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Preface

... functional composites make use of a number of under-
lying 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

... The essence of science: ask an impertinent question, and
you are on the way to a pertinent answer.

J. Bronowski

After the well-known discoveries of piezoelectricity (1880) and ferroelectricity
(1921), new active dielectric materials with a high performance have been created
to meet the many demands of modern applications. Among these materials one can
highlight poled ferroelectric ceramics, composites based on ferroelectrics and thin
ferroelectric films. Composites based on ferroelectrics (i.e., heterogeneous mate-
rials that contain two or more components and are characterized by ferro-, piezo-,
pyroelectric, and other important properties) have been manufactured and studied
since the late 1970s. These materials are characterized by various electrome-
chanical properties and a remarkable ability to convert mechanical energy into
electric energy and vice versa. Due to various adaptive characteristics and pos-
sibilities to vary and tailor their properties in external fields, composite materials
have been regarded as an important group of smart materials. The complex and
intricate interconnections between microstructure, composition, and physical
properties of the ferroelectric composites stimulates studies to predict and interpret
the properties and related parameters of these materials under various conditions.
These studies need a multi-disciplinary effort of specialists working in such areas
as solid-state physics, physics of active dielectrics, materials science, mechanics of
heterogeneous media, mechanics of electro-elastic media, mechanical engineering,
computational materials science, etc. These studies are impossible without a good
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viii Preface

physics—mathematical basis and understanding the principles of modern materials
science and mechanical engineering.

This monograph is devoted to the analysis of the microgeometry—properties—
anisotropy relations in modern piezo-active composites, and this analysis broadens
the well-known materials science concepts on the composition—structure—prop-
erties relations. The advantages of the piezoelectric performance of the composites
are discussed in the context of the orientation effects, first studied for three main
connectivity patterns (2-2, 1-3, and 0-3). A link between the orientation effects
and the anisotropy of effective piezoelectric coefficients and electromechanical
coupling factors is also discussed in this monograph. Its novelty consists of the first
systematization of many authors’ results on the orientation effects, the anisotropy
of the piezoelectric properties and their role in forming the considerable hydro-
static piezoelectric coefficients, electromechanical coupling factors, and other
parameters in the composites based on either ferroelectric ceramics or relaxor-
ferroelectric single crystals.

To the best of our knowledge, there are few monographs concerned with the
piezo-active composites and their effective properties. Moreover, the orientation
effects were not described in these monographs. Two monographs devoted to
methods for prediction of the effective electromechanical properties for some
connectivity patterns of the two-component piezo-composites were written in
Russian and published in the USSR (Khoroshun LP, Maslov BP, Leshchenko PV,
(1989) Prediction of Effective Properties of Piezo-active Composite Materials.
Naukova Dumka, Kiev) and Russia (Sokolkin YuV, Pan’kov AA, (2003) Elec-
troelasticity of Piezo-composites with Irregular Structures. Fizmatlit, Moscow).
The third monograph (Topolov VYu, Bowen CR, (2009) Electromechanical
Properties in Composites Based on Ferroelectrics. Springer, London) is concerned
with the prediction of the effective properties in the two- and three-component
composites, and different analytical schemes of averaging the properties of these
materials having different connectivity and microgeometric characteristics are
given hereby for comparison. This monograph develops ideas of the previous book
(2009) and enables us to fill a gap in the description of the orientation effects in
novel anisotropic piezoelectric materials. This new publication may be also
characterized as an international edition written by three specialists working in
adjacent areas of science and engineering.

This monograph summarizes and generalizes a series of the authors’ publica-
tions on the performance and anisotropic characteristics of the two- and three-
component composites based on either the traditional ferroelectric ceramics or
modern relaxor-ferroelectric single crystals. This monograph has been written on
the basis of the authors’ research results obtained at the Southern Federal Uni-
versity (Russia), University of Rome “Tor Vergata” (Italy), and University of
Bath (UK). 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 spe-
cialists working in the field of ferro-, piezoelectric, and related materials, dealing
with their effective electromechanical properties and applications. This monograph
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will be of benefit to all specialists looking to understand the anisotropic electro-
mechanical properties and related parameters of the piezo-active composites.
Some chapters and sections of the monograph may be a basis for a university
course devoted to piezo-active materials and their electromechanical properties.

Based on our knowledge, experience, and new 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 modern
smart materials and structures.

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

An effect that links a mechanical action (mechanical stress or strain) with an elec-
tric response (electric field, displacement or polarisation) is the piezoelectric effect
or, more exactly, the direct piezoelectric effect [1]. This effect was first studied by
brothers P. Curie and J. Curie in experimental work (1880) on the behaviour of quartz
single crystals (SCs) subjected to an external mechanical stress. At a later date, the
converse piezoelectric effect was revealed in acentric dielectric SCs wherein an exter-
nal electric field generated a mechanical response, i.e., a stress or strain of the sample
[2, 3]; similar to electrostriction of dielectrics [3, 4]. The piezoelectric effect follows
a linear relationship between electric and mechanical variables and originates from
the displacement of ions of an acentric SC under an applied electric field [1-4]. This
relationship means that there is change in the sign of the effect when the direction
of the external electric field is switched in the piezo-active medium, unlike elec-
trostriction which follows a quadratic effect [3, 4] and does not undergo switching
with the electric field. Despite the linear character, the piezoelectric response of a SC
sample is often intricate owing to various interconnections between the piezoelectric
and other properties such as the elastic, dielectric (including pyro- and ferroelec-
tric) and thermal properties [3]. The piezoelectric response of poled ferroelectric
ceramic (FC) and composite samples are even more complicated in comparison to
ferroelectric SCs due to microstructural, domain, orientation, intrinsic and extrinsic
contributions, etc. [5-11].

Piezoelectricity was initially discovered as a physical phenomenon and has led to
arange of new adapted materials and technologies in the past 130 years. It was a long
and sometimes difficult path to improve the initially minor effect to a point where is
was a real and even superior competitor to the electro-dynamic magnetic principal,
which for a long time was the only effective way to transform electrical energy or sig-
nals into mechanical ones or vice versa [11]. In the history of piezoelectric materials
there is the remarkable era concerned with the perovskite-type FC of BaTiO3. After
discovering the ferroelectric properties and ability to orient the ferroelectric domains
within grains (or crystallites) of FC BaTiO3 in an external electric field, a new way
of producing the highly-effective piezoelectric materials was opened in the 1940s.

V. Yu. Topolov et al., Piezo-Active Composites, 1
Springer Series in Materials Science 185, DOI: 10.1007/978-3-642-38354-0_1,
© Springer-Verlag Berlin Heidelberg 2014



2 1 The Piezoelectric Medium and Its Electromechanical Properties

Due to the domain-orientation effect, poled FC materials exhibit both ferroelectric
and piezoelectric properties [2-4, 9, 11-13]. As noted by Haertling [14], this was
a most startling discovery, because the prevailing opinion was that FCs could not
be piezoelectrically active, because the sintered and randomly oriented crystallites
would, on the whole, cancel out each other.

1.1 Piezoelectric Coefficients

A general consideration of the piezoelectric effect in dielectric SCs is carried out in
terms of thermodynamic functions, such as Helmholtz free energy, Gibbs free energy,
elastic Gibbs energy, and electric Gibbs energy [2—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 oy; or mechanical strain
&;jr» the second argument can be electric field E or electric displacement (electric flux
density) D, and the third argument can be temperature 7 or entropy S. Obviously,
these arguments are represented as second-rank (oy; and &), first-rank (Ex and D)
and zeroth-rank (scalars T and S§) tensors. It is also possible to develop additional
arguments in terms of magnetic field H or magnetic induction B [5]. Based on the
thermodynamic functions and relations between the arguments of the mechanical,
electric and thermal states [2, 3], one can describe the linked “response — actions”
in terms of &, E; and T as follows:

oK = C;fljrﬁjr —einkE; + BuAT (L.1)
D; = e + €,§fEf + pi AT (L.2)
AS = Bjr&jr + PiEi + (p/To)c AT (1.3)

In (1.1)—(1.3) the constants written in the tensor form are elastic moduli at con-
stant electric field (c,fl jr), piezoelectric coefficients (e;z;), coefficients of thermal

stress (x;), dielectric permittivities at constant mechanical strain (sff), pyroelectric
coefficients (p;). There are scalars, namely, density (p), and specific heat (c) of the
SC. Summing over the repeated subscripts [ e.g., j, 7 and i in (1.1)] is to be performed
from 1 to 3. The increments AT and AS in (1.1)—(1.3) denote differences T — Tj and
S — So, respectively, where T is the initial temperature and Sy is the initial entropy
of the SC.

