polymer composite described in Sect. 2.1.3.
Changes in the aspect ratio of the FC inclusions qi in the 0–3 FC/polymer layer lead
to changes in the piezoelectric properties and their anisotropy (Fig. 2.9). As a result,
the larger hydrostatic piezoelectric coefficient d�h of the 2–0–2 composite is
achieved at the larger aspect ratio qi (Fig. 2.36). We note that the max d�h value at
qi = 100 (curve 8 in Fig. 2.36) is approximately two times larger than the max d�h
value related to the 2–2 composite (curve 9 in Fig. 2.36) that does not contain the
FC inclusions. Such a large difference is achieved even at the relatively small
volume fraction of FC mi = 0.1. The reason for the large difference is concerned
[39] with the large elastic anisotropy of the 0–3 FC/polymer layer at qi � 1, and
this effect is to be taken into account at predicting the effective properties and
hydrostatic parameters of advanced piezo-active composites.

2.8 Conclusion

This chapter has been devoted to the piezoelectric coefficients d�ij, their anisotropy
and links between microgeometric characteristics of piezo-active composites and
their d�ij. The piezoelectric coefficients d�ij play the important role at the analysis of
the PS and ways for improving the performance and PS of the composites. The
main results of this chapter are formulated as follows.

(i) Examples of the PS of the composites are considered for the following
connectivity patterns: 0–3, 0–3–0, 1–1, 1–1–0, 1–3, 1–2–2, 1–0–3, 1–3–0,
2–2, 2–0–2, 3–0, 3–1, 3–2, and 3–3. The studied composites are based on
either FCs or domain-engineered SCs. Changes in the volume fraction of
the piezoelectric component and microgeometry of the composite enable us
to vary d�ij and their anisotropy in wide ranges. As follows from the analysis

Fig. 2.36 Volume-fraction
dependence of the hydrostatic
piezoelectric coefficient d�h
(in pC/N) of the 2–0–2
[001]-poled PMN–0.33PT
SC/modified PbTiO3 FC
(I)/PE composite. Curve 9 is
related to the 2–2 [001]-poled
PMN–0.33PT SC/PE
composite (reprinted from
paper by Topolov et al. [39],
with permission from Taylor
and Francis)
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of the volume-fraction dependences of d�ij, the main emphasis at the study of
the microgeometry–PS relations is to be placed on the longitudinal and
transverse piezoelectric coefficients d�ij and ways to control the PS for the
specific connectivity pattern.

(ii) The system of the aligned FC (or SC) rods in the large polymer matrix
promotes the large piezoelectric coefficient d�33 and related ECFs.

(iii) The auxetic polymer matrix strongly influences the elastic and piezoelectric
anisotropy of the composite and the anisotropy of its ECFs due to the
negative Poisson’s ratio of the polymer. Volume fractions that correspond
to d�31 = 0 depend on the elastic properties of the FC (or SC) and polymer
components.

(iv) The system of oblate spheroidal air pores in the polymer matrix promotes
the considerable anisotropy of the piezoelectric coefficients d�ij and ECFs,
and this trend is often observed in the 1–3-type and 2–2-type composites.
The elastic anisotropy of the composite plays the important role in the
formation of the large anisotropy of the ECFs. The large hydrostatic
parameters are achieved in the same composites with the porous polymer
matrix.

(v) In the 2–0–2 composite with contrasting properties of the components, the
SC component strongly influences the PS. The 0–3 FC/polymer layer
exhibits a considerable level of elastic anisotropy and plays the important
role in forming the large piezoelectric anisotropy and pronounced hydro-
static piezoelectric response of the 2–0–2 composite.

(vi) Links between the PS, ECFs and hydrostatic parameters of the 1–3-type
composites are important at the prediction of their performance and at the
selection of materials for piezotechnical applications. In the 1–0–3 SC/FC/
polymer composite with contrasting properties of components, the 0–3
matrix influences the piezoelectric anisotropy of the composite.

(vii) In the 0–3 composite the PS and piezoelectric anisotropy can be varied in
restricted ranges because of the isolated piezoelectric inclusions. The porous
matrix with 3–0 connectivity can influence the piezoelectric anisotropy of
the 0–3–0 composite to some extent.

(viii) The d�33(m) dependence (2.26) related to the 3–b FC/polymer composites
(b = 1, 2 and 3) suggests that their longitudinal PS is mainly caused by the
continuous distribution of the FC component along three co-ordinate axes
and depends on the connectivity index b to a small degree.

Data from this chapter can be taken into account to predict the PS, electrome-
chanical coupling and hydrostatic piezoelectric response of various two- and
three-component composites. These materials can be of interest in modern
piezotechnical applications including transducers, sensors, actuators, hydrophones,
and energy-harvesting systems where the piezoelectric coefficients d�ij and related
parameters are exploited.
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Chapter 3
Microgeometry of Composites and Their
Piezoelectric Coefficients g�ij

Abstract Piezoelectric coefficients gij represent a link between an external
mechanical stress applied to a sample and an electric field formed by polarisation
charges of the sample as a result of the direct piezoelectric effect. The piezoelectric
coefficients gij also characterise a link between a strain and electric displacement at
the converse piezoelectric effect. The piezoelectric sensitivity associated with gij is
of importance for sensor, energy-harvesting, acoustic, and hydroacoustic applica-
tions, for piezo-ignition systems, etc. Examples of the effective piezoelectric
coefficients g�ij, maxg�33 and their links to the piezoelectric coefficients d�ij are dis-
cussed for piezo-active composites with various connectivity patterns (2–2-type,
1–3-type, 1–1-type, 0–3-type, and 3–b composites). The important role of the
microgeometric factor and polymer component at achieving the large values of g�ij
of the composite is shown.

As follows from (1.9), the piezoelectric coefficients gij represent a link between an
external mechanical stress rj applied to a sample and an electric field Ei formed by
polarisation charges of the sample as a result of the direct piezoelectric effect. In
accordance with (1.8), the piezoelectric coefficients gij are used to describe the link
between a strain nj and electric displacement Di at the converse piezoelectric effect
[1]. The aforementioned link of the direct piezoelectric effect means that an output
voltage (or electric field, or electric signal) is generated by the applied stress field
(or a load). The PS associated with this generation is of importance for sensor,
energy-harvesting, acoustic, and hydroacoustic applications, for piezo-ignition
systems, for measuring and for quality control during production [1–6], etc.
Equations (1.20) and (1.22) suggest that the piezoelectric coefficients dij studied in
Chap. 2 and the piezoelectric coefficients gij to be analysed in this chapter are linked
by dielectric properties that are described by a second-order rank tensor. We remind
the reader that the piezoelectric properties are described by a third-rank tensor, and
therefore, a link between gij and dij seems to be relatively simple due to the lower
rank of the tensor of the dielectric properties.

In this chapter we discuss the PS of some modern two- and three-component
composites in the context of their effective piezoelectric coefficients g�ij and relations
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between d�ij and g�ij. Hereby we consider examples of the connectivity patterns, that
were introduced in Chap. 2, to show the role of the microgeometric factors leading
to large values of jg�ijj in the composites.

3.1 2–2-Type Composites

The simplicity of the 2–2 composite structure shown in Figs. 2.1 and 2.2 and
various possibilities of varying the electromechanical properties and related
parameters of the piezo-active composites in wide ranges [7–11] make the 2–2
connectivity attractive to analyse its PS in the context of the piezoelectric coeffi-
cients g�ij. In Sect. 3.1 we consider examples of the PS of parallel-connected
composites based on SCs poled along specific crystallographic directions.

As is known from various literature data [8, 10–13], the high-performance
2–2-type composites are often based on relaxor-ferroelectric SCs such as PMN–xPT
or PZN–xPT. However these SCs are characterised by small values of the piezo-
electric coefficient g33 in comparison to some ferroelectric materials. For example,
in the [001]-poled SC from the 4mm symmetry class, g33 is linked with the
piezoelectric coefficient d33 in accordance with (1.20) by the relation g33 ¼ d33=er33,
where er33 is the dielectric permittivity of the stress-free sample. Based on experi-
mental data from Table 1.3, we obtain for the PMN–0.33PT SC g33 = 38.9 mV m/
N. Using experimental data from Table 1.2, we obtain for the KNNTL:Mn SC
g33 = 94.7 mV m/N. Such a large g33 value is achieved in the SC sample where d33
is about 5.2 times smaller than d33 of the PMN–0.33PT SC, and er33 is about 12.6
times smaller than er33 of the PMN–0.33PT SC. Moreover, the KNNTL:Mn SC is a
lead-free ferroelectric material that can be of interest due to its remarkable elec-
tromechanical properties.

To predict the volume-fraction behaviour of the effective properties of the
2–2-type composite, we apply the matrix method [7, 8, 11]. We show examples of
the volume-fraction dependence of the piezoelectric coefficients g�ij (Fig. 3.1) in the
parallel-connected 2–2-type composites. These composites are from the mm2
symmetry class, and relations between their piezoelectric coefficients g�ij and d�ij are
represented in accordance with (1.20) as follows:

g�3j ¼ d�3j=e
�r
33 ; g�24 ¼ d�24=e

�r
22 and g�15 ¼ d�15=e

�r
11 ; ð3:1Þ

where j = 1, 2 and 3. As for the piezoelectric coefficient d�15 in the 2–2 composites
analysed in Sect. 2.1 (see Figs. 2.3–2.7), the g�15 is concerned with the ‘sleeping PS’
of the composite. The relatively small g�15 value in a wide volume-fraction range
(curve 1 in Fig. 3.1) is due to the small d�15 values and the slow increase of the
dielectric permittivity e�r11, see (3.1). The composite structure shown in Fig. 2.2
suggests that the OX1 direction is unfavourable to develop a high PS because there
is a system of planar interfaces x1 = const in the 2–2 composite. In contrast to g�15,
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values of the piezoelectric coefficients g�24 and g�3j can be varied in wide ranges (see
Fig. 3.1) mainly due to changes in the piezoelectric coefficients d�24 and d�3j from
(3.1). The dielectric permittivities e�r22 and e�r33 from (3.1) strongly influence g�24 and
g�3j at volume fractions of SC m < 0.05, i.e., in a volume-fraction range where the
e�rpp values are comparable to the dielectric permittivity of the polymer component.
Maxima and minima of g�ij (see curves 2–5 in Fig. 3.1) are observed at m � 1,
where jd�ijj increase rapidly, and the dielectric permittivities e�rpp exhibit a slow
monotonic increase. A further increase of jd�ijj at m > 0.1 becomes slow and cannot
strongly influence the piezoelectric coefficients g�ij. The decrease in absolute values
of g�ij becomes considerable at m > 0.1, when the dielectric permittivities e�rpp of the
composite become large in comparison to epp of the polymer component. We add
that the similar volume-fraction behaviour of the piezoelectric coefficients g�ij is
observed in 2–2 parallel-connected FC/polymer composites [7, 8, 14].

Of specific interest is the KNNTL:Mn SC/auxetic PE composite for which high
PS and large values of jg�ijj are predicted in Fig. 3.1d. At m < 0.1, we observe
non-monotonic g�ijðmÞ dependences that differ from those in the related composites
(cf., for instance, Fig. 3.1c, d). This is accounted for by the active influence of the

Fig. 3.1 Volume-fraction dependences of piezoelectric coefficients g�ij (in mV m/N) of 2–2
[001]-poled KNNTL:Mn SC/polymer composites. The schematic of the composite is shown in Fig. 2.2
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elastic properties of the auxetic polymer component on the piezoelectric response of
the composite, especially at large volume fractions of the polymer component. Such
a trend was also observed and analysed in a case of the polarisation orientation
effect in the 2–2-type composites [11].

Modifications of the 2–2 composite structure shown in Fig. 2.2 enable us to
improve specific parameters of the studied composites. These modifications are
concerned with the presence of inclusions in the polymer layers. For instance, a
2–2–0 composite with porous polymer layers is of interest due to increasing its
hydrostatic parameters [12] in comparison to those of the related 2–2 composite.
A 2–0–2 SC/FC/polymer composite studied in recent work [13] is also charac-
terised by large hydrostatic parameters. Our next example is concerned with the PS
of a 2–0–2 lead-free composite with two SC components.

It is assumed that the 2–0–2 composite consists of a system of parallel-connected
layers of two types (Type I and Type II layers) with interfaces that are parallel to the
(X2OX3) plane. The similar composite structure is shown in Fig. 2.8. The composite
layers are regularly arranged along the coordinate OX1 axis. The Type I layer is a
domain-engineered SC and is characterised by a spontaneous polarisation Ps

(1) and
volume fraction m, and the main crystallographic axes of this SC are oriented as
follows: X ||[001]|| OX1, Y ||[010]|| OX2 and Z ||[001]|| OX3. Here the [hkl] direction
is given in the perovskite unit-cell axes. The Type II layer is a piezoelectric SC/
polymer medium with 0–3 connectivity, and the volume fraction of the Type II
layers is 1 − m. The shape of each inclusion is shown in the inset of Fig. 2.8 and
obeys (2.13) in the co-ordinate OXf axes. Hereby qi = a1/a3 is the aspect ratio of the
SC inclusion, and mi is the volume fraction of the SC inclusions in the Type II
layer. The linear sizes of each SC inclusion in the Type II layer are much smaller
than the thickness of each layer of the composite sample. The SC inclusions in the
Type II layer occupy sites of a simple tetragonal lattice with unit-cell vectors
parallel to the OXf axes. The orientation of the crystallographic axes X, Y and Z of
each SC inclusion in the Type II layer is given by X||OX1, Y||OX2 and Z||OX3.

The effective electromechanical properties of the aforementioned 2–0–2 com-
posite are evaluated in two stages as described in Sect. 2.1.3. Among the lead-free
components of interest, we consider the [001]-poled KNNTL:Mn SC in the Type I
layer, a piezoelectric Li2B4O7 (LBO) SC as an inclusion material in the Type II
layer, and monolithic PE and polyurethane as matrix materials in the Type II layer.
The full set of electromechanical constants of the LBO SC is shown in Table 3.1.
We note that the LBO SC is a highly original component to use in a composite for
the following reasons. For instance, the symmetry of the LBO SC in the Type II
layer coincides with the macroscopic symmetry of the [001]-poled KNNTL:Mn SC
in the Type I layer. The signs of the piezoelectric coefficients eij of the LBO SC (see
Table 3.1) coincide with the signs of eij of the highly anisotropic PbTiO3-type FCs
[16, 17], however the piezoelectric effect in the LBO SC is weaker than that in the
poled PbTiO3-type FCs. The LBO SC is characterised by a considerable elastic
anisotropy (Table 3.1), and the large ratio cE13/c

E
12 � 9.4 has no analogies with other

FCs and SCs.

102 3 Microgeometry of Composites and Their Piezoelectric …



In the presence of the two SC components, that belong to the 4mm symmetry
class, and an isotropic polymer component, the 2–0–2 composite is described by
mm2 symmetry. Examples of the dependence of the piezoelectric coefficients g�3j of
the 2–2–0 SC/SC/polymer composite on the volume fractions m and mi and aspect
ratio qi are shown in Fig. 3.2.

As follows from Fig. 3.2a–c, the effect of the aspect ratio qi of the SC inclusions
on the PS is appreciable, even at relatively small volume fractions of the KNNTL:
Mn SC (m � 0.2) and LBO SC (mi = 0.1). The small values of the volume
fractions m and mi enable the composite to achieve large absolute values of g�3j, see
Fig. 3.2a–c. A non-monotonic dependence of g�3j on qi is observed in Fig. 3.2a–c at
0 < qi < 3, i.e., in the region where the elastic compliances of the Type II layer
undergo large changes. Differences between ming�31 (Fig. 3.2a) and ming�32
(Fig. 3.2b) are accounted for by the role of the composite interfaces x1 = const (see
Fig. 2.8). The interfaces influence the piezoelectric effect concerned with g�31 to a
larger extent in comparison to the piezoelectric effect concerned with g�32. As a
consequence, the depth of ming�31 is larger than that of ming�32 (cf. Fig. 3.2a, b),
however values of jg�31j near ming�31 are smaller than values of jg�32j near ming�32.
The sequence of curves 1–4 in Fig. 3.2a–c is related to the strong influence of the
SC component in the Type I layer (main piezoelectric component) on the PS. On
increasing the volume fraction m, jg�3jj and PS decrease at qi = const and mi = const.

This occurs mainly because of the large dielectric permittivity eð1Þ;r33 of the Type I

layer in comparison to eð2Þ;r33 of the Type II layer.
The LBO SC can influence an anisotropy of the piezoelectric coefficients g�3j,

especially at qi � 1. This is due to the influence of the elastic anisotropy of the
Type II layer on the piezoelectric properties of the composite, and the similar effect
was discussed in Sect. 2.1.3. On comparing the graphs in Fig. 3.2d, e, we conclude
that the piezoelectric coefficient g�33 is smaller at m = const and mi = const for the
polyurethane-containing composite. The polymer matrix with the smaller elastic
compliances sab (i.e., PE in comparison to polyurethane, see data in Table 2.1)
leads to a stiffer Type II layer which leads to a decrease in the PS of the composite
as a whole.

The studied 2–0–2 KNNTL:Mn SC/LBO SC/PE composite has obvious
advantages over various FCs and piezo-active composites. For instance, a nanos-
tructured Mn-modified (K0.5Na0.5)NbO3 polycrystalline FC is characterised [18] by
the piezoelectric coefficient g33 = 220 mV m/N. The piezoelectric coefficient
d33 = 340 pC/N of the Mn-modified (K0.5Na0.5)NbO3 FC is comparable to d�33 of
the 2–0–2 composite, however the piezoelectric coefficient g�33 of the

Table 3.1 Room-temperature elastic moduli cab (in 1010 Pa), piezoelectric coefficients eij (in
C/m2) and dielectric permittivity enpp of the LBO SC, 4mm symmetry [15]

cE11 cE12 cE13 cE33 cE44 cE66 e31 e33 e15 en11=e0 en33=e0

13.5 0.357 3.35 5.68 5.85 4.67 0.290 0.928 0.472 8.90 8.07
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aforementioned FC is smaller than g�33 of the composite (see Fig. 3.2c, d). A novel
grain-oriented and highly textured modified PbTiO3 material was manufactured
recently [19], and its piezoelectric coefficient g33 = 115 mV m/N is also smaller

Fig. 3.2 Aspect-ratio (qi) and volume-fraction (m and mi) dependences of piezoelectric
coefficients g�ij (in mV m/N) of the 2–0–2 [001]-poled KNNTL:Mn SC/LBO SC/PE composite
(a–d) and 2–0–2 [001]-poled KNNTL:Mn SC/LBO SC/polyurethane composite (e)

104 3 Microgeometry of Composites and Their Piezoelectric …



than g�33 of the studied 2–0–2 composite. In a 2–2 [111]-poled PMN–0.33PT SC/
PVDF composite [20], the value of maxg�33 = 539 mV m/N is comparable to
maxg�33 = 605 mV m/N related to a 2–2 [001]-poled PMN–0.33PT SC/PVDF
composite.