Linear relations from (1.1)—(1.3) hold in the case of relatively weak external
fields. For example, the linear dependence oy;(§;,-) from (1.1) obeys Hooke’s law
in an anisotropic medium [12] at small (< 1%) strains ;. The linear dependence
D;(Ey) from (1.2) is valid at relatively low levels of electric field E ; applied to the
dielectric SC. In a case of an acentric dielectric SC, the low level of electric field
means that the E ¢ value is considered much smaller than the electric breakdown
field. With regard to a ferroelectric SC , similar requirements concerning the linear
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dependences oy (§ ) and D; (E ) are possible, but the E s range becomes narrower
than that in the acentric linear dielectric SC. It is well known that in the presence
of a low electric field E, the polarisation of a ferroelectric SC linearly depends on E
[3, 4] so that domain-wall displacements are reversible and no nuclei of reoriented
domains are formed. In this connection the electric field E ¢ is usually regarded to be
a few times lower than the coercive field E. which is determined from a ferroelectric
hysteresis loop [3, 4, 6].

Using Egs. (1.1)—-(1.3), one can determine a set of isothermal constants (mea-
sured at 7' = const) of the piezoelectric SC. An analogous set of adiabatic constants
(measured at S = const) can also be derived using the thermodynamic functions
and a combination of three arguments including AS (for example, £, E; and AS).
According to experimental data, the difference between the related isothermic and
adiabatic constants of the piezoelectric SCs is approximately 1 % orless [3, 5]. Based
on this observation, the effect of thermal fields on the elastic and electric responses
of the piezoelectric SCs is often neglected, and the description of the piezoelectric
effect is carried out in terms of (1.1) and (1.2) at AT = 0. Equations (1.1) and (1.2)
are written in the matrix form [2, 3] as follows:

op=ch,bq—erpEy (1.4)
Dy = ené + Ei,Er, (1.5)

and the conventional transition from two subscripts to one subscript follows Vogt’s
rule [2-4, 12].

Equations (1.4) and (1.5) represent the first pair of piezoelectric equations that
link two variables, mechanical strain & and electric field E. The first term in the right
part of (1.5), Pr = ey, describes the piezoelectric polarisation produced by an
external mechanical strain as a result of the direct piezoelectric effect. In contrast
to this, the converse piezoelectric effect is described by the ey, E ¢ term in (1.4),
and the sequence of subscripts (fp, f) differs from the sequence (k/, /) at the direct
piezoelectric effect.

From the thermodynamic treatment of the interrelations between the electric and
elastic fields [2, 3], the converse and direct piezoelectric effects can also be described
by the three following pairs of equations:

§p=5p,0q+dppEy (1.6)
Dy = dyoy + €7, Er (1.7)

in variables of mechanical stress o and electric field E,

& =shoy+ 85Dy (1.8)
Ex = —guor + 3¢, Dy (1.9)

in variables of mechanical stress o and electric displacement D, and
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op=chly—hppDs (1.10)
Ex = —hu& + B;, Dy (1.11)

in variables of mechanical strain £ and electric displacement D. Superscripts o and
D denote measurement conditions at o= const and D = const, respectively. Dielectric
impermittivities 57, and ﬂ,fr are determined [2, 3] from equalities 37 7, = gy

and 5,§,e§,, = v, and elastic moduli ¢£ or ¢? and elastic compliances slfq o

Pq Pq
sD are related by conditions c£ sEr = 0, and c[l,)qqu, = 0pr, Where Jy, is the

Kprqonecker symbol. Thus, Egs. (1.4)—(1.11) contain four types of piezoelectric coef-
ficients, namely ex;, di, gk1, and hy;, and in each pair of Egs.(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 characterises the
relationship between components of two fields that are described by first- and second-
rank tensors, and all the piezoelectric coefficients from (1.4)—(1.11) are defined to be
components of the third-rank tensors, but written in the matrix form (i.e., with two
subscripts) [2-5] only. These individual piezoelectric coefficients can be used to aid
in the selection of piezoelectric materials for specific applications. For example, for
an actuator application [4] it may be necessary to select materials with a high strain
per unit applied electric field (i.e., with large values of |dy;|). For a pressure sensor,
the electric field generated per unit mechanical stress is more likely to be important
(i.e., with large values of |gx;|).

The interrelationships of the piezoelectric coefficients dy;, e, gk, and hy; fol-
low from the thermodynamic description [2, 3] and are expressed by the following
equalities:

T

dpp = E‘}kgkp = equfp (1.12)
erp = hip = dpqcl, (1.13)
grp = B%cdip = hyqsg) (1.14)
hfp = By = 8qcly (1.15)

The piezoelectric coefficients from (1.12)—(1.15) are also involved in relations [2, 3]
between dielectric or elastic constants measured on different conditions:

] — & =disers (1.16)
ﬁf, — BL = gkrerf (1.17)
o —cho=epphyg (1.18)
sfq —sfq =dfpgryg (1.19)

As is seen from (1.12)—(1.19), there are close connections between the elastic,
piezoelectric and dielectric constants of a piezoelectric medium. These connections
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enable us to term the sets of the elastic, piezoelectric and dielectric constants as
electromechanical constants. These constants characterise electromechanical prop-
erties in a variety of piezo-active materials, such as piezoelectric or ferroelectric SCs,
poled FCs, thin ferroelectric films, piezo-active composites, etc.

As follows from (1.1), (1.2) and (1.4)—(1.11), the piezoelectric properties are
described by third-rank tensors and are represented in the matrix form, as 3 x 6
or 6 x 3 matrices. Tables of the matrices of the piezoelectric coefficients related
to acentric SCs, poled FCs, composites, and piezoelectric textures (i.e., to various
piezoelectric media) have been collected in a series of monographs [2-5, 12]. The
piezoelectric effect is detected in 20 symmetry classes (point groups) and 3 limiting
symmetry classes (Curie groups). The symmetry classes that obey the conditions for
the piezoelectric effect [3, 12] are 1 (triclinic system), 2 and m (monoclinic system),
222 and mm?2 (orthorhombic system), 3, 32 and 3m (trigonal or rhombohedral sys-
tem), 4, 422, 4mm, 4, and 42m (tetragonal system), 6, 622, 6, and 6m2 (hexagonal
system), and 23 and 43m (cubic system). The Curie groups that satisfy conditions
for the piezoelectric texture [3, 12] are co, oo mm and co/2.

Below we give some examples of the matrix representation of the piezoelectric
coefficients dsp:

0O 0 0 0 ds O
fldl=10 0 O dis 0 0}, 4mm,6mm and oomm classes (3 inde-
dy1 d3; dz3 0 0 O
pendent non-zero constants),

0 0 0 0 ds —2dn
ldll=|—-dx do 0 dis 0 0 , 3m class (4 independent non-
d31 dzy diz 0 0 O
Zero constants),

0 0 0 0 dis
ldil={0 0 0 dyg O
dy dn diz 0 0

0 0 0 duu 0 dgs
ldll=1{dy dyn dyz 0 dps O , 2 class (8 independent constants),
0 0 0 dy 0 dy

dip dip di3 0 dis 0
fdll=10 0 O dy O da |, mclass (10 independent constants).
d31 dx dz 0 dss O

, mm?2 class (5 independent constants),

S OO

It should be added thatin the 1 class, the || d || matrix comprises the largest number
of independent constants, i.e., d11, d12, . . ., di6, d21, d22, . . ., d2s, d31, d32, , , , , d36,
or 18 constants.

Irrespective of symmetry of the piezoelectric medium, the same form of the matrix
representation with the same zero and non-zero pattern of the matrix elements and
with the same number of independent constants, is valid to characterise the piezo-
electric coefficients gr,. As for ey, and h gy, the matrix representation of these
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piezoelectric coefficients is also similar. However the structure of || d || (or || g ||)
differs from the structure of || e || (or || & ||) for the following symmetry classes: 3,
32,3m, 6, and 6m2 [2, 3, 12].

The conditions for measuring the piezoelectric coefficients are associated with
the electric and mechanical variables from (1.4)—(1.11). If the direct piezoelectric
effect is considered, then the piezoelectric coefficients of the medium are measured
[3] using the following relations:

(1) Py = dyoy (for dyy),

(2) Ex = —guo (for g,

(3) Ex = —hy& (for hy), and
(4) Py = ep& and E = 0 (for egg).

We remind that Py = Dy at E; = 0, and the polarisation Py is determined from
a surface density of electric charge on a sample face [3]. In the case of the converse
piezoelectric effect, the following relations are taken into account:

(1) & =dppEy (fordpy),

(2) & = grpDy (for gpp),

(@) op = —hypDy (for hyp), and
4) op = —eppEy (foregpy).

As follows from the above-given conditions, it is relatively easy to measure ey
and hy; as constants of the direct piezoelectric effect and d; as a constant of the
converse piezoelectric effect [3].

1.2 Electromechanical Coupling Factors

In Sect. 1.1 various sets of electromechanical constants of the piezoelectric medium
have been introduced. The elastic, piezoelectric and dielectric constants enable us
to estimate the effectiveness of the conversion of electric energy into mechanical
energy and vice versa. From the analysis of the energy conversion [2, 13] in a
piezoelectric medium, the effectiveness strongly depends on differences between
dielectric permittivities from (1.16) or differences between elastic compliances from
(1.19), and these differences strongly depend on the piezoelectric effect. In a general
form, the effectiveness of the energy conversion is described by an electromechanical
coupling factor (ECF) [2, 3, 5, 6, 13]

k= Wpiezo/\/ WelWmech (1.20)

and is expressed in terms of volume densities of piezoelectric (or mutual) energy
Wpiezo = Oidmi Ep/2, electric energy we = Ej€j. E,/2, and mechanical energy
Wiech = OpS 5q 04/2. The k2 value calculated from (1.20) characterises [2-5, 9,
13] a ratio of stored mechanical energy to electric energy input (when a portion of
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electric energy is applied to the piezoelectric sample) or a ratio of stored electric
energy to mechanical energy input (when a portion of mechanical energy is applied
to the piezoelectric sample). The k2 value also characterises a measure of the magni-
tude of the piezoelectric transducer bandwidth [2]. The absolute ECF value depends
[2, 4, 9, 13] on the vibration mode, measurement methodology, sample shape, and
the electromechanical constants of the piezoelectric medium. As a rule, two kinds
of ECFs are considered as follows: the static ECF determined from equations of the
state of the piezoelectric medium and the dynamic (effective) ECF related to the indi-
vidual piezoelectric element [9, 13]. It is obvious that the ECFs strongly depend on
the orientation of the external electric or mechanical field applied to the piezoelectric
element and on the symmetry of its properties.

The poled FC element with a remanent polarisation vector P, || O X3 (comm
symmetry) is characterised by three independent piezoelectric coefficients, d31, d33
and d;5. These constants are linked to the ECFs as follows:

k3z = d33 /(53 s33) '/ (1.21)
(ECF at the longitudinal oscillation mode, or simply, longitudinal ECF),

kst = d31/(e53 5" (1.22)
(ECEF at the transverse oscillation mode) and

kis = dis/ (7 s85)'/? (1.23)

(ECF at the shear oscillation mode). Since an equality s5E5 = sﬂ holds [2-5] in
a poled FC medium, expression (1.23) is often given by kj5 = di5/(c{, sﬁ)lﬂ.
For various piezo-active materials the ECF is represented in the general form as
kij = dij/ (sgslg )1/2, and hereby it is sufficient to require d;; # 0 at a specific
oscillation mode. Due to equalities sfz = sﬁ and dy4 = d5, which are valid for any
poled FC [2-5], relations

k32 = k31 andk24 = d15 (1.24)

are also valid. It should be noted that a violation of conditions (1.24) may be accounted
for by a symmetry of the piezoelectric medium. For example, in a case of mm2
symmetry class, we should distinguish szE2 and le] , dra and dy5, etc. Asaconsequence,
we get k3p # k3 and kog #~ di5.

Along with the ECFs from (1.21)—(1.24), the following ECFs are wide-spread
[2, 4,9, 10, 13] and often measured on poled FC and piezo-active composite samples:

ki = exs/(cBhesy)? (1.25)

(ECF at the thickness oscillation mode, or simply, thickness ECF),
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kp = k3i[2/(1 —op)]'? (1.26)

(ECF at the planar oscillation mode, or simply, planar ECF) and
kn = di/(e555F)'/? (1.27)

(hydrostatic ECF). In (1.26) o is the Poisson‘s ratio at electric field E = const,
and in (1.27) dj, and s f are the hydrostatic piezoelectric coefficient and hydrostatic
elastic compliance at E = const, respectively. Data on the ECFs from (1.21)—(1.27) are
useful to characterise piezoelectric materials for active elements of electromechanical
transducers and hydrophones.

1.3 Electromechanical Properties of Relaxor-Ferroelectric
Single Crystals

Relaxor-ferroelectric perovskite-type solid solutions are materials with one of the fol-
lowing general formulae: (1 —x)Pb(B1, B2)O3 —xPbTiO3 or (1 —x—y)Pb(B1, B2)O3
—xPb(B;’, B2")O3 — yPbTiO3. These complex perovskites Pb(B1, B2)O3 [or Pb(B{’,
B,")03] are disordered compounds that contain ions of metals from the following
groups: By (or By) = Mg, Zn, Ni, Fe, Sc, Yb, and In (low valence) and B, (or By')
= Nb, Ta and W (high valence) [15, 16]. A combination of metal ions with low
and high valences results in physical properties that distinguish Pb(By, B2)O3 from
“normal” (ordered or regular) perovskite-type ferroelectrics such as PbTiO3, BaTiO3
or KNbO3. The complex perovskites Pb(By, B2)O3 exhibit a broad and frequency-
dispersive dielectric maxima and contain polar nanoregions (with ferro- or antiferro-
electric ordering) in a non-polar phase over a wide temperature range [15, 16]. These
materials are characterised by a relaxation dielectric polarisation and are termed
relaxors or ferroelectric relaxors [15-17].