Our further comparison of the PS and piezoelectric coefficients g�ij is concerned
with composites based on the domain-engineered PMN–xPT SCs. In Table 3.2 we
show data on g�ij of some composites whereby the SC component is poled along
either the [001] or [011] direction in the perovskite unit cell. These results obtained
within the framework of the matrix method suggest that the PS of the PMN–
0.33PT-based composite is higher than the PS of the related PMN–0.28PT-based

Table 3.2 Piezoelectric coefficients g�ij (in mV m/N) of 2–2 parallel-connected composites based
on PMN–xPT SCs

Polymer m g�31 g�32 g�33 g�15 g�24
[001]-poled PMN–0.33PT SC/polymer

Elastomer 0.05 −314 −339 722 0.516 190

0.10 −163 −177 376 1.03 99.1

0.15 −111 −119 254 1.55 67.0

0.20 −84.0 −90.2 191 2.06 50.6

Auxetic PE 0.05 242 −31.5 660 0.516 176

0.10 87.1 −81.4 355 1.03 95.6

0.15 42.4 −75.0 244 1.55 65.5

0.20 22.1 −65.3 186 2.06 49.8

[001]-poled PMN–0.28PT SC/polymer

Elastomer 0.05 −196 −225 463 0.412 152

0.10 −102 −115 238 0.824 79.2

0.15 −68.9 −77.3 160 1.24 53.6

0.20 −52.3 −58.2 121 1.65 40.5

Auxetic PE 0.05 153 −47.7 450 0.412 140

0.10 52.8 −63.4 234 0.824 76.0

0.15 25.1 −53.9 158 1.24 52.2

0.20 12.7 −45.3 120 1.65 39.7

[011]-poled PMN–0.28PT SC/polymer

Elastomer 0.05 116 −600 465 2.88 300

0.10 68.2 −318 242 5.77 159

0.15 49.1 −216 164 8.65 108

0.20 39.0 −164 124 11.5 81.7

Auxetic PE 0.05 −25.1 −470 390 2.88 284

0.10 −19.5 −281 221 5.77 154

0.15 −5.86 −200 154 8.65 106

0.20 −1.14 −155 119 11.5 80.7
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composite, and in both composite systems the SC component is [001]-poled. The
larger jg�ijj values are attained due to the larger jdijj values of the SC component; see
Tables 1.3 and 1.4. For example, the inequality jg�32j[ g�33 holds in the composites
based on the [011]-poled PMN–0.28PT SC. As follows from Table 1.4, the
piezoelectric coefficients d3j of this SC obey the condition |d32| > d33.

On increasing m, the considerable decrease of the jg�ijj values of the composites
listed in Table 3.2 is a result of the monotonic increase of the dielectric permit-
tivities e�rpp and the slow increase of jd�ijj at m > 0.05. We remind the reader that the
piezoelectric coefficients g�ij of the 2–2-type composites listed in Table 3.2 obey
(3.1). The use of an auxetic polymer component influences sgng�31, irrespective of
the SC component. A change in sgng�31 is also accounted for by a change in the
poling direction of the SC component, which is seen in Table 3.2 for composites
based on the [001]- and [011]-poled PMN–0.28PT SCs. It should be added that the
g�33 values shown in Table 3.2 are comparable to those of the 2–2 KNNTL:Mn SC/
araldite composite (see curve 5 in Fig. 3.1a). As can be seen from Table 2.1,
araldite has the lowest elastic compliances jsabj among the polymer components and
cannot achieve a high PS for the composite. However such shortcomings can be
compensated by use of a KNNTL:Mn SC with large |g3j| values, and we see a
number of examples of a high PS of the KNNTL:Mn-based composites in Fig. 3.1.

3.2 1–3-Type Composites

The 1–3 composite structure has been widely studied for PS and exhibits relations
between the piezoelectric performance of the composite and its components [7–9,
21–29]. In the 1–3 composite shown in Fig. 2.11, C1 is a component with a high
piezoelectric activity, and this component is self-connected in one dimension, often
along the poling axis of the composite sample. C2 a component with a low
piezoelectric activity or a piezo-passive component, and it is self-connected in three
dimensions. A further modification of the composite structure is concerned with a
formation of a porous polymer matrix, heterogeneous FC/polymer or SC/polymer
matrix, laminar polymer matrix, etc. [23, 24, 28, 29]. In these cases we consider the
1–3-type composite keeping in mind that the system of long parallel rods represent
the main piezoelectric component therein; see C1 in Fig. 2.11. In Sect. 3.2 we
discuss examples of the behaviour of the piezoelectric coefficients g�ij of some
1–3-type composites on the assumption that a regular distribution of components
over a composite sample is observed.

The graphs in Fig. 3.3 show that maxima or minima of g�3j are observed at
volume fractions of SC m � 1. Moreover, values of maxg�33 related to composites
with a non-auxetic polymer components are approximately equal to the maxg�33
values of the related 2–2 composites. This can be seen by comparing curve 3 in
Fig. 3.3a–c and curve 5 in Fig. 3.1a–c. Minor differences between the maxg�33
values are a result of the analogous conditions for the longitudinal piezoelectric
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response in the 2–2 parallel-connected (Fig. 2.2) and 1–3 (Fig. 2.11) composites.
The auxetic polymer component strongly influences the piezoelectric response of
these composites, especially at 0 < m < 0.02, and we do not pay attention to these
details here because of the very small volume fractions of SC m. It is also seen from
Fig. 3.3 that maxg�33 and ming�31 are observed at similar volume fractions and the
difference is very small, as a rule, less than 0.01. This feature is due to the columnar
structure of the 1–3 composite (Fig. 2.11) and due to the similar influence of the
dielectric permittivity e�rpp on g�31 and g�33 in accordance with (3.1). As with 2–2
composites, the 1–3 composites are characterised by relatively small values of g�15
in a wide volume-fraction range, see curve 1 in Fig. 3.3. The interfaces that separate
the C1 and C2 components in the 1–3 composite shown in Fig. 2.11 impede the
shear piezoelectric response and lead to the ‘sleeping PS’, i.e., the piezoelectric
coefficient g�15 remains relatively small in comparison to jg�3jj in the wide
volume-fraction range. A similar situation concerning the small piezoelectric
coefficient d�15 was discussed in Sect. 2.2 on the 1–3-type composites, see also
curves 1 in Figs. 2.12 and 2.16. Softening the polymer component in the 1–3
composite leads to the larger values of jg�3jj for m = const, especially at m � 1,

Fig. 3.3 Volume-fraction dependences of piezoelectric coefficients g�ij (in mV m/N) of 1–3
[001]-poled KNNTL:Mn SC/polymer composites. The schematic of the composite is shown in
Fig. 2.11
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however the extremum points of g�3jðmÞ shift towards smaller volume fractions
m (Fig. 3.3).

The next important example of large values of jg�3jj is concerned with a 1–0–3
SC/FC/composite (see the schematic in Fig. 2.21) that was considered in
Sect. 2.2.5. As in Sect. 2.2.5, we neglect the piezoelectric activity of the 0–3 FC/
polymer matrix in comparison to the piezoelectric activity of the SC rods and
consider the FC inclusions to be in an unpoled state. Elastic and dielectric properties
of the 0–3 matrix influence the piezoelectric coefficients g�ij of the composite
(Table 3.3) in a wide aspect-ratio (qi) range even at relatively small volume frac-
tions of FC mi. Changes in g�3j are concerned with the large changes in the

sð0�3Þ
11 =sð0�3Þ

uv ratios (Table 2.4) during a transition from a prolate (0 < qi < 1) to an
oblate (qi > 1) shape of the FC inclusion in the 0–3 matrix. Moreover, its dielectric

permittivity eð0�3Þ
33 decreases on increasing qi at mi = const, and this decrease

becomes a stimulus to increase g�33, especially at m � 1.
In contrast to g�3j, the piezoelectric coefficient g�15 remains small and almost

independent of the aspect ratio at qi at mi = const (see Table 3.3), i.e., we observe a
shear ‘sleeping PS’ by analogy with the case of 1–3 composites. We remember that
the similar conditions (2.17) were formulated for the piezoelectric coefficients d�ij of
the 1–3 composite. The shear ‘sleeping PS’ of the 1–0–3 composite is a result of its
microgeometry (Fig. 2.11), namely, the system of interfaces x1 = const and x2 =
const which separate the SC rod and surrounding 0–3 matrix and, therefore, impede
the shear piezoelectric response to a certain extent.

As seen from Table 3.3, the piezoelectric coefficients g�3f at qi � 5 and rela-
tively small volume fractions m obey the condition

g�33=jg�3f j � 5 ð3:2Þ

that characterises the large piezoelectric anisotropy of the studied 1–0–3 composite,
where f = 1 and 2. The condition (3.2) is to be taken into account at the prediction
of the hydrostatic piezoelectric response, figures of merit, transducer characteristics
[7, 8, 28–31], etc.

In the case of a 1–3–0 composite with a porous 3–0 matrix (Fig. 2.19), we also
achieve large values of g�3j and small values of g�15 (Table 3.4). The highly oblate
shape of the air pores in the polymer matrix (i.e., qp � 1) is more preferable to
achieve a high longitudinal PS, or large values of g�33, at the valid condition (3.2) for
the large anisotropy of g�3j. The system of highly oblate pores in the polymer matrix
of the composite shown in Fig. 2.19 leads to a considerable elastic anisotropy of the
matrix [29, 32], and this anisotropy promotes a certain weakening of the transverse
PS and validity of the condition (3.2) across a wider m range in comparison to the
aforementioned 1–0–3 composite. Due to the large piezoelectric coefficient d33 of
the PMN–0.33PT SC (see Table 1.3), the values of d�33 	 103 pC/N are typical for
the studied 1–3–0 composite at m > 0.05, and we attain a good combination of
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large d�33 and g�33 values, i.e., the high level of the longitudinal PS is achieved. As
follows from Table 3.4, changes in the porosity mp of the matrix lead to minor
changes in g�ij of the composite, and the latter changes are mainly due to a small

decrease of the dielectric permittivity eð3�0Þ
33 of the porous matrix on increasing mp at

qp = const. The set of g�3j from Table 3.4 is to be taken into account at the analysis
of the hydrostatic PS, figures of merit and ECFs.

Table 3.3 Piezoelectric coefficients g�ij (in mV m/N) of the 1–0–3 [001]-poled KNNTL:Mn SC/
modified PbTiO3 (I) FC/monolithic PE composite with square cross section rods at mi = 0.1

qi m g�31 g�33 g�15
0.1 0.05 −214 864 11.4

0.10 −179 677 13.0

0.15 −145 519 14.3

0.20 −123 415 15.4

0.5 0.05 −342 1430 11.4

0.10 −216 840 13.0

0.15 −161 588 14.3

0.20 −131 451 15.4

1 0.05 −349 1490 11.4

0.10 −216 856 13.0

0.15 −160 594 14.3

0.20 −130 454 15.3

2 0.05 −339 1520 11.4

0.10 −209 862 13.0

0.15 −155 597 14.2

0.20 −126 45 15.3

5 0.05 −305 1530 11.3

0.10 −191 864 12.9

0.15 −144 598 14.2

0.20 −118 456 15.3

10 0.05 −265 1530 11.1

0.10 −170 864 12.8

0.15 −131 598 14.1

0.20 −109 456 15.2

100 0.05 −131 1510 10.1

0.10 −102 858 11.9

0.15 −88.4 594 13.3

0.20 −79.9 454 14.5
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Table 3.4 Piezoelectric
coefficients g�ij (in mV m/N)
of the 1–3–0 [001]-poled
PMN–0.33PT SC/porous
polyurethane composite with
square cross section rods

qp mp m g�31 g�33 g�15
0.1 0.1 0.05 −201 528 6.34

0.10 −124 320 7.23

0.15 −89.7 229 7.94

0.20 −70.7 178 8.54

0.2 0.05 −209 549 638

0.10 −127 327 7.25

0.15 −91.1 232 7.96

0.20 −71.5 180 8.56

0.3 0.05 −218 572 6.41

0.10 −128 331 7.27

0.15 −92.4 235 7.97

0.20 −72.3 181 8.57

1 0.1 0.05 −201 543 6,34

0.10 −122 325 7.23

0.15 −88.4 231 7.94

0.20 −69.6 179 8.54

0.2 0.05 −212 585 6.37

0.10 −124 335 7.25

0.15 −88.5 236 7.95

0.20 −69.4 182 8.55

0.3 0.05 −245 689 6.41

0.10 −125 344 7.27

0.15 −88.6 240 7.97

0.20 −69.2 184 8.57

100 0.1 0.05 −67.3 719 6.35

0.10 −45.2 374 7.23

0.15 −36.9 253 7.94

0.20 −32.5 191 8.54

0.2 0.05 −54.0 743 6.39

0.10 −38.6 380 7.26

0.15 −32.7 255 7.96

0.20 −29.6 192 8.56

0.3 0.05 −49.2 753 6.43

0.10 −36.3 382 7.29

0.15 −31.3 256 7.98

0.20 −28.5 193 8.58
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3.3 1–1-Type Composites

As is known from Sect. 2.3, the 1–1 FC/polymer composite (Fig. 2.25a) with the
poling axis OX3 and regular arrangement of components is characterised by mm2
symmetry. By analogy with (2.24), the piezoelectric coefficients g�ij of the 1–1
composite shown in Fig. 2.25a obey the condition

g�ijðt; nÞ ¼ g�ijð1� t; 1� nÞ ð3:3Þ

Equations (3.1) are also valid for g�ij of the 1–1 FC/polymer composite poled along
OX3. As with the 1–3 composite, the 1–1 composite is characterised by relatively
small values of g�15 because of the system of interfaces x1 = const and x2 = const
(see Fig. 2.25a). The microgeometric analogy between the 1–3 and 1–1 composite
structures (cf. Figs. 2.11 and 2.25a) suggests that large values of jg�3jj are to be
attained at volume fractions of FC m � 1: in this case the dielectric permittivity of

the composite e�r33 obeys the condition e�r33 � eð1Þ;r33 where eð1Þ;r33 is related to the FC
component. The system of the long parallel FC rods poled along the OX3 axis and
the large volume fraction of the adjacent polymer rods in the 1–1 composite shown
in Fig. 2.25a promote the large jg�3jj values and high level of the PS.

The graphs in Fig. 3.4 show that the piezoelectric coefficients g�3j can be varied
in a wide range, however these changes can be observed in a narrow range of the
parameters t and n from (2.23). In fact, this can be considered a specific kind of the
‘sleeping PS’ in a composite structure with a complicated system of interfaces
(Fig. 2.25a). In the case of an auxetic polymer matrix, changes in sgng�31 and sgng

�
32

are observed; see Fig. 3.4d, e. The sign-variable behaviour of g�31 and g
�
32 promote a

validity of the condition (3.2), and the n and t ranges, wherein the condition (3.2)
holds, depend on the elastic properties of the FC and polymer components. The
considerable increase of jg�3jj at n ! 1 and t ! 0 (Fig. 3.4) indicates that the

condition e�r33 � eð1Þ;r33 holds, and the piezoelectric coefficients jd�3jj show a large
increase, see, e.g. Figure 2.26. A similar increase of jg�3jj is achieved in the presence
of the porous polymer matrix [33, 34] that surrounds the FC rods of the 1–1-type
composite. Thus, the PS concerned with the piezoelectric coefficients g�3j of the
1–1-type composite depends on the elastic and dielectric properties of the polymer
component to a large extent.

3.4 0–3-Type Composites

The 0–3 FC/polymer composite system is one of the most common composite types
used for piezoelectric sensor applications [7, 9]. The 0–3 composite is schematically
represented in Fig. 2.28. It is assumed that this composite consists of a
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Fig. 3.4 Volume-fraction dependences of piezoelectric coefficients g�ij (in mV m/N) of 1–1 FC/
polymer composites. The schematic of the composite is shown in Fig. 2.25a
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three-dimensionally connected polymer matrix which is reinforced by a system of
discrete FC inclusions, and the poling axis of the composite is OX3. The inclusions
of the 0–3 composite are piezoelectric and distributed regularly throughout the
sample. The shape of each inclusion is spheroidal and obeys (2.13). The centres of
symmetry of the inclusions are located in apices of rectangular parallelepipeds and
form a simple lattice. The matrix polymer component can be either piezo-active or
piezo-passive. The next important kind of the 0–3 composite is the ferroelectric SC/
polymer composite [7, 8].

As the effective parameters of the 0–3 composites are highly dependent [7, 9,
35–40] on their microstructure, properties and volume fractions of the components
and poling conditions, the interrelations between the microgeometry and effective
piezoelectric properties become complicated and require a careful and consistent
physical interpretation. In Sect. 3.4 we discuss a number of examples of the PS and
behaviour of the piezoelectric coefficients g�ij in 0–3-type composites that are based
on either FCs or SCs.

Poled (Pb1–xCax)TiO3 FCs are of interest (Table 3.5) due to their non-monotonic
behaviour of both the piezoelectric anisotropy factors (e33/e31 > 0 and d33/d31 < 0)
at molar concentrations 0.10 � x � 0.30. Opposite signs of the piezoelectric
coefficients e31 and d31 and minor changes in the piezoelectric coefficient g33 at
changes in x (see Table 3.5) make these FCs unique and attractive components in
the 0–3 composite, whose schematic structure is shown in Fig. 2.28.

The effective properties of the 0–3 (Pb1–xCax)TiO3 FC/polymer composite are
calculated in specific ranges of volume fractions m and aspect ratios q by means of
FEM [8]. The calculated volume-fraction dependences of the piezoelectric coeffi-
cients g�ij are shown in Table 3.6. These dependences are similar to those deter-
mined by means of EFM [40] for the 0–3 (Pb1–xCax)TiO3-based composites with
prolate FC inclusions, i.e., at 0 < q < 1. As follows from Table 3.6, the piezo-
electric coefficient g�33 of the 0–3 composite can be over two times larger than the
g33 value of the FC component, and minor differences between the maxg�33 values
take place at 0.15 � x � 0.30. The largest maxg�33 value is achieved at the volume
fraction near m = 0.10 (see data for x = 0.15 in Table 3.6) that avoids potential
technological problems when manufacturing the composite samples at a specific
volume-fraction range. It is important that the piezoelectric coefficients g�3j of the
composite obey the condition (3.2) for the large piezoelectric anisotropy because of
the strong influence of the highly anisotropic FC component. We see from
Table 3.6 that the piezoelectric coefficient g�15 undergoes large changes on
increasing the volume fraction of FC m, however the longitudinal PS remains
higher than the shear PS in the whole m range. This is due to the highly prolate
shape of the FC inclusion (i.e., the aspect ratio q � 1) and for the anisotropy of its
piezoelectric properties (see the d33=d31 ratios in Table 3.5).

The g�33 values from Table 3.6 are smaller than the g33 value of a 0–3 PbTiO3

FC/70/30 mol% copolymer of vinylidene fluoride and trifluoroethylene composite
[43] and comparable to the g�33 values of 0–3 composites [44–47] based on
PZT-type FCs. The larger g�33 values of the 0–3 composite from work [43, 44] may
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be concerned with the presence of a ferroelectric polymer component and with a
modification of the PbTiO3-type FC composition for improving the piezoelectric
performance. At the same time, experimental g�33 values related to a 0–3 PZT FC/
PVDF composite manufactured by hot-pressing are approximately two–three times
smaller [37] than g�33 from Table 3.6. We remind the reader that according to data
from Table 1.6, the PZT-type FCs are characterised by a piezoelectric coefficient
g33 within the range from 14.3 to 49.0 mV m/N. As follows from Table 3.5 for
various (Pb1–xCax)TiO3 FCs, g33 � 20 mV m/N with the piezoelectric coefficient
d33 being a few times smaller than the d33 of the PZT-type FCs listed in Table 1.5.

Thus, the longitudinal PS associated with the piezoelectric coefficient g�33 of the
0–3 FC-based composites can be strongly dependent on the electromechanical
properties of components and technological conditions for manufacturing. These

Table 3.5 Calculated values of cEab (in 1010 Pa), piezoelectric coefficients eij (in C/m2), relative

dielectric permittivities enpp=e0, piezoelectric coefficient g33 (in mV m/N), and piezoelectric
anisotropy factor d33/d31 of the (Pb1–xCax)TiO3 FCa at room temperature (reprinted from
Glushanin et al. [40], with permission from Elsevier)

x cE11 cE12 cE13 cE33 cE44 e31
0.10 19.1 5.22 5.15 18.6 6.85 0.676

0.15 18.8 5.09 5.01 18.3 6.76 0.751

0.20 18.5 4.76 4.68 18.0 6.79 0.844

0.23 18.7 5.03 4.93 18.2 6.76 1.06

0.24 18.4 4.72 4.61 17.9 6.76 1.07

0.25 18.9 5.19 5.06 18.3 6.76 1.33

0.26 18.9 5.14 5.02 18.3 6.77 1.36

0.30 18.6 4.89 4.80 18.1 6.77 1.08

x e33 e15 en11=e0 en33=e0 g33 d33=d31

0.10 3.90 1.62 111 109 21.1 −11.7

0.15 4.15 1.73 118 115 21.4 −13.0

0.20 4.31 1.77 126 123 20.6 −18.7

0.23 4.55 1.80 137 133 19.7 −30.3

0.24 4.69 1.87 145 141 19.4 −39.8

0.25 5.09 1.95 152 147 19.5 −71.9

0.26 5.30 2.03 161 156 19.1 −65.2

0.30 5.48 2.27 202 197 20.2 −17.6
aThe full sets of electromechanical constants of poled FCs (∞mm symmetry) have been calculated
by the effective medium method [41, 42]. It is assumed that spherical grains of the FC sample are
split into 90° lamellar domains of two types with equal volume fractions, and these domains are
separated by planar 90° domain walls. The 90° domain walls are assumed to be practically
motionless so that a contribution from their displacements under external electric or mechanical
fields into the electromechanical constants of the poled FC medium approaches zero [41, 42]. The
electromechanical constants of the single-domain SC have been evaluated by the method put
forward in work [41] on the basis of experimental room-temperature data on the ferroelectric
(Pb1−xCax)TiO3 solid solutions
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circumstances are to be taken into account along with the microgeometric features
of the 0–3 composite structure.

An important example of the PS is concerned with a 0–3 lead-free SC/polymer
composite that was highlighted in Sect. 2.4. In this lead-free composite we consider
the prolate spheroidal SC inclusions poled along the OX3 axis (Fig. 2.28) and
compare the piezoelectric coefficients g�3j of such a composite to g�3j of the related
1–3 composite. It is assumed that in the 1–3 composite, the system of circular
cylindrical SC rods are regularly distributed in the polymer matrix. Both the 0–3
and 1–3 composites based on SCs are characterised by a uniform orientation of the
main crystallographic axes X, Y and Z in all of the SC inclusions (rods) as follows:
X||OX1, Y||OX2 and Z||OX3. The graphs in Fig. 3.5 suggest that the transition from a
1–3 connectivity pattern to the 0–3 pattern leads to a drastic decrease of jg�3jj in the
whole volume-fraction range (cf., for instance, curves 1 and 2 in Fig. 3.5).
Increasing the aspect ratio q in the range of 0 < q < 1 leads to a considerable
decrease of maxg�33 and jming�31j and, therefore, to the weakening of the PS of the
0–3 composite. The main reason for such a decrease is due to a decrease of the
piezoelectric coefficients jd�3jj on increasing q at m = const. The use of less prolate
piezoelectric inclusions with a larger q value in the 0–3 composite structure
(Fig. 2.28) would lead to smaller values of jd�3jj due to the strong influence of the
depolarisation and elastic fields. However, despite the weakening of the PS due to
the decrease of jd�3jj, the values of jg�3jj of the KNNTL:Mn SC/polyurethane
composite at m = const (Fig. 3.5) remain larger than jg�3jj of the 0–3 (Pb1–xCax)
TiO3 FC/araldite composite at q = 0.1 (Table 3.6). The large values of jg�3jj of the
0–3 composite are due to the KNNTL:Mn SC component with large jg3jj values
[48] and by the larger elastic compliances |sab| of polyurethane in comparison to
|sab| of araldite (see Table 2.1).

Taking into account experimental data on PVDF (Table 3.7), we analysed the PS
of the 0–3 and 1–3 KNNTL:Mn SC/PVDF composites at two different orientations

Table 3.6 Piezoelectric coefficients g�ij (in mV m/N)a of the 0–3 (Pb1–xCax)TiO3 FC/araldite
composite at q = 0.1, FEM data

m g�31 g�33 g�15 g�31 g�33 g�15 g�31 g�33 g�15 g�31 g�33 g�15
At x = 0.15 At x = 0.20 At x = 0.25 At x = 0.30

0.05 −15.7 47.2 4.18 −15.8 46.2 4.00 −14.3 44.7 3.69 −12.9 39.2 3.25

0.10 −15.0 47.5 7.69 −14.3 46.4 7.35 −13.2 44.3 6.78 −11.9 38.5 5.96

0.15 −13.6 45.8 10.7 −12.9 44.6 10.2 −11.6 42.4 9.42 −10.6 36.6 8.28

0.20 −12.2 44.0 13.3 −11.5 42.8 12.7 −10.2 40.6 11.7 −9.41 34.9 10.3

0.30 −9.76 40.9 17.7 −9.06 39.8 16.9 −7.82 37.7 15.6 −7.39 32.3 13.7

0.40 −7.70 38.6 21.8 −7.02 37.5 20.9 −5.82 35.5 19.3 −5.71 30.3 16.9

0.50 −5.77 37.4 28.3 −5.11 36.4 27.2 −3.96 34.5 25.2 −4.16 29.4 22.3
aThe values of g�ij have been calculated by using the full set of electromechanical constants (FEM

data on s�Eab , e
�
ij and e�npp) of the 0–3 composite, see the schematic in Fig. 2.28
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of the remanent polarisation vector of PVDF (Table 3.8). The small piezoelectric
coefficients e15 and e31 in comparison to |e33| of PVDF (see Table 3.7) and
opportunities to pole the composite components in different directions [8, 35, 36,
49] make PVDF attractive as a ferroelectric polymer component. We remind the
reader that the coercive field Ec of PVDF [50] is much larger than Ec of the
KNNTL:Mn, PMN–xPT, PZN–xPT, and other important ferroelectric solid solu-
tions [10, 48] in the SC state. As seen from Table 3.8, the PVDF matrix strongly
influences the PS of the composites and enables us to observe a sign-variable
behaviour of the piezoelectric coefficients g�3j at the relatively small volume frac-
tions of SC m. This means that the conditions

g�31 ¼ 0 at g�33 6¼ 0 or g�33 ¼ 0 at g�31 6¼ 0 ð3:4Þ

hold in specific q and m ranges which depend on the electromechanical properties
and poling directions of the components. On varying q at m = const, we observe a
unique ‘aspect-ratio effect’: both g�31 and g�33 demonstrate the non-monotonic

Fig. 3.5 Volume-fraction dependences of piezoelectric coefficients g�3j (in mV m/N) of 0–3
(q > 0) and 1–3 (q = 0) [001]-poled KNNTL:Mn SC/polyurethane composites, FEM data. The
schematic of the 0–3 composite is shown in Fig. 2.28

Table 3.7 Room-temperature elastic moduli cEab (in 1010 Pa), piezoelectric coefficients eij (in
C/m2) and relative dielectric permittivity enpp=e0 of poled PVDF [49] at the remanemt polarisation
Pr
(2) "" OX3

cE11 cE12 cE13 cE13 cE44 cE66
0.4840 0.2720 0.2220 0.4630 5.26 
 10−3 0.1060

e15 e31 e33 en11=e0 en33=e0
1.999 
 10−3 4.344 
 10−3 −0.1099 7.504 8.003
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behaviour (see Table 3.8), and this behaviour is due to the elastic and dielectric
properties of the composite in the presence of the PVDF matrix with the dominating
longitudinal piezoelectric effect.

Relations between the piezoelectric coefficients g�3j and d�3j of the 0–3 KNNTL:
Mn SC SC/PVDF composite are shown in Fig. 3.6. As described previously, the
piezoelectric coefficients g�3j and d�3j are linked by (3.1). A change in the aspect ratio
q of the SC inclusion leads to a change in the anisotropy of g�3j and d�3j. On taking
into account data from Figs. 3.5 and 3.6 and Table 3.8, we state that the larger changes
in the piezoelectric coefficients g�3j are observed in the PVDF-containing composites.
Moreover, the values of jg�3jj in specific ranges of m and q are a few times larger
than jg�3jj of the 0–3 FC-based composites, see Table 3.6 and work [37, 40, 43–47].

The next example of the PS is related to the 0–3-type composite [51] with the
porous polymer matrix. According to work [51], the system of spheroidal SC
inclusions is surrounded by the porous polymer matrix, and the shape of each pore
is spheroidal with the aspect ratio qp. A regular arrangement of the inclusions and
pores takes place over the whole composite sample. The polymer matrix with
isolated pores is characterised by 3–0 connectivity while the composite as a whole
is characterised by 0–3–0 connectivity. The effective electromechanical properties
of the studied composite are evaluated in two stages. At the first stage, the prop-
erties of the 3–0 matrix are determined using (2.19). At the second stage, FEM is
applied to attain the full set of electromechanical constants of the 0–3–0 composite.
The highly oblate air pore strongly influences the elastic anisotropy of the matrix
and the anisotropy of the piezoelectric coefficients g�3j of the composite. Figure 3.7

Table 3.8 Piezoelectric coefficients g�3j (in mV m/N)a of 0–3 (q > 0) and 1–3 (q = 0) [001]-poled
KNNTL:Mn SC/PVDF compositesb

q g�31 g�33 g�31 g�33 g�31 g�33
At m = 0.05 At m = 0.10 At m = 0.15

PVDF matrix with the remanent polarisation Pr
(2) "" OX3

0 −279 714 −210 657 −171 519

0.1 42.0 −183 2.89 −79.2 −183 −24.1

0.3 78.2 −292 41.4 −197 15.4 −130

0.5 94.8 −339 58.2 −245 31.0 −175

1 112 −387 80.1 −306 53.0 237

PVDF matrix with the remanent polarisation Pr
(2) "# OX3

0 −253 812 −202 628 −163 490

0.1 −132 408 −119 363 −108 327

0.3 −126 395 −113 352 −104 320

0.5 −129 410 −116 366 −106 332

1 −134 431 −122 391 −112 358
aThe values of g�3j have been calculated by using the full set of electromechanical constants (FEM

data on s�Eab , e
�
ij and e�npp) of the composite

bThe schematic of the 0–3 composite is shown in Fig. 2.28
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shows that even at relatively small porosity levels of the matrix (mp = 0.1), large
changes in g�3j are observed, and these changes are caused by changes in the volume
fraction m and aspect ratio q of the SC inclusions. It is also seen from Fig. 3.7 that
the piezoelectric coefficients g�3j obey (3.2) for a large anisotropy. The
volume-fraction (m) range wherein the condition (3.2) is valid strongly depends on

Fig. 3.6 Volume-fraction dependences of piezoelectric coefficients g�ij (in mV m/N) and d�ij (in
pC/N) of the 0–3 [001]-poled KNNTL:Mn SC/PVDF composite with the remanent polarisation of
the PVDF matrix Pr

(2) "" OX3, FEM data. The schematic of the 0–3 composite is shown in
Fig. 2.28
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the aspect ratios q and qp of the SC inclusion and pore, respectively, and on the
porosity of the matrix mp. The values of g�3j shown in Fig. 3.7 are comparable to
those related to the 0–3 KNNTL:Mn SC/PVDF, see Table 3.8 and Fig. 3.6a–d.

In the next example of the PS we consider a SC-based composite wherein the
matrix surrounding the SC inclusions is either monolithic FC or porous FC with 3–
0 connectivity, and both components are poled along the OX3 axis [52]. Table 3.9
shows the piezoelectric performance of the 0–3 and 0–3–0 composites with two
relaxor-ferroelectric components. Hereby changes in the piezoelectric coefficients
g�ij take place in relatively narrow ranges when the volume fraction of SC m is
varied from 0.05 to 0.50. Both the SC and FC components are characterised by a
similar anisotropy of the piezoelectric coefficients d3j: according to data from
Tables 1.3 and 1.5, d33/d31 = −2.12 and −2.03 for the [001]-poled PMN–0.33PT
SC and PMN–0.35PT FC, respectively. This feature does not promote a consid-
erable anisotropy of g�3j in the composites, see Table 3.9. An increase of the aspect
ratio q in both the 0–3 and 0–3–0 composites does not lead to appreciable changes
in g�ij at m = const, and such a stability can be accounted for by the considerable
elastic stiffness of the FC matrix. The formation of air pores in the FC matrix
promotes an increase of jg�ijj in comparison to the case of the 0–3 composite, see
Table 3.9. This is due to a decrease of the dielectric permittivity of the porous FC
matrix in comparison to the monolithic FC matrix. We add that the g�33 values
related to the 0–3 SC/FC composite (Table 3.9) are approximately equal to
maxg�33 = 20 mV m/N found for a 0–3 PMN FC/sulphoaluminate cement com-
posite [53] wherein only the FC component exhibits the piezoelectric properties.

The numerous results on the PS of the 0–3-type composites make these materials
attractive in sensor and related piezotechnical applications [2, 4, 9, 44], where
flexible piezoelectric elements are required and the shape of the element can con-
form with the device configuration.

Fig. 3.7 Volume-fraction
dependences of piezoelectric
coefficients g�3j (in mV m/N)
of the 0–3–0 [001]-poled
PMN–0.33PT SC/porous
araldite composite (reprinted
from paper by Topolov et al.
[51], with permission from
Taylor and Francis)
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3.5 3–b Composites

In a composite with 3–b connectivity, the first component (main piezoelectric
component) is distributed continuously along three co-ordinate axes, and the second
component is distributed along b co-ordinate axes, where b = 0, 1, 2, or 3.
Traditionally such composites contain FC and polymer components that are often
distributed regularly [54, 55]. To the best of our knowledge, there are fairly
restricted experimental data on the PS of the 3–b FC/polymer composites [44, 54,
55] and no papers where the four types of the piezoelectric coefficients, d�ij, e

�
ij, g

�
ij,

and h�ij, were analysed.
In the first example, we consider the longitudinal PS that is described by the

piezoelectric coefficient g�33. Its volume-fraction dependence (Fig. 3.8) was found
based on experimental data on the piezoelectric coefficient d�33 and dielectric per-
mittivity e�r33, see (3.1). As follows from Fig. 3.8, maxg�33 is achieved at a relatively
large volume fraction of FC (i.e., 0.4 < m < 0.5). To a large extent, the location of
maxg�33 depends on dielectric and elastic properties of the components. The value of
maxg�33 (Fig. 3.8) is comparable to experimental values of g�33 related to some 0–3
PZT-type FC/polymer composites, see e.g. [45–47].

Table 3.9 Piezoelectric coefficients g�ij (in mV m/N) of 0–3 SC/FC and 0–3–0 SC/porous FC
composites based on the [001]-poled PMN–0.33PT SC, FEM data

m g�31 g�33 g�15 g�31 g�33 g�15 g�31 g�33 g�15
At q = 0.1 At q = 0.3 At q = 0.5

0–3 PMN–0.33PT SC/PMN–0.35 FCa

0.05 −5.83 12.7 21.5 −5.86 12.8 21.5 −5.88 12.9 21.6

0.10 −6.14 13.4 20.8 −6.19 13.5 20.8 −6.24 13.6 20.8

0.15 −6.47 14.1 20.1 −6.54 14.2 20.1 −6.61 14.4 20.1

0.20 −6.83 14.8 19.3 −6.91 15.0 19.3 −7.00 15.2 19.4

0.30 −7.63 16.5 17.9 −7.75 16.8 18.0 −7.87 17.0 18.0

0.40 −8.58 18.5 16.6 −8.72 18.8 16.6 −8.85 19.1 16.7

0.50 −9.69 20.8 15.4 −9.83 21.1 15.4 −9.96 21.4 15.4

0–3–0 PMN–0.33PT SC/porous PMN–0.35 FC at mp = 0.3 and qp = 1b

0.05 −8.74 21.4 31.9 −8.76 21.4 31.9 −8.79 21.2 31.9

0.10 −9.27 22.5 30.2 −9.31 22.5 30.2 −9.35 22.6 30.1

0.15 −9.82 23.6 28.5 −9.87 23.6 28.5 −9.93 23.7 28.4

0.20 −10.4 24.6 26.8 −10.4 24.7 26.8 −10.5 24.7 26.8

0.30 −11.5 26.8 23.8 −11.6 26.9 23.8 −11.7 26.9 23.8

0.40 −12.7 29.0 21.1 −12.8 29.1 21.1 −12.8 29.1 21.0

0.50 −13.9 31.2 18.6 −13.9 31.1 18.6 −13.9 31.1 18.5
aThe schematic of the 0–3 composite is shown in Fig. 2.28
bThe full set of electromechanical constants of the poled porous PMN–0.35PT FC has been found
in work [52]
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The second example is concerned with a 3–1 FC/clay composite wherein the
system of circular cylinders (clay rods) are aligned parallel to the poling axis OX3,
and centres of symmetry of bases of the cylinders form a square lattice on the
(X1OX2) plane. It is assumed that the volume fractions of clay mcl and FC m are
linked by the equation mcl = 1 − m. On increasing the volume fraction of clay mcl,
we observe a monotonic increase of jg�3jj, see Fig. 3.9. This increase is mainly due
to the influence of the small dielectric permittivity epp of clay on the effective
properties of the composite. As for the elastic properties of clay, their influence on
the piezoelectric coefficients g�3j of the composite is restricted because of the stiff FC
matrix surrounding each clay rod in the 3–1 composite.