The perovskite-type solid solutions of (1 — x)Pb(B1, B2)O3 — xPbTiO3 com-
bine the physical properties of the relaxor-type and “normal” ferroelectric com-
ponents, and, as a rule, excellent electromechanical properties are observed near
the morphotropic phase boundary (MPB) [15, 18, 19]. To achieve a high piezo-
electric activity in SC samples, the relaxor-ferroelectric solid solutions are often
engineered by compositional adjustment with a corresponding decrease in Curie
temperature of the paraelectric-to-ferroelectric phase transition [15, 19, 20], and
specific domain-engineered structures are formed in an electric field [19, 20]. In
the last decade, there has been significant interest in domain-engineered SCs of (1
- x)Pb(Mgl/3Nb2/3)O3 — xPbTiO3 (PMN—xPT) and (1 — x)Pb(Zn;/3Nb;,3)O03 —
xPbTiO3 (PZN—xPT) with molar concentrations x taken in the vicinity of the MPB.
As follows from numerous experimental and theoretical studies, the engineered
non-180° domain structures [19-21], intermediate ferroelectric phases [18, 22]
and domain-orientation processes [23—26] play an important role in the relaxor-
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Table 1.1 Experimental values of elastic compliances s fb (in 10~'2 Pa~!), piezoelectric coeffi-

cients d;; (in pC/N) and dielectric permittivities 5‘[’, p of [001].-poled domain-engineered PMN—xPT

and PZN—xPT and single-domain PbTiO3 SCs (4mm symmetry) at room temperature

SC Sﬁ Sﬁ S1E3 S3E3 Sﬂ S()EG d31 d33 d15 Eclrl/E() 5%3/50
PMN- 69.0 -11.1 -55.7 1196 145 152 -1,330 2,820 146 1,600 8,200
0.33PT [27]
PMN- 520 -189 -31.1 67.7 140 152 -921 1981 190 3,600 7,800
0.30PT [28]
PMN- 44.57 2891 -1391 3438 1522 1634 -569 1,182 122 1,672 5,489
0.28PT [29]
PZN- 82.0 -285 510 108 156 159 -970 2,000 140 3,100 5,200
0.045PT [30]
PZN- 859 -141 -690 142 159 141 -1,204 2,455 176 3,000 5,622
0.07PT [31]
PZN- 87.0 -13.1 -70.0 141 158 154 -1,455 2,890 158 2,900 7,700
0.08PT [31]

PbTiO3 6.70 -2.00 -579 288 132 7.60 -269 143 60.2 140 125
[32]

ferroelectric SCs exhibiting outstanding electromechanical 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) [15, 19] exhibit very high piezoelectric activity and signifi-
cant electromechanical coupling [16, 19, 21, 23].

Full sets of electromechanical constants of some domain-engineered relaxor-
ferroelectric SCs with compositions near the MPB are given in Table 1.1. Typical
values of |d3j| ~ 103 pC/N in the domain-engineered PMN—xPT and PZN-xPT SCs
(Table 1.1) are larger than the |d3 ;| of regular ferroelectric single-domain PbTiO3 SC
[32] and conventional FC based on Pb(Zr{_,Ti; )O3 [4, 9, 10, 14]. As follows from
results of work [22], the piezoelectric coefficient d3; in the [001].-poled heterophase
PZN-0.08PT SC can be approximately 12,000 pC /N due to the electric-field-induced
phase transition and the presence of an intermediate monoclinic phase.

Results of experimental research [16, 20] suggest that relatively high piezoelectric
strains (over 0.5 %) are achieved in the [001].-poled domain-engineered PZN—xPT
SCsunder an electric field E || [001].. Atroom temperature these SCs are charcterised
by 3m symmetry in the single-domain state and by 4mm symmetry in the polydomain
state wherein the spontaneous polarisation vectors of the non-180° domains are
parallel to the [111], [111], [111]., and [111]. directions of the perovskite unit
cell [15, 19, 33]. Important interconnections between the structure and properties
in the PMN—xPT and PZN-yPT SCs have been reviewed by Noheda [18]. The high
piezoelectric activity in these materials is associated with a polarisation rotation
induced by the electric field E [23, 25]. This rotation between the single-domain
states in the tetragonal (4mm) and rhombohedral (3m) phases of the ferroelectric
nature can be implemented in different ways that form the intermediate monoclinic
phases [18] and complex heterophase states [22] near the MPB.
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The outstanding electromechanical propertie of the domain-engineered PMN—
xPT and PZN—xPT SCs near the MPB (Table 1.1), large absolute values of ECFs etc.
[19-21] enable us to characterise these materials as excellent candidates for advanced
piezoelectric sensors, large-strain actuators, highly sensitive medical ultrasonic trans-
ducers, hydrophones, ultrasonic imaging devices, and other piezo-technical devices.
In Chaps.3-5 of this monograph we will describe the possibilities and advan-
tages of using the relaxor-ferroelectric SCs as piezo-active components in novel
high-performance composites. We will demonstrate potential improvements in the
piezoelectric performance of the composites in comparison to the performance
of conventional FC/polymer composites, and the formation of important volume-
fraction dependences of the effective electromechanical properties and other impor-
tant parameters for many piezo-technical applications. Additionally we analyse the
key role of the relaxor-ferroelectric SC component in forming the large anisotropy
of the piezoelectric properties in the composites.

1.4 Electromechanical Properties of Poled Ferroelectric
Ceramics

After the discovery of piezoelectric properties in ceramic (polycrystalline) BaTiO3
and Pb(Zr;_,Ti, )O3 with the perovskite structure [3, 4, 9, 13, 14], the FC materi-
als have been important objects of research and a key material of choice in various
applications [2, 4, 9, 13]. The poled FCs (also termed piezo-ceramics) [9, 17] exhibit
piezoelectric, dielectric, elastic, thermal, etc. properties that can be comparable to
those in the related ferroelectric SC. Since the 1980s FCs have been of interest as
highly-effective components of piezo-active composite materials [4, 5, 10]. Undoubt-
edly, due to their remarkable electromechanical properties, the FCs have been the
most vast and widespread group of modern smart materials [4, 10, 14], i.e., materials
that undergo transformations through physical interactions.

Equations (1.4)—(1.11) are often used to describe the linear behaviour of the poled
FCs and piezo-active composites [5, 10] under weak electric and mechanical fields.
The linear description provides a reasonable approximation of the functional char-
acteristics of FCs at low levels of applied electric field and stress, but becomes
increasingly inaccurate as these levels increase [34]. Non-linear behaviour of the
electromechanical properties in various perovskite-type FCs is observed above the
threshold values [34] of the electric field E;;, and mechanical stress oy,. Exper-
imental data [34] show that E;;» ~ 10 kV / m is typical of “soft” PZT FCs (i.e.,
Pb(Zr, Ti)O3-type ceramics with low coercive field E.) and E;p, =~ 300 kV/m is
achieved in well-aged “hard” PZT FCs (i.e. those with large E,. values). More-
over, non-linearity of mechanical properties in both the “soft” and “hard” PZT FCs
becomes evident at the mechanical-stress level exceeding oy, &~ 20 MPa [34].

The hysteresis and non-linear behaviour of the electromechanical properties in
ferroelectric SCs and ceramics are related to the reorientation of the spontaneous
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polarisation vectors P of domains under the external electric field [3, 4, 13, 34].
A comparative analysis of the linear and non-linear properties in BaTiO3FCs was
carried out within the framework of the model of a polydomain grain in an effec-
tive medium [35, 36]. Results of the modelling of piezoelectric behaviour of the
perovskite-type FC using the effective medium method (EMM) and its impact on
electromechanical properties led to the conclusion that the non-linear behaviour is
a result of 90° domain-wall displacement of the FC grains. These displacements as
a result of an applied field become an important extrinsic factor that influences the
piezoelectric coefficients d s, of the FC at different poling states. For the fully poled
BaTiO3 FC, the aforementioned contributions from the 90° domain-wall displace-
ments to d3; and d33 attain 68 and 64 % [36], respectively, at room temperature.
Subsequent averaging procedures facilitate the consideration of the hierarchy-of-
properties chain of “single-domain SC — polydomain SC — FC” in the presence of
the 90° domain-wall displacements (BaTiO3) or on condition of the motionless 90°
domain walls (PbTiO3) [37-42]. Authors of work [39—42] systematised the factors
that influence the piezoelectric properties in the perovskite-type FCs and studied
the correlation between the microstructure, domain-wall displacements and electro-
mechanical properties in the FCs.