Fig. 3.8 Volume-fraction
dependence of the
piezoelectric coefficient g�33
(in mV m/N) of the 3–3
PZT-5H FC/epoxy composite
(evaluated from experimental
data [54])

Fig. 3.9 Volume-fraction
dependence of the
piezoelectric coefficients g�3j
(in mV m/N) of the 3–1
ZTS-19 FC/clay composite,
FEM data
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As with g�33 of the 3–3 FC/polymer composite in Fig. 3.8, at equal volume
fractions of components, the g�33 value of the 3–1 FC/clay composite is approxi-
mately two times larger than g33 of the FC component (see data at mcl = 0 and
mcl = 0.5 in Fig. 3.9). Such a similarity is observed in the presence of different FC
components, PZT-5H and ZTS-19, however differences between their electrome-
chanical properties (Table 1.5) are not very large. It should be added that the
effective properties of the 3–1 composite were used for the interpretation of the
piezoelectric performance of a ZTS-19 FC/clay composite [56].

3.6 Piezoelectric Sensitivity, Figures of Merit
and Anisotropy

The relationships between the PS and squared figures of merit from (1.41) and (1.42)
have been discussed in papers on piezo-active composites; see, for instance [9, 24,
26, 56, 57]. In Sect. 3.6 we show a few examples of the behaviour of the squared
figures of merit related to the longitudinal and transverse PS of the composites. The
squared figures of merit ðQ�

3jÞ2 of the composite can be represented as

ðQ�
3jÞ2 ¼ d�3jg

�
3j ¼ ðg�3jÞ2e�r33 ð3:5Þ

in the case where the piezoelectric coefficients d�3j and g�3j are linked by the relation
d�3j ¼ e�r33g

�
3j [see (1.20)], where j = 1, 2 and 3. Formula (3.5) suggests that large

values of ðQ�
33Þ2 can be achieved from large piezoelectric coefficient g�33. However,

large g�33 values are often related to relatively small volume fractions of the main
piezoelectric component, and this is typical of various composites considered in this
chapter; see, for instance, Figs. 3.1, 3.2, 3.3 and 3.4. At the small volume fractions
of the main piezoelectric component, the dielectric permittivity e�r33 of the composite
remains small in comparison to that of the main piezoelectric component. Thus,
there is a need to find a ‘compromise’ between the relatively large g�33 values and

moderate e�r33 values in the composite. The squared figures of merit ðQ�
31Þ2 and

ðQ�
32Þ2, which are concerned with the transverse piezoelectric effect, can be small

[8, 58] in comparison to ðQ�
33Þ2 to satisfy conditions for effective energy harvesting

and transformation, or to achieve a considerable hydrostatic piezoelectric response,
etc. As follows from (3.5), the condition

ðQ�
33Þ2 � ðQ�

3f Þ2ðf ¼ 1 and 2Þ ð3:6Þ

is linked with validity of (3.2), i.e., with the large piezoelectric anisotropy of the
composite.

The first example of validity of (3.2) and (3.6) is concerned with the 1–3–0 SC/
porous polymer composite whose structure is shown schematically in Fig. 2.19. As
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in Sect. 2.2.4, a regular distribution of SC rods and air pores over the composite
sample is assumed. The graphs in Fig. 3.10 have been built for volume fractions of
SC 0.001 � m � 0.30, since in this volume-fraction range there are extreme
points of ðQ�

3jÞ2 and appreciable changes in the anisotropy of g�3j, where j = 1, 2 and
3. Even at relatively small porosity levels for the polymer matrix (mp = 0.1), the
anisotropy of g�3j becomes higher on increasing the aspect ratio qp of the air pores,
see Fig. 3.10a. This highlights that the elastic anisotropy of the polymer matrix
containing highly oblate pores (see the inset in Fig. 2.19) favours a validity of the
condition (3.2), see curve 3 in Fig. 3.10. Differences between ðQ�

3jÞ2 (see
Fig. 3.10b, c) on variation of the volume fraction of SC m and the aspect ratio qp of
the air pores in the polymer matrix are mainly accounted for by the strong influence
of the elastic anisotropy of the porous matrix on the PS of the composite.

Fig. 3.10 Volume-fraction dependences of the anisotropy of piezoelectric coefficients g�3j (a) and

squared figures of merit ðQ�
3jÞ2 (b and c, in 10−12 Pa−1) of the 1–3–0 [001]-poled PMN–0.33PT

SC/porous polyurethane composite. The schematic of the composite is shown in Fig. 2.19
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Our comparison of curves 1–3 in Fig. 3.10b, c enables us to state that the
composite at qp = 100 provides large values of ðQ�

33Þ2 at validity of the condition

(3.6) in the large volume-fraction (m) range. Large values of ðQ�
33Þ2 are also

achieved due to the relatively small e�r33 values of the composite in comparison to

eð1Þ;r33 of its SC component, and the e�r33 values are influenced by the aspect ratio qp of
the pore to a large extent. It should be added that the ðQ�

33Þ2 values from Fig. 3.10b
are one–two orders-of-magnitude larger than a value of ðQ�

33Þ2 = 17 
 10−12 Pa−1

for a perforated 1–3-type PZT FC/epoxy composite [57]. The advantage of the
studied 1–3–0 PMN–0.33PT-based composite over the perforated 1–3-type

PZT-based composite is primarily the large piezoelectric coefficient dð1Þ3j of the

[001]-poled PMN–0.33PT SC in comparison with dð1Þ3j of poled PZT-type FCs, see
Tables 1.3 and 1.5. The oblate shape of the air pores in the polymer matrix, see
inset in Fig. 2.19, plays an important role in achieving a large piezoelectric ani-
sotropy in the composite. For example, the condition (3.2) holds for the 1–3–0
PMN–0.33PT SC/porous polyurethane composite at an aspect ratio qp = 100 in the
following volume-fraction ranges of SC: 0 < m � 0.264 (at mp = 0.1), 0 <
m � 0.294 (at mp = 0.2), and 0 < m � 0.304 (at mp = 0.3). This may be concerned
with the active influence of the air pores on the dielectric and piezoelectric prop-
erties of the porous matrix and composite as a whole, and the use of a larger
porosity level can promote a larger elastic anisotropy of the porous polymer matrix
that strongly influences the PS of the composite.

In the second example we observe a large piezoelectric anisotropy in a 1–3-type
composite (Table 3.10) whereby using an auxetic PE strongly influences the PS and
leads to a change in sgng�31 at a volume fraction of SC 0.30 < m < 0.35. Hereby
conditions (3.2) and (3.6) hold at large values of g�33 and ðQ�

33Þ2 in a relatively wide
volume-fraction range, see data from the 5th and 7th columns in Table 3.10. The
ðQ�

33Þ2 value becomes smaller than ðQ�
33Þ2 of the 1–3–0 PMN-0.33PT-based

Table 3.10 Piezoelectric coefficients d�3j (in pC/N) and g�3j (in mV m/N), and squared figures of

merit ðQ�
3jÞ2 (in 10−12 Pa−1) of the 1–3-type [001]-poled PMN–0.28PT SC/auxetic PE compositea

in the region of the large piezoelectric anisotropy

m d�31 d�33 g�31 g�33 ðQ�
31Þ2 ðQ�

33Þ2
0.20 190 1080 21.1 120 4.01 130

0.25 90.8 1100 7.98 96.5 0.725 106

0.30 5.11 1110 0.371 80.5 1.90 
 10−3 89.4

0.35 −69.4 1120 −4.28 69.1 0.297 77.4

0.40 −135 1130 −7.22 60.6 0.975 68.5

0.45 −192 1140 −9.11 53.9 1.75 61.4
aSee the schematic of the composite in Fig. 2.11. Calculations have been performed by means of
FEM
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composite, see Fig. 3.10b. This is due to smaller piezoelectric coefficients dð1Þ3j of

the [001]-poled PMN–0.28PT SC in comparison with dð1Þ3j of the [001]-poled
PMN–0.33PT SC, see data in Table 1.3. For instance, the piezoelectric coefficient

dð1Þ33 of the PMN–0.28PT SC is approximately 2.4 times smaller than dð1Þ33 of the
PMN–0.33PT SC.

The third example is concerned with the 1–3-type FC-based composite wherein
the sgng�31 changes with a change in the aspect ratio η of the FC rod in the form of
an elliptical cylinder. We remind the reader that a similar 1–3-type composite was
analysed in Sect. 2.2.1. In our present example, the second component of the
composite is the same auxetic PE, as mentioned earlier. As follows from
Table 3.11, conditions (3.2) and (3.6) hold in a wide η range, however the ðQ�

33Þ2
value is smaller than that predicted for the PMN–0.28PT-based composite, see
Table 3.10. This difference between the ðQ�

33Þ2 values of the related composites

with auxetic PE is due to the large piezoelectric coefficients dð1Þ3j of the [001]-poled

PMN–0.28PT SC in comparison to dð1Þ3j of the poled PCR-7M FC, cf. data in
Tables 1.3 and 1.5. It should be added for comparison that the g�33 values from
Table 3.11 are almost equal to g�33 = 53 mV m/N that is related to the aforemen-
tioned 1–3-type perforated PZT FC/epoxy composite [57]. The larger ðQ�

33Þ2 values
from Table 3.11 in comparison to ðQ�

33Þ2 of 1–3-type perforated PZT FC/epoxy
composite [57] are due to the higher piezoelectric activity of the poled PCR-7M FC

(see Table 1.5). For instance, the piezoelectric coefficient dð1Þ33 of the PCR-7M FC is

approximately two—five times larger than dð1Þ33 of various PZT FC compositions.

Table 3.11 Effective piezoelectric coefficients d�3j (in pC/N), g�3j (in mV m/N), and squared

figures of merit ðQ�
3jÞ2 (in 10−12 Pa−1) of the 1–3-type PCR-7M FC/auxetic PE compositea at the

volume fraction of FC m = 0.3

η d�31 d�32 d�33 g�31 g�32 g�33 ðQ�
31Þ2 ðQ�

32Þ2 ðQ�
33Þ2

0.01 −64.6 47.0 726 −4.78 3.48 53.8 0.309 0.164 39.1

0.1 −44.9 50.9 727 −3.32 3.77 53.8 0.149 0.192 39.1

0.2 −28.7 52.1 728 −2.13 3.86 53.8 0.0611 0.201 39.2

0.4 −5.62 49.7 728 −0.420 3.68 53.8 2.36 

10−3

0.183 39.2

0.6 10.5 44.0 729 0.70 3.25 53.9 8.09 

10−3

0.143 39.3

0.8 22.0 37.1 729 1.62 2.74 53.9 0.0356 0.102 39.3

1 30.1 30.1 729 2.23 2.23 53.9 0.0671 0.0671 39.3
aA cross section of the 1–3-type composite is shown in Fig. 2.14. Calculations have been per-
formed by means of FEM
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3.7 Hydrostatic Piezoelectric Sensitivity and Figures
of Merit

The hydrostatic piezoelectric response of a composite [3, 7] is related to its
hydrostatic piezoelectric coefficients d�h and g�h and squared figure of merit ðQ�

hÞ2
from (2.1) and (2.2). Important problems for the improvement of the hydrostatic
piezoelectric response of poled FCs and piezo-active composites based on FCs were
discussed in work [6–8]. The FC and composite materials are used as active ele-
ments of hydrophones [3] that are sensitive to hydrostatic pressure, acoustic waves
in water etc. A hydrophone sensitivity [3] is associated with a voltage caused by
stresses induced by the acoustic pressure, and the larger sensitivity means the larger
voltage at the same pressure level. In Sect. 3.7 we consider relations between the
piezoelectric coefficients g�3j and hydrostatic parameters of some SC-based
composites.

In a 1–3 PZN–0.07PT SC/PVDF composite, maxg�33 and ming�31 are observed in
Table 3.12 at volume fractions of SC m � 0.05, i.e., in the volume-fraction region
wherein the dielectric permittivity of the composite e�r33 is small in comparison with

eð1Þ;r33 of its SC component. The m values related to extreme points of g�3j are larger
than those related to extreme points of g�3j in other piezo-active composites [7, 8, 11,
23, 24] based on either SCs or FCs. This is due to the presence of the second
piezoelectric component, i.e., ferroelectric PVDF polymer that strongly influences
the PS of the 1–3 composite [26], especially at m � 1. The value of max½ðQ�

hÞ2� is
approximately two–three times larger than ðQ�

hÞ2 of conventional 1–3 FC/polymer
composites [7, 9], and this high performance is achieved not only due to the
piezoelectric polymer component but also due to the SC component with a large

piezoelectric coefficient dð1Þ33 , see Table 1.3.
The important example of the PS and figures of merit is related to the 2–0–2 SC/

SC/polymer composite considered in Sect. 3.1. We assume that the Type I layer of
the 2–0–2 composite is represented by a [001]-poled SC, and in the Type II layer,
spheroidal SC inclusions are regularly distributed in a polymer medium. Hereafter
the Type II layer is regarded as a 0–3 SC/polymer composite. A volume-fraction
behaviour of the effective parameters of the 2–0–2 composite based on the
[001]-poled KNNTL:Mn SC is shown in Fig. 3.11. We remind that some charac-
teristics of this composite were also highlighted in Fig. 3.2. In the presence of the
Type II layer with the system of the aligned highly oblate SC inclusions (qi � 1),
we achieve the considerable hydrostatic PS and figure of merit. The graphs in
Fig. 3.11a–c suggest that on increasing the volume fraction mi of the SC inclusions
in the Type II layer, the piezoelectric coefficients jg�3jj decrease at m = const.
However the decrease of the piezoelectric coefficient g�33 is less pronounced
(Fig. 3.11c) in comparison to jg�31j (Fig. 3.11a) and jg�32j (Fig. 3.11b), i.e., the
transverse PS of the composite decreases more rapidly than its longitudinal PS.
Such a feature of the piezoelectric performance of the studied 2–0–2 composite
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leads to large values of ðQ�
hÞ2 (Fig. 3.11b) in wide ranges of volume fractions m and

mi. The non-monotonic behaviour of ðQ�
hÞ2 at m = const (Fig. 3.11d) is caused by

the elastic anisotropy of the Type II layer to a large extent. We underline that,

despite the smaller piezoelectric coefficient dð1Þ33 of the KNNTL:Mn SC [48] in

comparison with dð1Þ33 of the PZN–0.07PT SC, the value of max½ðQ�
hÞ2� shown in

Fig. 3.11d is about two times larger than that related to the PZN–0.07PT-based

Table 3.12 Effective piezoelectric coefficients d�3j (in pC/N), g�3j (in mV m/N), and squared

figures of merit ðQ�
33Þ2 and ðQ�

hÞ2 (in 10−12 Pa−1) which have been calculated for the 1–3 [001]-
poled PZN–0.07PT SC/PVDF compositea by using the FEM and matrix methodb

m �d�31 d�33 �g�31 g�33 ðQ�
33Þ2 ðQ�

hÞ2
0.01 5.02

(5.08)
18.4
(18.3)

34.6
(35.3)

127
(127)

2.34
(2.32)

0.482
(0.460)

0.03 35.8
(36.0)

119
(119)

106
(107)

353
(353)

42.0
(42.0)

6.68
(6.53)

0.05 66.1
(66.5)

216
(215)

110
(111)

361
(360)

78.0
(77.4)

11.8
(11.3)

0.07 96.1
(96.6)

308
(307)

105
(105)

335
(334)

103
(103)

14.5
(14.1)

0.09 126
(126)

396
(396)

96.7
(96.7)

304
(304)

120
(120)

15.9
(15.9)

0.12 170
(170)

522
(522)

86.0
(86.0)

264
(264)

138
(138)

16.7
(16.7)

0.20 283
(283)

823
(823)

65.7
(65.7)

191
(191)

157
(157)

15.3
(15.3)

0.30 418
(418)

1140
(1140)

51.7
(51.7)

141
(141)

161
(161)

11.4
(11.4)

0.40 546
(545)

1410
(1410)

43.0
(43.3)

111
(112)

157
(158)

8.12
(8.28)

0.50 668
(667)

1650
(1650)

37.3
(37.2)

92.1
(92.1)

152
(152)

5.36
(5.49)

0.60 785
(784)

1850
(1850)

33.3
(33.2)

78.4
(78.4)

145
(145)

3.31
(3.40)

0.70 896
(895)

2030
(2030)

30.1
(30.1)

68.3
(68.3)

139
(139)

1.86
(1.91)

0.80 1000
(1000)

2190
(2190)

27.6
(27.6)

60.5
(60.5)

132
(132)

0.901
(0.914)

0.90 1110
(1110)

2330
(2330)

25.9
(25.9)

54.3
(54.3)

127
(127)

0.320
(0.322)

0.99 1200
(1200)

2440
(2440)

24.4
(24.4)

49.7
(49.7)

121
(121)

0.0600
(0.0599)

aSee the schematic of the composite in Fig. 2.11. The spontaneous polarisation of the SC com-
ponent is Ps

(1) "" OX3, and the remanent polarisation of the polymer component is Pr
(2) "" OX3

bValues of the effective parameters calculated using the matrix method are given in parentheses
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composite, see Table 3.12. This is mainly achieved due to the large piezoelectric

coefficient gð1Þ33 = 94.7 mV m/N of the KNNTL:Mn SC [48].
In Table 3.13 we show changes in the PS and squared figures of merit of the

same 2–0–2 composite based on the KNNTL:Mn SC at variations of the micro-
geometric characteristics of the Type II layer and the volume fraction m of SC in the
Type I layer. Changes in the aspect ratio qi and volume fraction mi of the SC
inclusions in the Type II layer are to be taken into account at the prediction of the
longitudinal PS and hydrostatic response: these changes strongly influence the
elastic anisotropy of the Type II layer and, therefore, weaken the transverse PS of
the composite as a whole. Due to this weakening at qi � 1, we observe large ðQ�

hÞ2
values (Table 3.13) that undergo minor changes at volume fraction m = const

Fig. 3.11 Volume-fraction dependences of piezoelectric coefficients g�3j (a–c, in mV m/N) and

hydrostatic squared figure of merit ðQ�
hÞ2 (d, in 10−12 Pa−1) of the 2–0–2 [001]-poled KNNTL:Mn

SC/LBO SC/polyurethane composite
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(Type I layer) and on increasing the volume fraction mi of SC in the Type II layer.
The dielectric properties of the Type II layer influence the PS, ðQ�

33Þ2 and ðQ�
hÞ2 of

the composite to a restricted degree only. It should be added that the large g�33 and
ðQ�

hÞ2 values of the studied lead-free 2–0–2 composite (see data in Fig. 3.11c, d and
Table 3.13) are important in piezoelectric sensor, hydroacoustic and other
applications.

Table 3.13 Effective piezoelectric coefficients g�33 and g�h (in mV m/N), and squared figures of
merit ðQ�

33Þ2 and ðQ�
hÞ2 (in 10−12 Pa−1) of the 2–0–2 [001]-poled KNNTL:Mn SC/LBO SC/

polyurethane compositea

qi mi m g�33 g�h ðQ�
33Þ2 ðQ�

hÞ2
0.01 0.10 0.05

0.10
0.15
0.20
0.25
0.30

745
594
470
385
324
280

162
121
90.8
70.9
56.9
46.7

59.1
81.0
87.3
87.9
86.4
83.9

2.78
3.34
3.26
2.98
2.66
2.33

1 0.10 0.05
0.10
0.15
0.20
0.25
0.30

1000
715
534
422
348
296

214
141
99.3
74.3
58.1
46.7

121
146
141
131
121
112

5.55
5.69
4.89
4.07
3.37
2.80

100 0.10 0.05
0.10
0.15
0.20
0.25
0.30

931
688
521
415
344
293

98
335
231
168
127
99.2

94.2
119
119
113
106
99.6

26.9
28.1
23.3
18.5
14.5
11.4

0.01 0.20 0.05
0.10
0.15
0.20
0.25
0.30

569
491
409
346
299
262

135
105
82.8
66.5
54.6
45.4

33.6
48.9
56.4
60.1
61.9
62.7

1.89
2.26
2.31
2.22
2.06
1.88

1 0.20 0.05
0.10
0.15
0.20
0.25
0.30

876
666
511
409
340
291

197
135
96.2
72.4
56.8
45.8

89.2
117
119
114
108
102

4.51
4.78
4.21
3.58
3.01
2.52

100 0.20 0.05
0.10
0.15
0.20
0.25
0.30

829
646
500
403
336
288

529
380
270
199
152
118

71.8
96.5
99.5
96.7
92.4
87.8

29.3
33.4
29.0
23.6
18.8
14.8

aThe EFM and matrix method were applied to evaluate the electromechanical properties of the 0–3
SC/polymer layer and 2–0–2 SC/SC/polymer composite, respectively
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3.8 Conclusion

This chapter has been devoted to the piezoelectric coefficients g�ij, their anisotropy
and links between microgeometric characteristics of piezo-active composites and
their PS. As follows from numerous papers, experimental and theoretical studies on
the composites, their piezoelectric coefficients g�ij play an important role for the
description of the PS, figures of merit and related characteristics. Specific trends in
improving the PS of the composite and increasing its piezoelectric coefficients g�ij
have been discussed for specific connectivity patterns. The main results of this
chapter are formulated as follows.

(i) Examples of the PS concerned with the piezoelectric coefficients g�ij and
related parameters of are discussed for the 0–3-type, 1–1-type, 1–3-type,
2–2-type, and 3–b composites. The studied composites are based on either
FCs or domain-engineered SCs, and examples of the composite patterns with
planar and non-planar interfaces are analysed.

(ii) Various volume-fraction dependences of the piezoelectric coefficients g�ij of
the studied two- and three-component composites are characterised by rel-
atively sharp extreme of g�3j at small volume fractions m of the main
piezoelectric component that is represented by FC, ferroelectric SC etc.
Along with the drastic changes in g�3j, examples of the ‘sleeping PS’ are
observed. This feature of the studied piezo-active composites is caused by
the strong influence of the dielectric properties and system of interfaces on
g�3j. Elastic properties of the composite influence the PS of the composites to
a lesser degree. An additional opportunity to change the piezoelectric coef-
ficients g�3j is concerned with the elastic anisotropy that can be large in
porous and heterogeneous polymer matrices or layers. In contrast to g�3j, the
shear piezoelectric coefficients (e.g. g�15 or g�24) undergo less considerable
changes in the wide volume-fraction range, and such a behaviour is asso-
ciated with some microgeometric features of the composites.

(iii) Because of the small volume fractions m at which extreme of the piezo-
electric coefficients g�3j and g�h are achieved in the studied composites, values
of m < 0.1 are to be chosen on manufacturing. In this case, one can keep the
high PS and avoid a significant decrease of maxjg�3jj and maxg�h.

(iv) The auxetic polymer component influences the PS and anisotropy of the
piezoelectric coefficients g�3j, especially at volume fractions of the main
piezoelectric component m � 1. A use of the auxetic polymer component
enables one to reach a change in sign of some piezoelectric coefficients g�3j of
the studied composites and becomes a good stimulus to form highly aniso-
tropic composite structures.

(v) As follows from the performance of the lead-free composites based on the
domain-engineered KNNTL:Mn SC, the high PS and large values of squared
figures of merit of the composites are mainly achieved due to the large
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piezoelectric coefficient gð1Þ33 of their SC component. The high PS of the
studied lead-free composites can be regarded as their advantage over the
conventional FC/polymer composites.

(vi) The present results show the potential of the studied composites that are
suitable for piezoelectric sensor, transducer, energy-harvesting, and
hydroacoustic applications.
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Chapter 4
Piezoelectric Coefficients e�ij and d�ij:
Combination of Properties at Specific
Microgeometry

Abstract Piezoelectric coefficients eij are used to describe a link between an
external mechanical strain and a piezoelectric polarisation caused by the direct
piezoelectric effect. The piezoelectric coefficients eij are of importance to analyse a
link between a mechanical stress and an external electric field at the converse
piezoelectric effect. Examples of the piezoelectric sensitivity of composites with
various connectivity patterns are discussed in terms of the effective piezoelectric
coefficients e�ij and relations between the piezoelectric coefficients e�ij and d�ij. Of
specific interest are a non-monotonic behaviour of e�ij, large values of je�ijj and
considerable anisotropy of e�3j as well as their links to the microgeometry and
properties of components.

The piezoelectric coefficients eij are used to describe the link between an external
mechanical strain nj that is applied to a sample and its polarisation Pi by the direct
piezoelectric effect in accordance with (1.5). The piezoelectric coefficients eij enable
us to analyse the link between a mechanical stress rj and an electric field Ei applied
to the sample. This is a case of the converse piezoelectric effect, and the relevant
relation between rj and Ei is given by (1.4). The PS concerned with the piezo-
electric coefficients eij is often associated with polarisation charges at surfaces of the
deformed (or mechanically loaded) sample [1–3], and this is important for piezo-
electric sensor applications, measuring the quality control of a production, surfaces
of machine parts etc. [4, 5]. As follows from (1.20) and (1.21), the piezoelectric
coefficients dij studied in Chap. 2 and the piezoelectric coefficients eij to be analysed
in this chapter are linked by elastic properties that are described by a fourth-order
rank tensor, and this link is more complicated than that between the piezoelectric
coefficients gij and dij (see Chap. 3). The piezoelectric coefficient e33 related to the
longitudinal piezoelectric effect in poled FCs influences the thickness ECF kt in
accordance with (1.17). It should be mentioned that the piezoelectric coefficients eij
of poled FCs and domain-engineered SCs (see [2, 6–8] and Tables 1.6 and 3.5) are
varied in a relatively narrow range, namely, from approximately 1 to 30 C/m2.
Moreover, the widespread perovskite-type FCs are divided into two groups, see
Table 1.6. In the first group, there are the FCs with e31 < 0 and e33 > 0. The second
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group contains the FCs with e31 > 0 and e33 > 0. In contrast to eij, the piezoelectric
coefficients dij of poled FCs and domain-engineered SCs are found in a wide range.
As follows from Tables 1.1–1.5 and [2, 6, 7], the order-of-magnitude of dij is (10

0
–

103) pC/N.
In this chapter we discuss the PS of some composites in terms of their effective

piezoelectric coefficients e�ij and relations between e�ij and d�ij. We also consider
examples of the non-monotonic behaviour of e�ij, large values of |e�ij| and consid-
erable anisotropy of e�ij which can be due to the specific piezoelectric components
and microgeometric features of the composites.

4.1 2–2-Type Composites

The 2–2 composite structure shown in Figs. 2.1 and 2.2 represents a system of
alternating layers of two components, and at least one of them is piezoelectric, e.g.
poled FC or SC. We assume that the OX3 axis shown in Figs. 2.1 and 2.2 is the
poling axis of the composite. In Sect. 4.1 we discuss volume-fraction dependences
of the piezoelectric coefficients e�ij in both series- and parallel-connected 2–2-type
composites.

The literature has reported that some of the effective parameters of the 2–2
series-connected PZT-type FC/polymer composites are characterised by
non-monotonic volume-fraction dependences. Among such parameters, one can
mention the thickness ECF k�t [7, 8], piezoelectric coefficient e�31, dielectric per-
mittivity e�r11 [9], etc. In the 2–2 parallel-connected PZT-type FC/polymer com-
posites a non-monotonic volume-fraction behaviour of the piezoelectric coefficients
e�33, g

�
3j and h�33 [6] is observed. In the 2–2 parallel-connected PZN–0.07PT SC/

polymer composite a non-monotonic behaviour of e�33 is observed [10] at rotations
of the main crystallographic axes of the [011]-poled SC component.

Hereafter in Sect. 4.1 we apply the matrix method to find the full set of elec-
tromechanical constants of the 2–2-type composite (see the description of the
matrix method in Sect. 2.1.1).

In the first example of the PS, we consider a 2–2 series-connected composite
based on the PCR-7M FC. Due to the poled FC layers and interfaces oriented
perpendicular to the poling axis OX3 (Fig. 2.1), the composite as a whole is
described by ∞mm symmetry. As is known from Table 1.6, the poled PCR-7M FC
is characterised by large values of the piezoelectric coefficients e33 and e15. We
remind the reader that in accordance with (1.21), the piezoelectric coefficients e�ij of
the composite from the ∞mm symmetry group are represented as follows:

e�31 ¼ e�32 ¼ d�31 c�E11 þ c�E12
� �þ d�33c

�E
13 ; e

�
33 ¼ 2d�31c

�E
13 þ d�33c

�E
33 and

e�15 ¼ e�24 ¼ d�15c
�E
55 ¼ d�15c

�E
44 ¼ d�24c

�E
44

ð4:1Þ
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Equations (4.1) mean a combination of the elastic (c�Eab ) and piezoelectric (d�ij)
properties, and this combination influences a behaviour of the piezoelectric coeffi-
cients e�ij of the composite in the wide volume-fraction range. As in Chaps. 2 and 3,
the volume fraction of the main piezoelectric component of the composite equals m.

The piezoelectric coefficients e�ij(m) of the 2–2 series-connected composites
demonstrate a monotonic behaviour, however the |e�3j(m)| values remain relatively
small in comparison to the |e3j| values of the FC even at volume fractions
0:90�m� 0:95 (Table 4.1). Moreover, the |d�3j(m)| values are also small in the
same volume-fraction region, see Table 4.1. This is due to the poor orientation of
the piezoelectric (poled FC) layers (see C1 in Fig. 2.1) with respect to the poling
direction OX3. In the external electric field E||OX3, a considerable depolarisation
field appears in the FC layers, and these layers provide a small contribution to the
piezoelectric response of the composite with respect to OX3 [6]. The shear PS
concerned with e�15(m) and d�15(m) is affected by the orientation of the layers of the
composite (Fig. 2.1) to a lesser degree. As follows from Table 4.1, conditions

e�15 � je�3jj and d�15 � jd�3jj ð4:2Þ

hold for the composites based on the PCR-7M FC, where j = 1 and 3. On
increasing the elastic compliance s11 of the polymer component, the piezoelectric
coefficient e�33(m) of the composite decreases at m = const. The auxetic polymer
component has only a small influence on the piezoelectric coefficients e�ij(m) of the
composite, and such an influence is accounted for by the large volume fractions of
the FC component.

The second example of the PS is concerned with the 2–2 series-connected
composite based on the modified PbTiO3 FC. For this composite, as follows from
Table 4.1, conditions (4.1) are not valid, and e�31(m) < 0 despite e31 > 0 of the FC
component (see Table 1.6). Such a performance is observed in the presence of the
FC that is characterised by the large piezoelectric and elastic anisotropy (see
Table 1.5) and, therefore, can influence the PS of the 2–2 composite in a different
way than in the first example. We add that the condition e�31(me) = 0 holds at a
volume fraction from the range 0.96 < me < 1.

The third example of the PS of the 2–2 series-connected composite is repre-
sented in Table 4.2. The piezoelectric component is a domain-engineered KNNTL:
Mn SC with an unusual combination of the piezoelectric coefficients eij. According
to experimental data [11], the piezoelectric coefficients eij of the [001]-poled
KNNTL:Mn SC (4mm symmetry) obey the condition e33 < e15 < |e31|. As a result,
the PS related to e�31 of the composite plays a dominating role, and the condition

e�33\e�15\ e�31
�� �� ð4:3Þ

is valid at large volume fractions m. To a large extent, the volume-fraction beha-
viour of the piezoelectric coefficients e�ij(m) is due to the orientation of the
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composite layers (Fig. 2.1) with respect to the poling axis OX3. As in the
PCR-7M-based composite, the piezoelectric coefficient e�33(m) of the KNNTL:
Mn-based composite decreases at m = const on increasing the elastic compliance
s11 of polymer.

The fourth example of the PS is concerned with the performance of the 2–2
parallel-connected composite based on the PCR-7M FC (Fig. 4.1). Due to the
orientation of the interfaces parallel to the poling axis OX3 (Fig. 2.2) such a
composite is characterised by mm2 symmetry. The orientation of the composite
layers shown in Fig. 2.2 is favourable to pole the parallel-connected composite in
the electric field E||OX3, and this microgeometric feature leads to large values of the
piezoelectric coefficient e�33(m), see curve 5 in Fig. 4.1. The large piezoelectric
coefficient e�24(m) in curve 2 of Fig. 4.1 is caused by the weak influence of the
composite interfaces (Fig. 2.2) on the shear piezoelectric response related to the
(X2OX3) plane. According to (1.21), the link between the piezoelectric coefficients
e�ij and d�ij for materials with mm2 symmetry is given by

Table 4.1 Volume-fraction dependences of piezoelectric coefficients e�ij (in C/m2) and d�ij
(in pC/N) of 2–2 FC/polymer series-connected compositesa at large volume fractions of FC m

Polymers m e�31 e�33 e�15 d�31 d�33 d�15
Composite based on the PCR-7M FC

Araldite 0.80 –0.169 0.0492 7.14 –1.38 2.73 776

0.90 –0.349 0.186 11.1 –2.80 5.80 831

0.95 –0.644 0.590 14.5 –5.51 11.7 856

Elastomer 0.80 –0.233 0.0102 0.704 –1.74 3.59 782

0.90 –0.510 0.0443 1.52 –3.47 7.34 833

0.95 –1.03 0.173 2.96 –6.87 14.7 857

Auxetic PE 0.80 –0.109 0.00319 3.20 –0.803 1.25 780

0.90 –0.242 0.0140 6.00 –1.60 2.99 833

0.95 –0.495 0.0564 9.49 –3.19 6.44 857

Composite based on the modified PbTiO3 (III) FC

Araldite 0.80 –0.0350 0.138 0.572 –0.505 4.44 47.8

0.90 –0.0452 0.465 1.04 –0.922 8.94 51.1

0.95 –0.0228 1.21 1.58 –1.56 15.8 52.6

Elastomer 0.80 –0.0750 0.0285 0.0440 –0.625 5.50 48.0

0.90 –0.141 0.110 0.0973 –1.11 10.8 51.1

0.95 –0.217 0.354 0.198 –1.82 18.5 52.6

Auxetic PE 0.80 –0.0402 0.00938 0.219 –0.304 2.52 47.9

0.90 –0.0821 0.0389 0.451 –0.573 5.42 51.1

0.95 –0.141 0.141 0.815 –1.03 10.3 52.6
aSee the schematic of the 2–2 series-connected composite in Fig. 2.1
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e�3j ¼ d�31c
�E
1j þ d�32c

�E
2j þ d�33c

�E
3j ; e

�
15 ¼ d�15c

�E
55 and e�24 ¼ d�24c

�E
44 ; ð4:4Þ

where j = 1, 2 and 3. It should be noted that the piezoelectric coefficients e�ij from
(4.4) are caused by a combination of the elastic (c�Eab ) and piezoelectric (d�ij) prop-
erties, and this combination differs from that in (4.1).

Changes in e�ij(m) correlate with the d
�
ij(m) dependences of the same composite to

a considerable degree, see Figs. 4.1 and 2.3. However there is an important
peculiarity related to e�33(m) at large volume fractions m: Fig. 4.1e shows the
presence of max e�33(m) at large volume fractions m and depends on elastic prop-
erties of the polymer component. On increasing the elastic compliance s11 of the
polymer component, max e�33(m) increases, i.e., the longitudinal PS of the com-
posite becomes more pronounced in the presence of the softer polymer even at its
small volume fractions. We observe only a limited influence of the auxetic polymer
component on the e�ij(m) dependence, cf. Figs. 2.3d and 4.1d. This is due to the
anisotropic elastic properties of the 2–2 parallel-connected composite. The
non-monotonic behaviour of e�33(m) is mainly caused [6] by a competition of the
items from (4.4): at j = 3 and large volume fractions m, we have

d�33c
�E
33 [ 0; d�31c

�E
13\0 and d�32c

�E
23\0 ð4:5Þ

For the studied PCR-7M-based composites, conditions d�33 > 0, d�32 < 0 and d�31 < 0
hold at 0 < m < 1. A very slow increase of d�33 at m! 1 irrespective of the polymer
component [6, 12] can lead to a less pronounced influence of the positive item
d�33c

�E
33 from (4.5) on the piezoelectric coefficient e�33 in comparison to the remaining

negative items from (4.5).
The fifth example of the PS enables us to underline the important role of the

arrangement of the composite layers (Fig. 2.2) in forming the piezoelectric

Table 4.2 Volume-fraction
dependences of piezoelectric
coefficients e�ij (in C/m2) of
the 2–2 [001]-poled KNNTL:
Mn SC/polymer
series-connected compositea

at large volume fractions of
FC m

Polymer m e�31 e�33 e�15
Araldite 0.80 –1.90 0.201 0.751

0.90 –3.23 0.606 1.43

0.95 –4.44 1.36 2.31

Polyurethane 0.80 –1.75 0.109 0.431

0.90 –3.09 0.357 0.877

0.95 –4.46 0.904 1.56

Elastomer 0.80 –2.37 0.0398 0.0545

0.90 –4.06 0.133 0.121

0.95 –5.71 0.361 0.249

Auxetic PE 0.80 –1.26 0.0142 0.276

0.90 –2.43 0.0540 0.581

0.95 –3.97 0.172 1.09
aSee the schematic of the 2–2 series-connected composite in
Fig. 2.1
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coefficients e�ij(m). Comparison of Fig. 4.2a to any graph of Fig. 4.1a–d testifies to
the similar character of the e�ij(m) dependences in the 2–2 PCR-7M- and KNNTL:
Mn-based composites, and this similarity is observed despite considerable

Fig. 4.1 Volume-fraction dependences of piezoelectric coefficients e�ij (in C/m2) of 2–2 PCR-7M
FC/polymer parallel-connected composites (a–d) and behaviour of the piezoelectric coefficient e�33
(in C/m2) near its maximum in the 2–2 composites based on the PCR-7M FC (e). The schematic of
the 2–2 parallel-connected composite is shown in Fig. 2.2
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differences between the piezoelectric coefficients eij of these piezoelectric coeffi-
cients.
In Fig. 4.2 we do not show examples of the e�ij(m) dependences for different
KNNTL:Mn-based composites because of the similarity of the graphs, such as
those shown in Fig. 4.1a–d. The graph in Fig. 4.2b suggests that max e�33(m) de-
pends on the polymer component. As in the fourth example of the PS, the larger
max e�33 value is achieved by the presence of a polymer with a larger elastic
compliance s11. We note that Fig. 4.2a represents the case of the considerable
increase of e�33(m), i.e., by approximately 1.8 times in comparison to the e33 value of
the KNNTL:Mn SC [11].