Knowledge of the full sets of the electromechanical constants of FC materi-
als allows the appropriate material selection for various piezo-technical applica-
tions and offers a route to using the FCs as piezo-active components for composite
materials. Electromechanical constants are often measured using standard methods
[9, 13, 43, 44] at room temperature and with weak electric fields. The majority of the
FCs are manufactured using the perovskite-type solid solutions [4, 13—15, 17] with
compositions varied and tailored to improve specific properties and their anisotropy.
Attempts to classify the FCs on directions of application and specific parameters
have been made in a few papers [9, 14, 45]. From the classification scheme [25] and
by considering the conventional perovskite-type FCs based on Pb(Zr;_,Tiy )O3, it
is possible to identify materials that are stable with regard to electric and mechan-
ical actions, materials with high dielectric permittivity €55, materials having high
sensitivity with respect to mechanical stress fields (high piezoelectric coefficients
g fp), materials with the large piezoelectric anisotropy d33/d31, materials with high
stability to the resonance frequency, materials with low dielectric permittivity €%,
and high-temperature materials (high Curie temperature 7¢). Following the clas-
sification method [9], the Pb(Zr|_, Ti,)O3-based FCs are divided into four groups
with specific performances. These groups are related to molar concentrations of Ti
from ranges 0 < x < 0.1,0.1 <x <04,04 <x <0.6,and 0.6 < x < 1, and
some advantages of each group are mentioned [9] in connection with a variety of
piezo-technical applications.

Examples of the poled FCs (piezo-ceramics) and full sets of their room-temperature
electromechanical constants involved in (1.6) and (1.7) are given in Table 1.2. Any
differences between the individual constants of the materials with the same compo-
sition (e.g., BaTiOs and (Pbg.9¢25La0.025)(Tip.99Mng ¢1)O3 FCs from Table 1.2) are
caused by technological, microstructural and poling factors, the selection of a com-
position in the proximity of the MPB, fluctuations of the composition over samples
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and a variation in the mobility of the domain walls. These factors can influence the
domain structures in FC grains, heterophase states and electromechanical properties
[9, 47, 48] of the FC sample as a whole. For example, changes in volume fractions
of the 90° domains or in the mobility of the 90° domain walls in the grains of the
PbTiOs-type FCs significantly affect their piezoelectric properties and the anisotropy
of the piezoelectric coefficients d3; and ECFs k3;[37-40, 58].

1.5 Electromechanical Properties of Piezo-Active Composites

Composites can be defined as heterogeneous systems that consist of two or more
components that differ in chemical composition and properties and are separated
by distinct interfaces [5]. Each composite material is characterised by the following
features [5, 10]:

(1) 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

(2) 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
properties it is possible to consider the physical laws and equations suitable for
continuous media.

Each component of the composite represents a set of the structural elements with
equal physical constants. These elements can be distributed regularly (uniformly) or
irregularly and can have a specific, random or variable shape. The composite as a
whole can be described using a set of microgeometrical characteristics, for exam-
ple, connectivity, volume fraction of the components, their spatial distribution, etc.
[5, 10, 48, 49].

The piezo-active composites (often termed piezo-composites) form an important
group of modern smart materials. This group is vast due to the large number of
components that may be involved in the design of the composites. Among the wide
range of piezo-active components to be considered, ferroelectrics (FCs and SCs)
play a leading role [4, 5, 10]. Moreover, modern processing technologies enable the
synthesis of a variety of ferroelectric SCs, FCs, ferroelectric films, and nano-sized
ferroelectrics. The ferroelectric properties of these systems are generally related to
the change of the spontaneous polarisation vector in an external electric field (domain
switching).

Piezo-active composites are of great 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 [5, 10, 59-61]. These significant variations
appear upon combining different components [5, 10], for example,

(1) FC and polymer (the latter can be either piezo-passive or piezo-active),
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(2) ferroelectric SC and FC, or
(3) ferroelectric SC and polymer.

In various compositions (1)—(3) at least one of the components always exhibits
piezoelectric properties. The presence of one or more piezoelectric components
enables a set of parameters or properties to be attained that are not specific to the
separate components, and this synergy is important for many practical transducer
applications [10, 60, 61]. The piezo-active composites based on ferroelectrics form
the final link in hierarchy-of-properties chains [10, 39] of “single-domain SC —
polydomain SC — FC — composite” and “single-domain SC — polydomain SC
— heterophase SC — composite”.

The structure criteria play an important role in classification schemes applied to
the piezo-active composites, and these materials are usually classified according to
the following concepts [5, 10, 59]:

(1) connectivity of the structural elements,
(2) relative size and shape of the structural elements and
(3) features of the arrangement of structural elements.

The well-known classification of the two-component composites with planar
interfaces was first put forward by Newnham et al. [62]. This classification is con-
cerned with 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 dis-
tributed 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
6 =0,1,2,or 3 for component 2. The connectivity of a two-component composite
is written in a general form [10, 59, 62] of a— where the connectivity of the piezo-
electric or most piezo-active component takes the first position (o). In the case of
«a < (3, the n-component composites are described by (n + 3)! / (3! n!) connectivities
[62], for n = 2 the number of connectivities is 10. It is also possible to introduce 10
alternative connectivities a— at a > (3.

The concept of connectivity [62] is fundamental in developing an understanding
of the electromechanical interaction between components within piezo-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 specific
connectivity. The connectivity of the piezo-composites is crucial in influencing the
piezoelectric response and electromechanical coupling of these materials. More-
over, after publishing the pioneering paper [62], connectivities a—f3, a—F—, etc.
or related connectivity patterns are almost always mentioned when the research is
devoted to the composites based on ferroelectrics or related materials. Particular
examples that have been experimentally studied include piezo-composites with con-
nectivities 0-3, 1-3, 2-2, 2-3, 3-1, 3-2, and 3-3 [5, 10, 48, 49, 51-53, 59-61]).

Equations (1.4)—(1.19) are valid for the composites containing at least one piezo-
electric component under the action of a weak external field. The ability of
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(1.4)—(1.19) to predict and describe the electromechanical properties of piezo-active
composites is reasonable in cases when these properties can be regarded as effective
(or overall), i.e., characterising the response of the composite sample as a whole.
The effective electromechanical properties and related parameters enable us to move
away from the properties of the individual components, the specifics of microge-
ometry and other features of heterogeneous materials and to estimate the potential
advantages and applications of these materials.

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 monograph [5]. If the averaged
components of the electric field < E; > and the mechanical strain < §;, > ina
macroscopic region of the composite sample are independent of co-ordinates x; (j =
1, 2 and 3), then Egs. (1.4) and (1.5) for the piezoelectric medium can be written for
the piezo-active composite as

*
p

<Dy>=¢j<&>+er<E > (1.29)

<ap>=c§<§q>—e?p<Ef> (1.28)

In (1.28) and (1.29) elastic moduli c;g , piezoelectric coefficients e;?p and dielec-

tric permittivities s;'zf constitute the full set of effective electromechanical constants'

that are determined [5] by taking into account equations of electric and mechani-
cal equilibrium and boundary conditions at the surface of the macroscopic region
in the heterogeneous medium. The determination of the effective electromechanical
properties of the piezo-active composite is concerned with an averaging of a series
of vector and tensor components of the electric and mechanical fields, for example,
&q» Ey, 0p,and Dy. This averaging is performed on volume fractions of the compos-
ite components (n = 1, 2, ...), for which the full sets of electromechanical constants,
such as cﬁ,n(} ’E, ¢ and s,(:;)’é [see the similar electromechanical constants in (1.4)
and (1.5)] or other electromechanical constants involved in (1.6)—(1.11), are known.

In the focus of the problem of the prediction of effective properties of composites
there is a method of homogenisation of properties [5, 10, 63]. Based on the detailed
analysis of results concerning composite materials and their effective properties,
Khoroshun et al. [5] placed emphasis on two main scientific directions in modern
mechanics of piezo-active composites. The first direction represents the mechanics
of the composites having regular (periodic) structures [52, 53, 61, 63]. The sec-
ond direction is related to the mechanics of stochastically heterogeneous materials,

! Hereafter we use asterisk (*) to denote the effective (average) properties of the ferroelectric
polydomain single crystal, FC (polycrystal) and composite. These properties are often determined
in the so-called long-wave approximation [10], for instance, in the case when the wavelength of an
external field is much longer than the thickness of the separate domain in the single-crystal sample,
of the layer in the composite sample, etc.
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including the piezo-active composites with arbitrary connectivity, shape and distrib-
ution of structural elements [5].

The first direction deals with periodic solutions of equations of mechanics of
micro-inhomogeneous media in which the regular distribution of the structural ele-
ments is present. As a rule, such solutions are applicable to the matrix piezo-active
composites with inclusions having the appropriate shape, e.g., spheroids. The accom-
panying method, termed the method of regularisation of structure [5], is often applied
to the piezo-active composites with a certain disorder in the shape and distribution of
the structural elements. In this method the real composite sample is substituted by a
model material with regularly distributed structural elements having the appropriate
shape [10, 52, 53, 63]. In such a model material, a periodic representative volume
element is chosen and analysed using the appropriate micromechanical methods,
including the finite-element method (FEM) [64, 65].

The second direction implies using random functions [5] to describe the effective
properties of the piezo-active composite with a stochastic structure. These properties
are regarded as randomly varied ones over the composite sample, and the homogeni-
sation can be performed with regard to mathematical features of the random func-
tions. This approach is suitable for the prediction of the effective properties without
essential restrictions of the shape, distribution of inclusions and the connectivity of
the composite as a whole.

A considerable amount of research is devoted to 0-3 composites [10, 48, 49,
52, 65, 66] that contain a system of isolated piezoelectric inclusions embedded in a
large matrix (being either piezo-passive or piezo-active). It is often assumed that the
inclusions have the shape of a spheroid [65, 66] or a rectangular parallelepiped [52,
67] and are aligned regularly in the matrix. An electromechanical interaction between
each inclusion and the surrounding matrix is taken into account in connection with
internal electric and mechanical fields and boundary conditions for the specific shape
of the inclusion.

In the matrix method, references [52, 67] put forward an approach to predict
the electromechanical properties of 0—3 FC / polymer composites. The theoretical
description is based on the matrix approach [68] previously applied to the 2-2 com-
posite system. This approach is useful to perform an averaging procedure for a 0-3
composite with a regular distribution of parallelepiped-like inclusions. The method
developed by Levassort et al. [52] has been successfully extended to 3—-3 and 1-3 FC
/ polymer piezo-composites [10, 53, 67] with planar interfaces.

Many publications on 0-3 composites are concerned with a piezoelectric ellip-
soidal inclusion problem [10, 49, 50, 69-71]. This problem stems from the classical
Eshelby analysis [72, 73] of the stress and strain fields in and around an elastic
ellipsoidal inclusion. Work on the coupled electric and mechanical fields in hetero-
geneous materials implied the application of the equivalent inclusion method [72, 73]
for the description of the effective properties in the piezo-active composites, poled
FCs and piezo-active materials with pores or cracks, etc. [10, 48-50]. The nature of
the inclusion in the 0-3 composite can be either piezo-active or piezo-passive, and
no restrictions on its symmetry are introduced [48, 49, 66, 69—71]. The matrix can
be either piezo-active (transversely isotropic) or piezo-passive (isotropic).
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The analysis of the coupled electromechanical behaviour of an “inclusions —
matrix” system is based on knowledge of the Eshelby tensors. These tensors represent
the strain and electric fields that are induced in the inclusion due to a constraint of the
matrix in the external fields. The Eshelby tensors are expressed in the explicit form
for the following inclusion shapes [74, 75]: spheroid, elliptical cylinder, rod, penny,
and ribbon-like. All of the inclusions are assumed to be aligned along the axis of
anisotropy, i.e., along the poling axis in the transversely isotropic medium. As in the
classical work by Eshelby [72, 73], the Eshelby tensors related to the piezo-active
composite [74, 75] depend on the shape of the inclusion and on the properties in
the matrix. Further averaging of the electromechanical properties is often carried
out according to a self-consistent scheme. The main variants of this scheme are
concerned with the EMM [76, 77] and the effective field method (EFM, also termed
the mean field method) [49, T7].

In the EMM the inclusion is regarded as a region in a continuous medium (i.e.,
in a matrix containing an ensemble of similar inclusions). The effective properties
in this medium are found using the Eshelby tensors for the specified shape of the
inclusions, and calculations are performed within the framework of iterative (self-
consistent) procedures.

The application of the EFM to piezo-active composites stems from the Mori —
Tanaka method [78] based on the concept of an average stress in the matrix contain-
ing the inclusions with so-called eigenstrains. The eigenstrains represent the strains
appearing in a stress-free region, similar to the spontaneous strains in the ferroelectric
or ferroelastic phases. According to the EFM concept, the inclusion interacts with the
matrix subjected to an action of an external electric and mechanical field. Due to the
presence of the ensemble of similar inclusions in the matrix, the field can be regarded
as an effective field that acts on each inclusion therein. This means that the effective
(or average) electric and mechanical field in the composite sample play a key role
in forming the overall effective electromechanical properties. In the last decades the
EFM approach has been one of the most powerful and most suitable methods [49, 77,
79] for studying the overall behaviour of piezo-active composites and for predicting
their effective electromechanical properties in a wide volume-fraction range.

The effective electromechanical properties of the 0—3 composite with spheroidal
inclusions can be also determined using the dilute concentration limit (or dilute
solution) [50, 77, 79], the differential scheme [79] and the conditional moments
method [5]. These methods are based on different averaging procedures and take into
account features of the arrangement of the inclusions and their electromechanical
interaction.

The determination of the effective properties of the piezo-active composites with
arbitrary connectivity is often carried out by means of the FEM [64, 65, 80-86].
This method employs numerical modelling techniques that take into account bound-
ary conditions for electric and mechanical fields in a composite system. The model
of the composite is based on the representative unit cell being the periodic represen-
tative volume element, and this element is assumed to be characteristic of the whole
composite structure. Periodic boundary conditions are enforced on the boundary of
the representative unit cell. The latter is discretised using tetrahedral or hexahedral
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elements in 3D problems, or using triangular or quadrilateral elements in 2D prob-
lems. The unknown displacement and electric-potential fields are interpolated using
suitable shape functions: usually, linear or quadratic Lagrangian shape functions are
adopted. Computations for diverse average strain and electric fields imposed to the
representative unit cell are performed. Direct or iterative solvers can be used to solve
the resulting linear system of equations. After solving the electroelastic equilibrium
problem, the effective electromechanical constants of the composite are computed
column-wise, by averaging the resulting local stress and electric-displacement fields
over the representative unit cell.

An important advantage of the FEM approach is the lack of restrictions on connec-
tivity of the composite, sizes of the inclusions and their spatial distribution, the num-
ber of the components and their properties. Trends in the study of the piezo-active
composites and related materials show that the FEM approach and related finite-
element software become increasingly more widespread in mechanical-engineering,
smart-materials and piezo-technical applications (transducers, sensors, actuators,
hydrophones, acoustic antennae, etc.). However, advances in numerical techniques
do not exclude the development of analytical methods for two-index connectivity
patterns such as 0-3, 1-3 and 2-2 (see, for instance, monographs [5, 10, 48, 63]).

1.6 Conclusion

In this chapter we have considered the electromechanical properties and related char-
acteristics of the piezoelectric medium. In the last decades the most important piezo-
electric materials have been poled FCs, relaxor-ferroelectric SCs with engineered
domain structures and piezo-active composites that consist of at least one of the
aforementioned components. The use of the highly-effective relaxor-ferroelectric
SCs with compositions near the MPB is of significant interest due to their excel-
lent electromechanical properties compared to those of the conventional FCs with
the same perovskite-type structure. The excellent electromechanical properties of
the relaxor-ferroelectric SCs in the domain-engineered / heterophase states are con-
cerned with large values of the piezoelectric coefficients d;;, ECFs k;; and elastic
compliances s fb. Undoubtedly, these SCs are to be regarded as highly effective com-
ponents of modern piezo-active composite materials, and their effectiveness for many
composite piezo-technical applications strongly depend on the performance of the
SC components therein.