By comparing the piezoelectric coefficients e�ij(m) and d�ij(m), we underline the
key role of the effect of the combination of properties, and such an effect was
discussed in a series of papers, see, for instance [6, 12–14]. In the case of the 2–2
composites represented in Sect. 4.1, we should consider important combinations of the
piezoelectric and elastic properties in anisotropic materials, see, for instance, (4.1) and
(4.4). As is known from earlier studies [6, 12, 13], these combinations are implemented
in different ways in the presence of the piezoelectric components from different sym-
metry groups and at different microgeometric features of the composite samples.

It should be added that the piezoelectric coefficients e�ij(m) and max e�33(m) are
taken into account by the analysis of the hydrostatic piezoelectric coefficient e�h of
various 2–2 and 2–0–2 composites [12, 13, 15, 16] based on relaxor-ferroelectric
SCs. In these composites, the rotation of the main crystallographic axes in the SC layers
plays the key role in forming the large hydrostatic piezoelectric coefficients d�h , e

�
h and

g�h. The combination of the large hydrostatic piezoelectric coefficients is important
at the selection of the studied 2–2-type composites for hydroacoustic applications.

Fig. 4.2 Volume-fraction dependences of piezoelectric coefficients e�ij (in C/m2) of the 2–2 [001]-
poled KNNTL:Mn SC/araldite parallel-connected composite (a) and behaviour of the piezoelectric
coefficient e�33 (in C/m2) near its maximum in the 2–2 composites based on the KNNTL:Mn SC
(b). The schematic of the 2–2 parallel-connected composite is shown in Fig. 2.2
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4.2 1–3-Type Composites

In the 1–3 composite shown in Fig. 2.11, C1 is a component with a higher
piezoelectric activity, and C2 is a component with a lower piezoelectric activity or a
piezo-passive component. The presence of the parallel piezoelectric rods (either FC
or SC) in a large matrix leads to the strong influence of the rods on the piezoelectric
properties and their anisotropy and favours a non-monotonic behaviour of many
effective parameters of the 1–3 composite [6, 8, 12]. In Sect. 4.2 we consider the
piezoelectric coefficients e�ij(m) and compare them to the piezoelectric coefficients
d�ij(m).

The first example of relations between e�ij(m) and d�ij(m) is shown in Fig. 4.3,
where m is the volume fraction of FC. The corresponding composite contains the
system of long cylindrical FC rods poled along OX3 and regularly distributed in a
piezo-passive polymer matrix. The EFM is applied [6, 10, 12] to predict the
effective electromechanical properties of the 1–3 composite. The link between its
piezoelectric coefficients e�ij and d�ij is described in terms of (4.1). Due to the
composite microgeometry, conditions

e�33 � e�15 and e
�
33 � e�31

�� �� ð4:6Þ

hold in wide volume-fraction ranges. For both the longitudinal and transverse
piezoelectric effects, we observe the monotonic e�3j(m) and d�3j(m) dependences, see
curves 1 and 2 in Fig. 4.3. A ‘deformation’ of these curves at the transition from
d�3j(m) to e�3j(m) is accounted for by the elastic properties of the composite while
(1.20) and (1.21) hold.

In the second example we consider relations between e�3j(m) and d�3j(m) of the
1–3 (Pb1−xCax)TiO3 FC/araldite composite with the cylindrical FC rods arranged
regularly in the polymer matrix. The e�3j(m) and d�3j(m) dependences shown in
Fig. 4.4 were calculated by means of the EFM. We remind the reader that the poled
(Pb1−xCax)TiO3 FCs [17], like high-anisotropic PbTiO3-type FCs [6, 7], are of
interest due to positive signs of their piezoelectric coefficients e3j, see Table 3.5.
The piezoelectric coefficient e31 of the (Pb1−xCax)TiO3 FCs exhibits a
non-monotonic behaviour on increasing the molar concentration x in the range
0:10� x� 0:30, and this influences the mutual arrangement of the e�31 curves
related to the composite (see curves 1–4 in Fig. 4.4a). The monotonic increase of
e33 of the (Pb1−xCax)TiO3 FCs at 0:10� x� 0:30 (see Table 3.5) causes a mono-
tonic increase of e�33 at m = const (see curves 5–8 in Fig. 4.4a). We observe the
monotonic e�3j(m) dependences in Fig. 4.4a at the non-monotonic d�31(m) behaviour
and the valid condition (1.44), see curves 1–4 in Fig. 4.4b. This is an important
feature of the 1–3 composite based on the FC with the large anisotropy of the
piezoelectric coefficients d3j [6, 18]. Due to relatively small contributions from
d�31c

�E
1j into e�3j from (4.1), we assume that e�3j � d�33c

�E
3j > 0, where j = 1 and 3. In
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this case the differences between curves 1–4 and 5–8 in Fig. 4.4a are mainly
associated with the difference between the elastic moduli c�E13 and c�E33 .

The third example of the PS is concerned with the e�ij(m) dependence in the 1–3
composite based on the KNNTL:Mn SC (Fig. 4.5). For a square arrangement of the
SC rods with the square cross section, this composite is characterised by 4mm
symmetry. The full set of electromechanical constants of the composite shown in
Fig. 2.11 are calculated by means of the matrix method [6, 12] that is applied to
each vertical face of the SC rod. Despite the condition e33 < e15 < |e31| that is valid
for this SC poled along [001], the piezoelectric coefficients e�ij of the related 1–3
composite obey the conditions (4.6) in a wide volume-fraction range, see Fig. 4.5.
The presence of max e�33(m) is caused by a competition of the items from (4.4), see
also Sect. 4.1. We can observe a deep analogy between Figs. 4.2b and 4.6 and state
that a difference between the max e�33(m) values of the related 1–3 and 2–2

Fig. 4.3 Volume-fraction
dependences of piezoelectric
coefficients e�3j (in C/m2), d�3j
(in pC/N), g�3j (in mV m/N),
and h�3j (in 108 V/m) of the
1–3 PZT-5 FC/araldite
composite: a j = 3 and b j = 1
(reprinted from monograph by
Topolov and Bowen [6], with
permission from Springer)
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composites is small. This is due to the continuous distribution of the SC rods (1–3
connectivity, Fig. 2.11) and SC layers (2–2 connectivity, Fig. 2.2) along the poling
axis OX3. The volume fraction of the SC component in both the 2–2
parallel-connected and 1–3 composites is determined by the specific area occupied
by this component in the (X2OX3) plane in comparison to the whole composite
sample. In both the aforementioned composites, a strain n3 applied along OX3 will
generate a piezoelectric polarisation P3 in similar way. Thus, the microgeometric
feature again becomes the important factor that influences the PS and behaviour of
the piezoelectric coefficients e�ij in the wide volume-fraction range.

In the fourth example, we consider a performance of the 1–3-type composite
shown in Fig. 2.18a. It is assumed that the piezoelectric parallelepiped-shaped SC
rods are parallel to the poling axis OX3 and regularly distributed in the laminar
matrix (2–2 connectivity), and the polymer layers of this matrix are regularly

Fig. 4.4 Volume-fraction
dependences of piezoelectric
coefficients e�3j (a, in C/m2)
and d�3j (b, in pC/N) of the
1–3 (Pb1−xCax)TiO3 FC/
araldite composite. In each
graph curves 1–4 correspond
to j = 1, and curves 5–8
correspond to j = 3. Curves 1
and 5 are related to the
composite with x = 0.10,
curves 2 and 6 are related to
the composite with x = 0.20,
curves 3 and 7 are related to
the composite with x = 0.25,
and curves 4 and 8 are related
to the composite with
x = 0.30 (reprinted from
paper by Topolov et al. [18],
with permission from IOP
Publishing)
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distributed along the poling axis OX3. Such a composite is described by 1–2–2
connectivity, and its piezoelectric coefficients d�3j were discussed in work [19] and
Sect. 2.2.3. In Table 4.3 we show relations between e�3j and d�3j at the volume
fraction of araldite mar = const in the laminar matrix and the volume fraction of SC
m = const. The full set of electromechanical constants of the composite was
evaluated by means of FEM [19]. Due to the system of the piezoelectric SC rods
(Fig. 2.18a) oriented parallel to OX3, conditions (4.6) hold in the wide mar and
m ranges. The piezoelectric coefficients e�33 and d�33 undergo minor changes at
variations of mar and m = const (see columns 4 and 6 in Table 4.3) because the

elastic compliances of the laminar matrix |sðmÞab | and |sEab| of the SC rod obey the

condition |sðmÞab | � |sEab|. Changes in the elastic compliances sðmÞab and their anisotropy
at changes in the volume fractions mar and m lead to changes in the transverse
piezoelectric effect, see columns 3 and 5 in Table 4.3. In general, one can state a
correlation between the piezoelectric coefficients e�3j and d�3j of the 1–2–2 composite
at mar = const due to a combination of elastic and piezoelectric properties. It should
be added that max e�33 of this composite is located in the range 0.9 < m < 1, and the

Fig. 4.5 Volume-fraction
dependences of piezoelectric
coefficients e�ij (in C/m2) of
the 1–3 [001]-poled KNNTL:
Mn SC/araldite composite.
The schematic of the 1–3
composite is shown in
Fig. 2.11

Fig. 4.6 Volume-fraction
behaviour of the piezoelectric
coefficient e�33 (in C/m2) near
its maximum in the 1–3
composites based on the
KNNTL:Mn SC. The
schematic of the 1–3
composite is shown in
Fig. 2.11
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volume fraction m related to the maximum point undergoes minor changes at
variations of mar. The reason for max e�33 is similar to that in the 2–2
parallel-connected (see Sect. 4.1) and 1–3 composites.

The fifth example is concerned with max e�33 of the 1–3-type composites based
on the [001]-poled relaxor-ferroelectric SCs. Data in Table 4.4 show that the largest
value of max e�33 is achieved in the PMN–0.28PT-based composite. The volume
fraction m related to max e�33 is smaller than in the remaining composites listed in
Table 4.4. It should be mentioned that the PMN–0.28PT composition is located in
the stability region of the ferroelectric rhombohedral (3m symmetry) phase, and a
‘distance’ between this composition and the morphotropic phase boundary at the
phase diagram of PMN–xPT at room temperature is approximately 5% [20, 21].
The largest max e�33 value (Table 4.4) is achieved in the presence of the SC
component with the unusual anisotropy of the piezoelectric coefficients e3j, see the
4th column of Table 4.4. We remind for comparison that for the [001]-poled
KNNTL:Mn SC promoting the large max e�33/e33 ratio in the related composites (see
Fig. 4.6), the anisotropy of e3j is characterised by the ratio [11] e33/e31 = −0.824
that differs from e33/e31 of the [001]-poled PMN–0.28PT SC by 4.4%.

In the sixth example of the PS, we show changes in max e�33 of the 1–3–0
composite (Table 4.5). The composite microgeometry and procedure of evaluation
of the effective properties are described in Sect. 2.2.4. In the porous 3–0 matrix of
this composite we vary the aspect ratio of the air pore qp and porosity mp. We
observe increasing the max e�33 value on increasing mp at qp = const. The relatively

Table 4.3 Volume-fraction
dependences of piezoelectric
coefficients e�ij (in C/m2) and
d�3j (in pC/N) of the 1–2–2
[001]-poled PMN–0.33PT
SC/araldite/polyurethane
compositea

mar m e�31 e�33 d�31 d�33
0.05 0.5 −0.0347 11.8 −914 2580

0.7 −0.0784 16.4 −1100 2710

0.9 −0.276 21.0 −1260 2790

0.10 0.5 −0.0427 11.8 −885 2560

0.7 −0.0962 16.4 −1080 2700

0.9 −0.333 20.9 −1250 2790

0.20 0.5 −0.0586 11.7 −849 2520

0.7 −0.131 16.4 −1060 2680

0.9 −0.440 20.8 −1250 2790

0.30 0.5 −0.0745 11.7 −827 2490

0.7 −0.166 16.4 −1050 2660

0.9 −0.539 20.7 −1240 2780

0.40 0.5 −0.0905 11.7 −811 2450

0.7 −0.200 16.3 −1040 2640

0.9 −0.632 20.7 −1240 2770

0.50 0.5 −0.107 11.7 −799 2400

0.7 −0.234 16.3 −1030 2620

0.9 −0.720 20.7 −1240 2770
aSee the schematic of the 1–2–2 composite in Fig. 2.18a
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small differences between the max e�33 values at mp = const (see Table 4.5) are
accounted for by a restricted influence of elastic properties of the porous matrix on
the piezoelectric performance of the composite at large volume fractions m. As seen
from Table 4.5, irrespective of qp and porosity mp, max e�33 of the composite is
achieved at m � 0.9, i.e., at the obvious prevalence of SC over porous polymer. The
max e�33 values listed in Table 4.5 are smaller than max e�33 of the related PMN–
0.28PT-based composite from Table 4.4. This is due to the larger elastic stiffness of
the porous araldite in comparison to auxetic PE.

4.3 0–3-Type Composites

In the case of the 0–3 composite configuration (Fig. 2.28), there are restricted
opportunities to vary its PS because of the isolated piezoelectric inclusions. The 0–3
composite shown in Fig. 2.28 consists of the three-dimensionally connected matrix

Table 4.4 Maximum values of the piezoelectric coefficient e�ij (in C/m2) of 1–3-type [001]-poled
PMN–xPT SC/auxetic PE and [001]-poled PZN–yPT SC/auxetic PE composites,a the piezoelectric
coefficient e33 (in C/m2) and anisotropy factor e33/e31 of SC

SC max e�33 e33 e33/e31
PMN–0.33PT 22.3 (m = 0.937)b 21.0 −7.58

PMN–0.30PT 28.1 (m = 0.984) 27.0 −11.2

PMN–0.28PT 30.9 (m = 0.949) 17.7 −0.860

PZN–0.045PT 17.1 (m = 0.963) 14.0 −2.92

PZN–0.07PT 16.4 (m = 0.976) 15.0 −6.43

PZN–0.08PT 19.1 (m = 0.968) 15.9 −3.46
aSee the schematic of the 1–3-type composite in Fig. 2.11
bVolume fraction at which max e�33 is achieved in the composite

Table 4.5 Maximum values
of the piezoelectric coefficient
e�ij (in C/m2) of the 1–3–0
[001]-poled PMN–0.28PT
SC/porous araldite compositea

qp mp max e�33
0.01 0.1 26.1 (m = 0.891)b

0.2 27.1 (m = 0.902)

0.3 27.9 (m = 0.912)

1 0.1 25.5 (m = 0.884)

0.2 26.1 (m = 0.891)

0.3 26.8 (m = 0.899)

100 0.1 26.6 (m = 0.892)

0.2 27.0 (m = 0.897)

0.3 27.4 (m = 0.903)
aSee the schematic of the 1–3–0 composite in Fig. 2.19
bVolume fraction at which max e�33 is achieved in the composite
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reinforced by a system of the spheroidal inclusions (either FC or SC), and the
poling axis is OX3. The shape of each inclusion is described by (2.13) in the axes of
the rectangular co-ordinate system (X1X2X3), semi-axes of the inclusion are a1,
a2 = a1 and a3, and its aspect ratio is q = a1/a3. As in Sect. 2.4, we consider the
composite with the regular distribution of the inclusions in the large matrix, and
q = const is assumed for each inclusion.

In Table 4.6 we show the piezoelectric coefficients e�3j and d�3j of the 0–3 SC/
polymer and SC/FC composites wherein the main piezoelectric component is a
domain-engineered PMN–0.33PT SC. The piezoelectric coefficients e�3j and d�3j
were calculated by means of FEM, see details in monograph [12]. The aspect ratio q
from the range of 0.1 � q � 0.5 is related to the prolate inclusion aligned along
the OX3 axis, and such a shape and arrangement of the SC inclusions would
facilitate poling of the 0–3 composite sample (Fig. 2.28) in the electric field E||OX3.
However even in this case we observe the considerable decrease of the piezoelectric
coefficients |d�ij | of the composite (see columns 7–9 in Table 4.6) in comparison to
the piezoelectric coefficients |dij| of its SC component (see columns 8–10 in
Table 1.3). An increase of the piezoelectric coefficients |d�3j| takes place when
replacing the araldite matrix with the poled FC matrix, i.e., in the presence of two
piezoelectric components. The larger |d�3j| and |e�3j| values at m = const and q =
const are expected in the composite with the PMN–0.35PT FC matrix as compared
to the composite with the modified PbTiO3 (I) FC matrix, see Table 4.6. This is due
to the larger piezoelectric coefficients |dij| of the PMN–0.35PT FC (see Table 1.5).
The matrix in the 0–3 PMN–0.33PT SC/PMN–0.35PT FC composite actively
promotes its PS and large |e�3j| values at relatively small differences between elastic
properties of the SC and FC components. We also note minor changes in e�ij and d�ij
of the 0–3 PMN–0.33PT SC/PMN–0.35PT FC composite at changes of the aspect
ratio q, see Table 4.6.

A modification of the FC matrix leads to some changes in the PS of the com-
posite. Now we assume that the FC matrix contains spherical air pores that are
distributed regularly. The shape of each air pore is described by (2.18) at the
condition a1,p = a2,p = a3,p. The SC/porous FC composite is described by 0–3–0
connectivity, and an example of the PS of such a composite is shown in Table 4.7.
Decreasing |e�ij| in comparison to the related 0–3 composite (see Table 4.6) is caused
by the porous FC matrix whose elastic compliances are larger than those of the
monolithic FC matrix. However, on the same reason, the larger |d�ij | values in
comparison to the 0–3 SC/FC composite are achieved. The minor changes in the
piezoelectric coefficients e�ij and d�ij at changes of the aspect ratio q (see Table 4.7)
are observed because of the piezoelectric components with the comparable piezo-
electric coefficients eij.
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Table 4.6 Aspect-ratio (q) and volume-fraction (m) dependences of piezoelectric coefficients e�ij
(in C/m2) and d�ij (in pC/N) of 0–3 SC/polymer compositesa based on the [001]-poled PMN–
0.33PT SC

Matrix
components

q m e�31 e�33 e�15 d�31 d�33 d�15

Araldite 0.1 0.1 −0.0246 0.631 4.20 � 10−4 −27.2 70.1 0.200

0.3 −0.140 2.73 2.96 � 10−3 −67.5 161 0.820

0.5 −0.475 5.84 3.20 � 10−2 −121 26.7 3.99

0.3 0.1 −6.88 � 10−3 0.0467 4.20 � 10−4 −3.04 7.25 0.210

0.3 −5.04 � 10−2 0.255 3.14 � 10−3 −9.12 20.4 0.860

0.5 −0.242 1.02 3.46 � 10−2 −20.5 43.1 4.35

0.5 0.1 −3.54 � 10−3 1.44 � 10−2 5.10 � 10−4 −1.19 2.68 0.230

0.3 −2.60 � 10−2 8.37 � 10−2 3.34 � 10−3 −3.99 8.57 0.900

0.5 −0.138 0.458 3.43 � 10−2 −10.3 22.0 4.28

Modified
PbTiO3

(I) FC

0.1 0.1 −0.121 8.36 3.84 −14.2 74.6 70.9

0.3 −0.897 11.2 4.54 −36.3 126 79.0

0.5 −1.71 13.9 5.63 −75.8 212 92.4

0.3 0.1 −8.69 � 10−2 8.19 3.85 −13.7 72.8 71.0

0.3 −0.814 10.8 4.55 −34.5 120 79.0

0.5 −1.60 13.4 5.64 −71.9 201 92.7

0.5 0.1 −3.84 � 10−2 8.01 3.84 −13.1 70.7 71.0

0.3 −0.679 10.3 4.55 −31.9 113 79.2

0.5 −1.47 13.0 5.67 −67.6 190 93.1

PMN–
0.35PT FC

0.1 0.1 −4.89 27.2 13.9 −232 505 422

0.3 −4.66 25.7 13.1 −275 595 329

0.5 −4.44 24.2 12.3 −346 742 259

0.3 0.1 −4.89 27.2 13.9 −233 509 422

0.3 −4.66 25.7 13.1 −280 606 330

0.5 −4.44 24.1 12.3 −353 757 259

0.5 0.1 −4.89 27.2 13.9 −235 513 423

0.3 −4.66 25.7 13.2 −284 615 331

0.5 −4.44 24.1 12.3 −358 769 260
aSee the schematic of the 0–3 composite in Fig. 2.28
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4.4 Conclusion

This chapter has been devoted to the piezoelectric coefficients e�ij, PS and their links
to the piezoelectric coefficients d�ij in various composites. Changes in the piezo-
electric coefficients e�ij enable us to show ways for improving the PS of the studied
composites. The main results of this chapter are formulated in the following form.