The electromechanical properties of the poled FC and composite materials are
regarded as “effective properties” in accordance with features of the microstructure,
domain structure, arrangement of components, connectivity, etc. The piezo-active
composites based on ferroelectrics have been the final link in the hierarchy-of-
properties chains of “single-domain SC — polydomain SC — FC — composite”
and “single-domain SC — polydomain SC — heterophase SC — composite”, and
this makes composites a unique range of materials whose effective properties can be
tailored in wide ranges due to a range of factors.
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Examples of the full sets of electromechanical constants of the [001].-poled
domain-engineered relaxor-ferroelectric SCs (Table 1.1) and poled FCs (Table 1.2)
suggest that these materials can be used as components of modern piezo-active com-
posites and the anisotropy of the properties of these components may be of value
in piezo-technical applications. A review of methods applied for the prediction of
the effective electromechanical properties in the piezo-active composites enables us
to choose the method(s) suitable for the specific microgeometry and connectivity
patterns of the composites studied. As follows from numerous literature data, no
systematic study of the orientation and related effects in the piezo-active composites
has been undertaken.
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Chapter 2
Orientation Effects in Single-Domain
Single Crystals

2.1 Single-Domain 0.67Pb(Mg, /3Nb2/3)03 — 0.33PbTiO3

Full sets of electromechanical constants of perovskite-type relaxor-ferroelectrics of
solid solutions of PMN—xPT and PZN—-xPT are often measured on polydomain or
domain-engineered SC samples (see for instance, Refs. [1-6]). The full set of room-
temperature electromechanical constants related to the single-domain state was first
measured [7] on PMN-0.33PT SCs. This particular composition is very close to the
MPB [8], and single-domain SCs at x = 0.33 are characterised by rhombohedral 3 m
symmetry [9]. Based on experimental data [ 7] of the single-domain PMN-0.33PT SC,
their piezoelectric coefficients d3; (j= 1 and 3) [9, 10], dielectric permittivity £5; and
ECF k33 [9] were calculated along arbitrary directions of the crystallographic axes,
and also the spontaneous polarisation vector Py. The further study and generalisation
of the orientation dependences of the electromechanical properties of the single-
domain PMN-0.33PT SCs has been carried out in work [11].

Now we consider some features of the orientation dependences of the piezoelectric
coefficients and ECFs of the aforementioned SC. It is assumed that the spontaneous
polarisation vector Py of the single-domain sample is parallel to the [001],, direction
(Fig.2.1a) and is connected with the rectangular co-ordinate system (X1 X»X3) of
the SC sample, where subscript “rh” denotes “rhombohedral”. The [001], direction
coincides with the [111], direction in the cubic (perovskite) unit cell, O X3||[111],,
and the subscript “c” denotes “cubic”. An arbitrary SC orientation due to the trans-
formation of the co-ordinate axes (X X2X3) — (XX} X%) (Fig.2.1b) is described
in terms of the well-known Euler angles ¢, ¢ and 6 [12]. Taking into account this
transformation, we represent the electromechanical constants of the SC sample in
(X X5XY%) as tensor components

o/ o / Er E
Emn = TmpTng€pq> defg =Tejt firgrdjr and S, = FratibTuctvdSapeq-  (2.1)

In (2.1) the terms €7, d ki and s fb .4 are tensor components of dielectric permit-
tivities (second rank), piezoelectric coefficients (third rank) and elastic compliances

V. Yu. Topolov et al., Piezo-Active Composites, 25
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Fig. 2.1 Orientation of the domain with respect to the main crystallographic axes OX; and
perovskite unit-cell axes OX ;’ a and interconnections between the axes of co-ordinate systems

(X1X,X3) and (X /1 X é X /3) b. P is the spontaneous polarisation vector in the rhombohedral phase,
@, ¥ and 0 are Euler angles

(fourth rank), respectively, and 7, are elements of the rotation matrix

cos ¥ cos ¢ — sin ¥ cos 6 cos ¢ cos ¥ sin ¢ + sin ¥ cos 6 cos ¢ sin ¥ sin 6
Irl = | —sinyrcosep —cosyrcosfsing —sinysing + cosrcosfcose cos iy sinb
sin 6 sin ¢ —sin6 cos ¢ cos 6

that depends [12] on the above-mentioned Euler angles. We also highlight that a
summation over the repeated subscripts [for instance, p and ¢ in the €7, formula
from (2.1)] is performed from 1 to 3 in accordance with the Einstein summation
notation at operations over tensor components.

After the transformation (X1 X2X3) — (X|X}X}%) in accordance with (2.1), we
use the conventional two-index form [12—15] for the notation of the electromechan-
ical constants as written, for example, in Table2.1. Based on the electromechanical

constants from (2.1), it is possible to determine the orientation dependences of the

Table 2.1 Room-temperature elastic compliances s, fb (in 10~12Pa~!), piezoelectric coefficients d; j
(in pC/N) and dielectric permittiivities €9 of the single-domain PMN-0.33PT SC (3m symmetry).
Data from experimental work [7] ([9] in parentheses) are related to the main crystallographic axes
OX shown in Fig.2.1a

sfi sth sty sty 553 si S66

62.16 ~53.85 —5.58 —166.24 13.34 510.98 232.02

(62.2) (—53.8) (—5.6) (—166.2) (13.3) (511.0) (232.0)
dis dy d3) d33 1/ €o €33/ €0

4,100 1,340 -90 190 3,950 640
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remaining piezoelectric coefficients (g; T e ; and h; ), ECFs k; : I etc. Examples of
the orientation dependences of the piezoelectric coefficients and ECFs of the single-
domain PMN-0.33PT SC are shown in Figs.2.2 and 2.3.

The orientation dependences of the electromechanical properties of the SC from
the 3m symmetry class are characterised by the following important features [11].

1. Electromechanical constants [T;; are independent of the Euler angle ¢, where
IT=d,e g h k, st ande°.

2. There are two variants of periodicity on the Euler angle . First, for IT; i with
J=1:2,

I'[él((p, v, 0) = Héz((p, ¥ +90°, 60) and Héz(go, v, 0) = Hél((p, ¥ +90°,6),
2.2)

and second,
M33(p, ¥, 0) = Mi3(p, ¥ +90°,6). (2.3)

3. Periodicity on the Euler angle ¢ is a result of the presence of a three-fold axis in
the 3m symmetry class [15]. As a consequence, the following equality holds:

T3 (¢, ¥, 0) = IT3;(p + 120°, 4, 6), 2.4

where j =1, 2 and 3.
4. The piezoelectric coefficients d; j show a periodical dependence as follows:
(i) até = 90°,independently of ¢ and v, the sum of the piezoelectric coefficients
(i.e., the analogue of the hydrostatic piezoelectric coefficient dj, of the poled
FC [14]) obeys a condition

dyy (9, ¥, 90°) + diy (@, ¥, 90°) + di3(p, ¥, 90%) =0, 2.5)
(i) atgp =0, ¥ =45°4+90°p (p =1, 2 and 3 ) and independently of 6, condition
d3; (0, . 0) = d3 (0, v, 0) (2.6)

is valid,
(i) ate > 0,¢% =45°+90°p (p =1, 2 and 3) and 6 = 90°, an equality

d3 (@, ¥, 90°) = d3, (@, ¥, 90°) (2.7
holds, and

(iv) atgp = 30°4+60°g (¢=1,2, 3,4, and 5), & = 90° and independently of v,
condition