(i) Examples of the composites based on either FCs or domain-engineered SCs
are considered, and the following connectivity patterns are of interest to
reach large values of the piezoelectric coefficients e�ij: 1–3, 1–2–2, 1–3–0, and
2–2. Changes in the volume fraction of the piezoelectric component and
microgeometry of the composite enable us to vary e�ij and their anisotropy,
however these variations are less appreciable in comparison to those con-
sidered in Chaps. 2 and 3. The main reason consists in the relatively narrow
range wherein the piezoelectric coefficients eij of various materials are found.

(ii) The system of the piezoelectric rods or layers which are oriented parallel to
the poling axis OX3 (see Figs. 2.2, 2.11, 2.18a, and 2.19) promotes the large
piezoelectric coefficient e�33 and influences the anisotropy of e�3j in the
composite. Examples of validity of conditions (4.2), (4.3) and (4.6) are
considered for a few composites, and features of the volume-fraction beha-
viour of e�ij are interpreted by taking into account microgeometric charac-
teristics of the composites.

(iii) Relations between the piezoelectric coefficients e�ij and d�ij are analysed for
various composites, and the effect of combination of the anisotropic elastic
and piezoelectric properties is highlighted. The role of the elastic properties
in forming max e�33 and validity of conditions (4.5) for the 1–3-type

Table 4.7 Aspect-ratio (q) and volume-fraction (m) dependences of piezoelectric coefficients e�ij
(in C/m2) and d�ij (in pC/N) of the 0–3–0 [001]-poled PMN–0.33PT SC/porous PMN–0.35PT FCa

composite

q m e�31 e�33 e�15 d�31 d�33 d�15
0.1 0.1 −1.72 16.5 8.80 −206 500 396

0.3 −2.13 17.4 9.24 −279 651 313

0.5 −2.58 18.3 9.54 −391 880 246

0.3 0.1 −1.78 16.5 8.89 −208 504 396

0.3 −2.27 17.5 9.22 −284 659 312

0.5 −2.73 18.4 9.52 −397 889 245

0.5 0.1 −1.84 16.5 8.87 −210 507 395

0.3 −2.42 17.5 9.19 −288 665 312

0.5 −2.87 18.4 9.48 −401 896 244
aThe matrix is a poled FC medium with spherical air pores at porosity mp = 0.3. The SC
component is represented by a system of aligned spheroidal inclusions that are distributed in the
porous FC matrix
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composites are discussed. The large max e�33 value in comparison to e33 of
the piezoelectric component is achieved in the 1–3-type composites that are
based on either the [001]-poled KNNTL:Mn SC (Fig. 4.6) or PMN–0.28PT
SC (Table 4.4). In both these SCs, the unusual anisotropy of the piezoelectric
coefficients e3j strongly influences the longitudinal piezoelectric effect in the
composites and e�33 related to this effect. The large piezoelectric coefficients
d3j of the SC (or FC) component cannot serve as a pledge to achieve large e�33
values in the composite based on this component.

(iv) In the 0–3 and 0–3–0 composites the piezoelectric coefficients e�3j undergo
changes in restricted ranges due to the isolated piezoelectric inclusions.
These changes are caused by changes of the aspect ratio of the inclusions or
porosity of the matrix in the 0–3-type composites.

The PS associated with the piezoelectric coefficients e�ij is to be taken into
account in sensor applications where surface charges can be detected on a deformed
sample or where a mechanical stress field is caused by an electric field applied to a
sample.
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Chapter 5
Piezoelectric Coefficients h�ij: New
Opportunities to Improve Sensitivity

Abstract Piezoelectric coefficients hij characterise a link between an external
mechanical strain applied to a sample and an electric field caused by the direct
piezoelectric effect. At the converse piezoelectric effect, the piezoelectric coeffi-
cients hij characterise the link between a mechanical stress in the sample and electric
displacement. Examples of the volume-fraction behaviour of the effective piezo-
electric coefficients h�ij and the piezoelectric sensitivity associated with h�ij are
analysed for the 2–2-type, 1–3-type and 0–3-type composites based on ferro-
electrics. Relations between the piezoelectric coefficients h�ij and e�ij and some cases
of the large anisotropy of h�3j are discussed for some composites.

In comparison to the piezoelectric coefficients dij and gij, the piezoelectric coeffi-
cients hij are considered and analysed in the literature on piezoelectric materials and
applications to a small degree; see, for instance, monographs [1–3]. As is known
from (1.11), the piezoelectric coefficients hij characterise the link between an
external mechanical strain nj that is applied to a sample and an electric field Ei

caused by the direct piezoelectric effect. At the the converse piezoelectric effect, the
piezoelectric coefficients hij are introduced to describe the link between a
mechanical stress rj and an electric displacement Di as shown in (1.10). In both the
aforementioned links, the piezoelectric coefficients hij are accompanied by the
minus sign, and it is an important feature of the piezoelectric effect [1, 3] described
in terms of (1.10) and (1.11). The PS concerned with hij can be associated with a
voltage between surfaces of the deformed sample, and this is important for
piezoelectric sensor applications and monitoring the quality control of a production,
surfaces of machine parts etc. [4, 5]. Equations (1.21) and (1.22) show that the
piezoelectric coefficients dij and hij are linked by elastic and dielectric properties.
The elastic properties are described by a fourth-rank tensor, and the dielectric
properties are described by a second-rank tensor. Such an intricate character of the
link between dij and hij in an anisotropic piezoelectric medium makes the problem
of the microgeometry—PS relations more complicated and cannot lead to simple
solutions concerning the effective properties of piezo-active composites. As follows
from (1.21) and (1.23), the piezoelectric coefficients hij and eij are linked by the
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dielectric properties that are described by a second-rank tensor. This facilitates an
analysis of the PS in terms of hij and by taking into account features of the beha-
viour of the piezoelectric coefficients eij (see Chap. 4). Like eij, the piezoelectric
coefficients hij of the perovskite-type FCs [6] are divided into two groups. The first
group contains materials with h31 < 0 and h33 > 0, and the second group contains
materials with h31 > 0 and h33 > 0. For both these groups, the condition h15 > 0
holds. We remind that for poled FCs, the relation sgne3j = sgnh3j holds because of
validity of (1.21) and (1.23).

In this chapter we describe examples of the PS of composites in terms of their
effective piezoelectric coefficients h�ij and relations between h�ij and e�ij. Of specific
interest are examples of the non-monotonic volume-fraction behaviour of h�ij, large
values of jh�ijj and large anisotropy of h�ij of some composites. We add that the main
piezoelectric component of the studied composites is either the poled FC or
domain-engineered SC.

5.1 2–2-Type Composites

The 2–2 composite structure shown in Figs. 2.1 and 2.2 is characterised by a
system of alternating layers of two components, and at least one of them is
piezoelectric, e.g. poled FC or SC. We assume that the OX3 axis shown in Figs. 2.1
and 2.2 is the poling axis of the composite sample as a whole. In this section we
discuss volume-fraction dependences of the piezoelectric coefficients h�ij in both
series- and parallel-connected 2–2-type composites. Hereby we apply the matrix
method [6] to determine the effective electromechanical properties of the 2–2-type
composite (see details in Sect. 2.1.1).

The first example of the PS is concerned with a 2–2 series-connected composite
based on FC. We remind that due to the poled FC layers and interfaces oriented
perpendicular to the poling axis OX3 (Fig. 2.1), the series-connected FC/polymer
composite is described by ∞mm symmetry. In accordance with (1.21), the link
between the piezoelectric coefficients e�ij and h�ij of such a composite is given by the
following relations:

e�31 ¼ e�32 ¼ h�31e
�n
33; e�33 ¼ h�33e

�n
33 and e�15 ¼ e�24 ¼ h�15e

�n
11: ð5:1Þ

Relations between the piezoelectric coefficients e�ij and h
�
ij of the composite based

on the PCR-7 M FC at large volume fractions of FC m are shown in Table 5.1. It is
an original case of the composite for which conditions

h�31
�
�

�
� � h�33 and h�31

�
�

�
� � h�15 ð5:2Þ
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hold in specific ranges of m. This is accounted for by the orientation of the FC layers
(see C1 in Fig. 2.1) with respect to the poling axis OX3. At such an orientation,
dielectric properties of the composite play the active role in the combination effect in
accordance with (5.1), and the transverse PS concerned with h�31 becomes domi-
nating. However in a composite based on the modified PbTiO3 FC, the piezoelectric
coefficient h�33 undergoes considerable changes (see Table 5.1), and conditions (5.2)
become invalid. Such a performance is achieved due to positive signs of h3j and a
large anisotropy of h3j of the FC component, see data in Table 1.6. In both the
aforementioned 2–2 series-connected composites, changes in the piezoelectric
coefficient h�15 are appreciable in the relatively narrow volume-fraction range
(m = 0.80–0.95, see Table 5.1) and depend on elastic properties of the polymer
component.

The next important example of the PS is related to a 2–2 parallel-connected
composite based on the [001]-poled KNNTL:Mn SC. This SC is of value as a
piezoelectric material with large values of |h3j| at |h31| > h33: in accordance with

Table 5.1 Volume-fraction dependences of piezoelectric coefficients h�ij (in 108 V/m) and e�ij (in
C/m2) of 2–2 FC/polymer series-connected compositesa at large volume fractions of FC m

Polymer m h�31 h�33 h�15 e�31 e�33 e�15
Composite based on the PCR-7 M FC

Araldite 0.80 −9.63 2.80 3.18 −0.169 0.0492 7.14

0.90 −10.0a 5.33 4.98 −0.349 0.186 11.1

0.95 −9.40 8.63 6.93 −0.644 0.590 14.5

Elastomer 0.80 −10.6 0.466 0.256 −0.233 0.0102 0.704

0.90 −11.7 1.02 0.501 −0.510 0.0443 1.52

0.95 −12.0b 2.03 0.960 −1.03 0.173 2.96

Auxetic PE 0.80 −10.8 0.315 1.25 −0.109 0.00319 3.20

0.90 −12.0 0.694 2.26 −0.242 0.0140 6.00

0.95 −12.4c 1.41 3.77 −0.495 0.0564 9.49

Composite based on the modified PbTiO3 (III) FC

Araldite 0.80 −2.16 8.50 3.59 −0.0350 0.138 0.572

0.90 −1.56 16.0 5.88 −0.0452 0.465 1.04

0.95 −0.477 25.4 8.63 −0.0228 1.21 1.58

Elastomer 0.80 −3.77 1.44 0.272 −0.0750 0.0285 0.0440

0.90 −4.01 3.13 0.536 −0.141 0.110 0.0973

0.95 −3.80 6.20 1.04 −0.217 0.354 0.198

Auxetic PE 0.80 −4.15 0.970 1.36 −0.0402 0.00938 0.219

0.90 −4.51 2.13 2.51 −0.0821 0.0389 0.451

0.95 −4.43 4.32 4.35 −0.141 0.141 0.815
aSee the schematic of the 2–2 series-connected composite in Fig. 2.1
bDiffuse min h�31 � −10.0 � 108 V/m is observed at m = 0.87–0.90
cDiffuse min h�31 � −12.0 � 108 V/m is observed at m = 0.93–0.96
dDiffuse min h�31 � −12.4 � 108 V/m is observed at m = 0.94–0.97
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experimental data by Huo et al. [7], h31 = –1.29 � 1010 V/m and
h33 = 1.06 � 1010 V/m. These values are about two orders-of-magnitude larger
than h3j of the perovskite FCs listed in Table 1.6. Figure 5.1 shows that the
piezoelectric coefficients h�ij of the parallel-connected composite obey conditions

h�33 � h�31
�
�

�
�; h�33 � h�32

�
�

�
�; h�33 � h�15; and h�33 � h�24 ð5:3Þ

in specific volume-fraction ranges, including a region near diffuse max h�33 (see
curve 5 in Fig. 5.1). The system of the interfaces x1 = const in the
parallel-connected composite shown in Fig. 2.2 becomes an important factor that
leads to the dominating longitudinal PS and validity of conditions (5.2). An even
increase of the dielectric permittivity e�n33 in the wide m range and the
non-monotonic behaviour of the piezoelectric coefficient e�33 (see curve 5 in Fig. 4.2
a) promote the large value of max h�33 in accordance with (5.1). We note that the
mutual arrangement of curves in Fig. 5.1 differs from the arrangement in Fig. 4.2a
where the volume-fraction dependences of e�ij are represented for the same 2–2
composite. Such a difference is accounted for by the strong influence of dielectric
properties of the composite on their piezoelectric coefficients h�ij.

5.2 1–3-Type Composites

In this section we discuss examples of the piezoelectric coefficients h�ij the 1–3 and
related composites. In Fig. 2.11 where the typical 1–3 composite is shown, C1 is a
component with a higher piezoelectric activity (e.g. poled FC or domain-engineered
SC), and C2 is a component with a lower piezoelectric activity or a piezo-passive
component.

Fig. 5.1 Volume-fraction
dependences of piezoelectric
coefficients h�ij (in 108 V/m) of
the 2–2 [001]-poled KNNTL:
Mn SC/araldite
parallel-connected composite.
The schematic of the 2–2
parallel-connected composite
is shown in Fig. 2.2

156 5 Piezoelectric Coefficients h�ij: New …



The first example is concerned with the 1–3 PZT-5 FC/araldite composite whose
piezoelectric coefficients d�3j, e

�
3j, g

�
3j, and h�3j are shown in Fig. 4.3. To a large

extent, changes in h�3j correlate with changes in d�3j and e�3j in the studied
volume-fraction range. The longitudinal piezoelectric coefficient h�33 of the 1–3
composite obeys conditions

h�33 � h�31
�
�

�
� and h�33 � h�15 ð5:4Þ

in the wide volume-fraction (m) range. Thus, the system of the aligned FC rods
poled along the OX3 axis (Fig. 2.11) would promote the considerable PS concerned
with h�33 of the 1–3 composite.

In the second example we show Fig. 5.2 where the piezoelectric coefficients h�ij
of composites based on the KNNTL:Mn SC are represented at 0 < m < 1. Changes
in the polymer component lead to minor changes in the h�ijðmÞ dependence. This
dependence is formed at the active influence of the piezoelectric coefficients e�ij and
dielectric permittivities e�npp in accordance with (5.1). However these properties

Fig. 5.2 Volume-fraction dependences of piezoelectric coefficients h�ij (in 10
10 V/m) of 1–3 [001]-

poled KNNTL:Mn SC/polymer composites. The schematic of the 1–3 composite is shown in
Fig. 2.11
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undergo minor changes when replacing the polymer matrix in the 1–3 composite
from Fig. 2.11. Changes in the polymer component do not lead to considerable
changes of the value of max h�33 (see curve 2 in Fig. 5.3) that is achieved at large
volume fractions m. We add that this value is comparable to that found for the
related 2–2 parallel-connected composite, see curve 5 in Fig. 2.2.

In the third example we consider relations between max e�33 and max h�33 which
are found for a 1–3–0 composite with a porous polymer matrix. Such a composite is
described in Sect. 2.2.4, see the schematic in Fig. 2.19. As follows from Table 5.2,
changes in the porous polymer matrix would lead to tiny changes in max h�33, both
in its value and location. The large values of the volume fractions m related to max
h�33 suggest that the elastic properties of the porous matrix would play a secondary
role in forming the large piezoelectric coefficient h�33. It is also seen from Table 5.2
that max e�33 is achieved at large (but smaller in comparison to max h�33) values of
m. As a consequence, changes in max e�33 at changes in the porous matrix become
not very considerable. Like the 1–3 composites considered in the previous exam-
ples, the 1–3–0 composite based on the PMN–0.28PT SC is characterised by the
large anisotropy of h�3j, and conditions (5.4) are valid in the wide m range.

Fig. 5.3 Volume-fraction dependences of piezoelectric coefficients h�ij (in 109 V/m) of the 0–3
[001]-poled KNNTL:Mn SC/polyurethane composite at q = const. The schematic of the 0–3
composite is shown in Fig. 2.28
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5.3 0–3-Type Composites

The 0–3 composite shown in Fig. 2.28 consists of the large matrix reinforced by the
spheroidal inclusions (either FC or SC), and the poling axis of the composite as a
whole is OX3. We assume that the shape of each inclusion is described by (2.13) in
the axes of the rectangular co-ordinate system (X1X2X3), semi-axes of each inclu-
sion are a1, a2 = a1 and a3, and its aspect ratio is defined as q = a1/a3. As in
Sect. 2.4, we assume that the composite is characterised by the regular distribution
of the spheroidal inclusions in the matrix. In this section we consider the PS of
some 0–3-type composites whose electromechanical properties are evaluated by
means of the FEM.

Graphs in Fig. 5.3 suggest that in a case of prolate SC inclusions poled along
[001] || OX3, the piezoelectric coefficient h�33 obeys conditions (5.4), i.e., the lon-
gitudinal PS is dominating. However for the [001]-poled KNNTL:Mn SC,
h33 = 1.06 � 1010 V/m [7] that is a few times larger than h�33 predicted for the 0–3

Table 5.2 Maxima of piezoelectric coefficients h�33 (in 1010 V/m) and e�33 (in C/m2) of the 1–3–0
[001]-poled PMN–0.28PT SC/porous araldite compositea

Porosity
mp in the
matrix

Aspect ratio qp = 0.01 Aspect ratio qp = 1 Aspect ratio qp = 100

max h�33 max e�33 max h�33 max e�33 max h�33 max e�33

0.1 0.431 (0.992)b 26.1 (0.891) –
c 25.5 (0.884) 0.434 (0.938) 26.6 (0.892)

0.2 0.432 (0.967) 27.1 (0.902) 0.431 (0.988) 26.1 (0.891) 0.435 (0.938) 27.0 (0.897)

0.3 0.433 (0.959) 27.9 (0.912) 0.432 (0.971) 26.8 (0.899) 0.435 (0.939) 27.4 (0.903)
aSee the schematic of the composite in Fig. 2.19
bThe volume fraction of SC m that is related to the maximum value is given in parentheses
cMonotonic h�33ðmÞ dependence

Table 5.3 Aspect-ratio (q) and volume-fraction (m) dependences of piezoelectric coefficients h�ij
(in 109 V/m) and e�ij (in C/m2) of the 0–3–0 [001]-poled PMN–0.33PT SC/porous PMN–0.35PT
FCa composite

q m h�31 h�33 h�15 e�31 e�33 e�15
0.1 0.1 −0.129 1.24 0.922 −1.72 16.5 8.80

0.3 −0.180 1.49 0.899 −2.13 17.4 9.24

0.5 −0.251 1.82 0.875 −2.58 18.3 9.54

0.3 0.1 −0.132 1.24 0.922 −1.78 16.5 8.89

0.3 −0.187 1.50 0.897 −2.27 17.5 9.22

0.5 −0.262 1.83 0.872 −2.73 18.4 9.52

0.5 0.1 −0.135 1.24 0.920 −1.84 16.5 8.87

0.3 −0.197 1.50 0.894 −2.42 17.5 9.19

0.5 −0.277 1.84 0.868 −2.87 18.4 9.48
aThe matrix is a poled FC medium with spherical air pores at porosity mp = 0.3. The SC
component is represented by a system of aligned spheroidal inclusions that are distributed in the
porous FC matrix
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composite, see curve 2 in Fig. 5.3. On increasing the aspect ratio q of the SC
inclusion, the piezoelectric coefficient h�33 becomes smaller at m = const. The
similar decrease is also typical of the piezoelectric coefficient e�33 as seen, for
instance, from Table 4.6. It should be added that increasing the aspect ratio q does
not lead to considerable changes in h�31 and h�15 of the composite, see curves 1 and 3
in Fig. 5.3. Thus, the isolated aligned piezoelectric inclusions in the 0–3 composite
can influence its piezoelectric coefficients h�ij to a restricted degree.

The final example of the PS is concerned with a 0–3–0 composite wherein
spheroidal SC inclusions are surrounded by a porous FC matrix. The performance
of such a composite was discussed briefly in Sect. 4.3. We assume that each pore in
the matrix of the 0–3–0 composite has the spherical form and radius being much
smaller than the semi-axes of the inclusion a1 and a3. The composite sample as a
whole is poled along the OX3 axis. Data in Table 5.3 show that the correlation
between the piezoelectric coefficients h�3j and e�3j is observed: we see the increase of
jh�3jj and je�3jj on increasing the volume fraction of SC m. Like e�33, the piezoelectric
coefficient h�33 takes almost equal values at m = const and various aspect ratios q,
see the 4th column of Table 5.3. We observe validity of the inequality

h�33 � h�31
�
�

�
� ð5:5Þ

in wide m ranges, and the value of the piezoelectric coefficient h�15 remains com-
parable to the h�33 value. Such a performance of the 0–3–0 composite can be
concerned with specifics of an electromechanical interaction of its piezoelectric
components. In contrast to h�3j, the piezoelectric coefficient h�15 decreases on
increasing m and e�15, see the 5th and 8th columns of Table 5.3. As follows from
(5.1), the piezoelectric coefficients h�15 and e�15 are linked by the dielectric permit-

tivity e�n11, and its influence on h�15 increases on increasing the volume fraction m.

5.4 Conclusion

This chapter has been devoted to the analysis of the piezoelectric coefficients h�ij and
related PS of some two- and three-component composites. The following connec-
tivity patterns can be of interest when studying h�ij and ways to improve the PS: 1–3,
1–3–0, 2–2, 0–3, and 0–3–0. Changes in the volume fraction of the piezoelectric
component and microgeometry of the composite lead to changes in h�ij and their
anisotropy, however these changes are different for different connectivity patterns
and depend on the main piezoelectric component of the composite. Examples of
validity of conditions (5.2)–(5.5) are discussed for a few composites, and features of
the volume-fraction and aspect-ratio behaviour of the piezoelectric coefficients h�ij
are interpreted by taking into account microgeometry and properties of components.
Of specific interest is the PS of the 2–2 and 1–3 composites based on the KNNTL:
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Mn SC: in these composites values of h�33 * 1010 V/m are achieved in wide
volume-fraction ranges due to the large piezoelectric coefficient h33 of the SC
component. In composites based on relaxor-ferroelectric SCs values of
h�33 * (108–109) V/m are achieved.

The PS associated with the piezoelectric coefficients h�ij can be taken into account
in sensor applications, especially at the direct piezoelectric effect, when the electric
field is caused by the mechanical strain of the sample.
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Chapter 6
Improving Piezoelectric Sensitivity

After the game, the king and the pawn go into the same box.
United we stand, divided we fall.

Proverbs

Abstract The piezoelectric sensitivity of the composite is described in terms of
four types of the piezoelectric coefficients, d�ij, e

�
ij, g

�
ij, and h�ij. The role of each type

of the piezoelectric coefficients and its merit in determining the PS in composites
with various microgeometric features are discussed. Diagrams that link electric and
mechanical fields and contain the four types of the piezoelectric coefficients are
represented for the direct and converse piezoelectric effects. Examples of
orders-of-magnitude of the aforementioned piezoelectric coefficients are given for
modern composites based on single crystals. Some ways for improving the
piezoelectric sensitivity of the composites are discussed.

6.1 Piezoelectric Coefficients and Ways to Improve
Piezoelectric Sensitivity of Modern Composites

The monograph has described the role of the microgeometry and electromechanical
properties of composites in forming their PS. As follows from (1.4) to (1.11) and
results from Chaps. 2 to 5, the PS of a composite can be described in terms of four
types of the piezoelectric coefficients, d�ij, e

�
ij, g

�
ij, and h�ij. The links between the

variables from (1.4) to (1.11) by the direct and converse piezoelectric effect are
shown in Figs. 6.1 and 6.2, respectively. Hereby we highlight the role of each type
of the piezoelectric coefficients and its merit in determining the PS in composites
with various microgeometric features. The schematics shown in Figs. 6.1 and 6.2 are
mnemonic and suggest the sign that precedes the piezoelectric coefficient from (1.4)
to (1.11). If we go from the left side to right side along the upper (or ascending) line,
the piezoelectric coefficient is to be taken with a plus. In contrast, in a case of the
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bottom (or descending) line, the piezoelectric coefficient is to be taken with a minus.
For instance, the electric displacement Dk as a result of an external mechanical strain
nl at the direct piezoelectric effect is determined in (1.5), and the piezoelectric
coefficient ekl that links Dk and nl is taken with a plus (see also the line that links n
and D in Fig. 6.1). The second item in the right part of (1.5) shows the link between
the electric field Er and electric displacement Dk, and at Er = 0 we have the
piezoelectric effect that is described by the first item in the right part of (1.5), and the
PS is characterised by ekl. The electric field Ek produced due to a mechanical stress rl
is described in terms of (1.9), and the piezoelectric coefficient gkl in this case is taken
with a minus (see also the line that links r and E in Fig. 6.1). The minus sign in (1.9)
originates from experimental results on polarisation charges [1] at surfaces of a
piezoelectric sample: these charges generate the electric field E in the direction that
is opposite to the piezoelectric polarisation P of the sample. Alternatively, we deal
with the electric field E of a large dipole whose orientation is caused by the stress
field at the direct piezoelectric effect. The minus sign in (1.4) is concerned with the
converse piezoelectric effect at constant mechanical strain, i.e., in the deformed
sample. In this case, the piezoelectric coefficient efp from (1.4) enables us to find a
mechanical stress r that leads to a non-deformed state of the sample (n = 0) in the
external electric field E. This E field differs from that generated by the polarisation
charges at the direct piezoelectric effect in the previous case. It is obvious that the PS
associated with the piezoelectric coefficient ekl differs from the PS described in terms
of dkl or gkl.

Figure 6.2 suggests that a similar link between E and n is described in terms of
the piezoelectric coefficient d at the converse piezoelectric effect. The different signs
of the piezoelectric coefficients for mechanical strain n and stress r (see the right
part of Fig. 6.2) can be concerned with elastic properties of an anisotropic piezo-
electric medium. For example, the strain np at the converse piezoelectric effect is
described by one of the items, dfp Ef from (1.6) or gfp Df from (1.9), and the link
between Ef and Df is described by the dielectric permittivity, see (1.5). The

Fig. 6.1 Inter-relations between mechanical (left side) and electric (right side) variables at the
direct piezoelectric effect. E, electric filed; D, electric displacement; n, mechanical strain; r,
mechanical stress
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remaining items in the right parts of (1.6) and (1.8) are the strains sEpqrq and sDpqrq
which depend on the elastic properties. The similar character of the strains sEpqrq and

sDpqrq is consistent with the similar character of the piezoelectric strains dfp Ef and
gfp Df. The mechanical stress rp caused by the converse piezoelectric effect is
associated with the items (–efpEf) and (–hfpDf) from (1.4) to (1.10), respectively. In
this case, the link between Ef and Df is described in terms of (1.9). The contribu-
tions cEpqnq and cDpqnq to rp from (1.4) to (1.10), respectively, are similar because of

the similar anisotropy of elastic moduli cEpq and cDpq of the piezoelectric medium.
This is consistent with the similar anisotropy of the piezoelectric coefficients efp and
hfp.

The PS caused by the piezoelectric coefficient ekl differs from the PS described in
terms of the piezoelectric coefficient hkl. In fact, the PS of each piezoelectric can be
described in terms of four types of the piezoelectric coefficients shown in (1.4)–
(1.11) and Figs. 6.1 and 6.2. As is known from studies on effective piezoelectric
properties of composites (see, for instance, work [2]), the piezoelectric coefficients
dkl are widely used in averaging procedures applied to various connectivity patterns.
The piezoelectric coefficients ekl are also involved in averaging procedures [3] to
find the effective properties of composites, however the number of such procedures
described in the literature is relatively small. As follows from the literature, the
piezoelectric coefficients gkl and hkl are seldom involved in similar averaging
procedures. One of the reasons is concerned with the full sets of electromechanical
constants that contain gkl and hkl, see (1.8)–(1.11). In these sets, the elastic prop-
erties are represented by the elastic compliances sDpq and elastic moduli cDpq, see (1.8)

and (1.10), respectively. However the elastic compliances sEpq or elastic moduli cEpq
are often found by means of experimental methods because conditions for mea-
surements of sDpq and cDpq in piezoelectric media [1, 4, 5] are complicated in com-

parison to conditions for measurements of sEpq and cEpq.

Fig. 6.2 Inter-relations between electric (left side) and mechanical (right side) variables at the
converse piezoelectric effect. E, electric filed; D, electric displacement; n, mechanical strain; r,
mechanical stress
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Our present study enables us to state that the piezoelectric coefficients d�ij and g�ij
are widely used to describe the PS of composites, and improving its PS is of value
for many sensor, actuator, transducer, and other piezotechnical applications. The
piezoelectric coefficients g�ij are of importance mainly at the direct piezoelectric
effect. The piezoelectric coefficients e�ij and h�ij are less often desired for
piezotechnical applications [4–6]. This is accounted for by changes in the
mechanical strain nik and electric displacement Df [1] which can be detected in
experiments on piezoelectrics [4, 5] with a lesser accuracy than changes in the
mechanical stress rik or electric field Ef.

Factors that promote an improvement of the PS of the studied composites can be
divided into the following groups:

(i) physical (concerned with electromechanical properties of components and
with boundary conditions and distributions of internal electric and
mechanical fields in composite materials),

(ii) microgeometric (the arrangement of the main piezoelectric component in the
form of long rods, layers or inclusions along the poling direction to facilitate
the poling of the composite, and formation of composite structures in the
matrix component to achieve a large piezoelectric anisotropy), and

(iii) technological (providing favourable poling conditions, perfect bonding at
interfaces, use of piezoelectric layers, rods, inclusions, etc. with almost equal
properties, and formation of uniform porous structures in matrices of com-
posite samples).

The methods to improve the PS of the composite with the appointed connectivity
pattern and components are inseparably linked to the items (i)–(iii) and some, but
not all, piezoelectric coefficients of the main component of the composite. The
microgeometric factors from item (ii) are to be taken into account at forming the
specific piezoelectric coefficient of the composite (d�ij, e

�
ij, g

�
ij, or h�ij). Since the

maxima of the piezoelectric coefficients are found in various volume-fraction ranges
even for a composite with a constant connectivity (see results in Chaps. 2–5), we
should carefully consider both the microgeometry and properties of components. To
the best of our knowledge, it is impossible to improve all the four types of the
piezoelectric coefficients simultaneously because of features of the electrome-
chanical coupling, microgeometry, piezoelectric anisotropy [2, 3, 6, 7], and other
characteristics of the piezo-active composites.

Our results show that the modern composites based on the high-performance
domain-engineered SCs are promising due to an improvement of piezoelectric
coefficients, for instance, d�3j and g�3j or d

�
3j and e�3j. In Table 6.1 we show typical

orders-of-magnitude of the piezoelectric coefficients of composites based on the
[001]-poled domain-engineered SCs. There are examples of the high PS of the
lead-free composites that are to be developed in the nearest future. Undoubtedly, an
important stimulus to improve the PS of the composite is linked to applications
[4–6] that are based on the effective properties and related parameters.
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To finish the present monograph, we would like to quote work [8]: “As niche
applications become more prevalent in the future, composites and
displacement-amplifying techniques and materials will proliferate in a continuing
effort to widen the force–displacement envelope of performance. These devices,
too, will become smarter and smarter as the applications demand”.
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Appendix A
List of Abbreviations

ECF Electromechanical coupling factor
EFM Effective field method
FC Ferroelectric ceramic
FEM Finite element method
KNN-T (K0.562Na0.438)(Nb0.768Ta0.232)O3

KNN-TL [Lix(K0.501Na0.499)1−x](Nb0.660Ta0.340)O3

KNNTL:Mn, [Lix(K1−yNay)1−x](Nb1−zTaz)O3:Mn (see Table 1.2)
LBO Li2B4O7

NBT–xBT (1 − x)(Na0.5Bi0.5)TiO3 − xBaTiO3

PCR Piezoelectric ceramic from Rostov-on-Don (Russia)
xPIN–yPMN–(1 – x − y)PT xPb(In1/2Nb1/2)O3 − yPb(Mg1/3Nb2/3)

O3 − (1 – x − y)PbTiO3

PMN–xPT (1 − x)Pb(Mg1/3Nb2/3)O3 − xPbTiO3

PS Piezoelectric sensitivity
PZN–yPT (1 − x)Pb(Zn1/3Nb2/3)O3 − xPbTiO3

PZT Piezoelectric ceramic of the Pb(Zr, Ti)O3 type
SC Single crystal
ZTS Piezoelectric ceramic of the Pb(Zr, Ti)O3 type

(Russia)
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Appendix B
Electromechanical Constants of Components

To analyse the piezoelectric performance, effective properties and related parame-
ters of composites, we use full sets of electromechanical constants of components.
A systematisation of data on the components is given in Table B.1.

Table B.1 Room-temperature electromechanical constants of components

Component Composition Set of
constants

Table number

SC BaTiO3
a sEab, dij

and erpp

1.1

KNN-Tb sEab, dij
and erpp

1.2

KNN-TLb sEab, dij
and erpp

1.2

KNNTL:Mnb sEab, dij
and erpp

1.2

PMN–0.33PTb sEab, dij
and erpp

1.3

PMN–0.33PTc sEab, dij
and erpp

2.3

PMN–0.30PTb sEab, dij
and erpp

1.3

PMN–0.29PTd sEab, dij
and erpp

1.4

PMN–0.28PTb sEab, dij
and erpp

1.3

PMN–0.28PTd sEab, dij
and erpp

1.4

(continued)
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Table B.1 (continued)

Component Composition Set of
constants

Table number

PMN–0.28PTc sEab, dij
and erpp

2.3

PZN–0.09PTd sEab, dij
and erpp

1.4

PZN–0.08PTb sEab, dij
and erpp

1.3

PZN–0.07PTb sEab, dij
and erpp

1.3

PZN–0.07PTd sEab, dij
and erpp

1.4

PZN–0.045PTb sEab, dij
and erpp

1.3

0.26PIN– 0.42PMN– 0.32PT:Mnb sEab, dij
and erpp

1.3

0.26PIN– 0.42PMN– 0.32PT:Mnd sEab, dij
and erpp

1.4

0.27PIN– 0.40PMN– 0.33PTb sEab, dij
and erpp

1.3

NBT–0.05BTb sEab, dij
and erpp

1.3

LBOe cEab, eij
and enpp

3.1

FCf Compositions with perovskite-type structure
(BaTiO3, PZT, PCR, ZTS, modified PbTiO3,
etc.)

sEab, dij
and erpp

1.5

Compositions with perovskite-type structure
(BaTiO3, PZT, PCR, ZTS, modified PbTiO3,
etc.)

eij, gij
and hij

1.6

(Pb1−xCax)TiO3
h cEab, eij

and enpp

3.5

(continued)
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Table B.1 (continued)

Component Composition Set of
constants

Table number

Polymer Aralditeh sab and
epp

2.1

Polyurethaneh sab and
epp

2.1

Elastomerh sab and
epp

2.1

PE (monolithic)h sab and
epp

2.1

Auxetic PEh sab and
epp

2.1

PVDFi sEab, dij
and erpp

3.7

aPolydomain SC, mm2 symmetry, calculated electromechanical constants
bDomain-engineered [001]-poled SC, 4mm symmetry
cSingle-domain [111]-poled SC, 3m symmetry
dDomain-engineered [011]-poled SC, mm2 symmetry
ePiezoelectric SC, 4mm symmetry
fPoled FC, ∞mm symmetry
gCalculated electromechanical constants
hPiezo-passive polymer, isotropic medium
iPoled ferroelectric polymer, ∞mm symmetry
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D
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E
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properties, 1, 8
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Inclusion, 147
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Morphotropic phase boundary, 16, 44

O
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auxetic, 40, 42, 44, 59, 106, 107, 139
ferroelectric, 36, 114, 116
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111, 122, 147, 158
properties, 141, 145, 150
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single-crystal, 8, 14–20, 172, 173

R
Rod, 55, 121

ferroelectric ceramic, 56, 57, 60, 66, 108,
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single-crystal, 65, 67, 70, 71, 84, 108, 115,
123, 143, 144

S
Sensitivity. See piezoelectric sensitivity and

piezoelectric coefficient

Single crystal
lead-free ferroelectric, 100
piezoelectric, 140
relaxor-ferroelectric, 17, 18, 22, 27, 29, 43,
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Squared figure of merit, 12, 13, 127

hydrostatic, 13, 91, 128

U
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