11t should be added that examples of the orientation dependence of ECFs k; ; ,thickness-mode ECF

k; and planar-mode ECF k}, for the single-domain KNbO3 SC in the ferroelectric mm2 phase were

discussed by Nakamura and Kawamura [13].
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Fig. 2.2 Piezoelectric coefficients dé ; (o, ¥, 0) (dé ; in pC/N, and ¢, ¥ and 0 in degrees) calculated
for the single-domain PMN-0.33PT SC: aj=1and ¢ = 120°p,bj=1 and ¢ = 30° + 120°p,
cj=1and ¢ = 60° + 120°p,dj=1and ¢ = 90° + 120°p, e j =2 and ¢ = 120°p,
fj=2and ¢ = 30° 4+ 120°p, gj=2and ¢ = 60° + 120°p, hj =2 and ¢ = 90° + 120°p,
and i j = 3, no dependence on . In graphs a-h, curves 1, 2, 3, 4, 5, 6, and 7 are related to
Y = 0,15, 30, 45, 60, 75, and 90°, respectively, and p = 0, 1, 2, and 3 (reprinted from paper by
Topolov [11], with permission from IOP Publishing)
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Fig. 2.2 (continued)

dy (@, ¥, 90°) = diy (@, ¥, 90°) = dis(¢, ¥, 90°) =0 (2.8)

holds, i.e., no piezoelectric response is registered along the O X’ axis. Condition
(2.8) can be regarded as a specific case of validity of condition (2.5).

An analysis of conditions (2.2)-(2.4) and (2.6)—(2.8) enables us to consider
electromechanical constants [T} j of the single-domain PMN-0.33PT SC in the fol-
lowing ranges of the Euler angles:

0<¢=<120°0<y¥ <90° and 0 <6 < 180°. 2.9

Equations (2.2)—(2.9) suggest that the periodicity of the orientation dependence
IT] j (¢, ¥, O)stems from features of the crystal structure of the 3m symmetry class
[11] and should be taken into consideration in piezoelectric applications.

Comparing the curves in Figs.2.2 and 2.3 at the corresponding fixed ¢ angles,
one can conclude that the transformation of the curves d; i~ K j is mainly due to

the influence of elastic compliances ert’ (¢, ¥, 0) of the single-domain SC. Dielectric
permittivities 8;; (¢, ¥, 0) influence the orientation dependence of ECFs kg j (0, ¥, 60)
to a lesser degree and may be due to the lower rank of the €7, tensor in comparison
to the rank of the s£ tensor. In general, the comparative analysis of graphs from
Figs.2.2 and 2.3 enable us to conclude that the anisotropy of d ; and & ; can be
varied within specific ranges. These ranges mainly depend on the anisotropy of d3;
and er, which are related to the main crystallographic axes (see Table?2.1).
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20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
] 3}

Fig. 2.3 ECFskj ; (¢, ¥, 0) (¢, Y and 6 in degrees) calculated for the single-domain PMN-0.33PT
SC:aj=1and ¢ = 120°p,bj=1and ¢ = 30° + 120°p, c¢j =1 and ¢ = 60° 4+ 120°p,
dj=1and ¢ =90° +120°p,ej=2and ¢ = 120°p, fj =2 and ¢ = 30° + 120°p, g j =2 and
@ =60°+120°p,hj=2and ¢ = 90° 4 120°p, and i j = 3, no dependence on . In graphs a-h,
curves 1,2, 3,4, 5, 6, and 7 are related to ¢ = 0, 15, 30, 45, 60, 75, and 90°, respectively, and p =
0, 1, 2, and 3 (reprinted from paper by Topolov [11], with permission from IOP Publishing)
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Fig. 2.3 (continued)

2.2 Polydomain 0.67Pb(Mg, /3Nb2/3)03 — 0.33PbTiO;

Polydomain states (multidomains, domain-engineered states) are often formed in
bulk relaxor-ferroelectric SC samples [1, 2] when the electric poling direction is not
along the spontaneous polarisation vectors of the separate domain types. It is assumed
that the (001), cut of the rhombohedral PMN-xPT SC, poled along the [001]. per-
ovskite unit-cell direction, is split into 71°(109°) domains that are mechanical twin
components distributed regularly over the sample. Spontaneous polarisation vectors
Pg; in these domains (Fig.2.4) are given in the coordinate system (X7 X5X3) by
P (P, P, P), Psx(P, P, P), P;3(-P, —P, P), and Pg4(-P, P, P). The 71°(109°)
domains are separated by the planar {100}.-type domain walls [1, 16, 17] that
are permissible according to work [18, 19]. Based on the aforementioned domain
arrangement, we consider two examples of the effective (average) electromechanical
properties in polydomain PMN-0.33PT SCs.

2.2.1 Two Domain Types

We consider a laminar domain structure that is characterised by two domain types
with P (P, P, P) and P (P, —P, P) (see the vector orientations in Fig.2.4). These
domains are regularly distributed over the SC sample and are separated by stress-free
domain walls with normal vectors n; ||[[001].. We assume that the volume fractions of
the domains with P and P, equal 4 and 1 — A, respectively. The electromechanical
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Fig. 2.4 Schematic of 71° =
(109°) domain types in the =»>- P
[001].-poled rhombohedral P s2
SC. Axes of the co-ordinate - -
system (X{ X5 X3) are parallel
to the crystallographic axes P P 1
of the perovskite unit cell. o) s3 s
The resulted (average) sponta- X 3
neous polarisation vector (see
the dotted arrow) is parallel to Xo
0X31[1001]c k 2

0 X°

1

properti of the ith domain type are determined in the (X{ X5 X3) system in accordance
with (2.1), and the rotation matrices are

1/V2 —1/¥/2 0
Irl =1 1/v/6 1/4/6  —2/6
1/v/3 1/4/3 143

fori=1 and

1/v/2 0 —1/3/2
Irl=| 1/v/6 2/v/6  1/v6
1/V3 —1/4/3 1/3

fori=2.

Averaging the electromechanical properties in this laminar domain structure is
carried out using the matrix approach developed in works [14, 20-22]. A full set
of the effective elastic compliances srb;*(h), piezoelectric coefficients d’;-j(h) and
dielectric permittivities 8;:; (h) of the polydomain SC is calculated [11] at0 < h < 1.
We remind that the aforementioned effective properties in the polydomain state are
determined in the long-wave approximation [14, 20] so that the wavelength of an
external field is much longer than the thickness of the individual domains of the SC
sample.

Based on the volume-fraction dependences of the effective electromechanical
properties, ECFs k3 ; (h) and the remaining effective constants of the polydomain SC
are determined. Minima of |d§‘j(h) | and [k3 j(h) | are observed at & = 0.5, i.e., at
equal volume fractions of the 71° (109°) domains. The largest values of |d3 ; (h)| and
|k§k ; (h)| are related to single-domain states, i.e., h = 0 or 7 = 1. The same volume-
fraction dependence [11] holds true for the laminar domain structure with Py (vol-
ume fraction &) and P4 (volume fraction 1 — /), while the spontaneous polarisation
vector P} of the polydomain SC has only one component depending on £, and this
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component is related to one of the non-poling directions, O X{ or O X3. We note that
the relatively low piezoelectric activity of the polydomain SC (spontaneous polari-
sation vectors Py and Py, or P and Pg4) is a result of the re-distribution of internal
electric and mechanical stress fields [11] and may be associated with clamping of
the non-180° domains in the presence of the domain walls with n;||[001],.

2.2.2 Four Domain Types

The next example of the effective electromechanical properties is related to the
domain structure with four Pj; orientations (Fig.2.4). Similar domain structures are
often observed [2—4] in domain-engineered PMN—xPT and PZN-xPT SC samples
poled along the O X3 direction. To define the volume fractions v; of the four domain
types, we represent v; in terms of two parameters, ¢ and n, as follows:

vi=tn,vu=t(1—n),v3=0—-1t)(1—-n), and v4={1—10)n (2.10)

The effective electromechanical properties of the polydomain SC are calculated
[11] on the basis of a two-step averaging procedure described in paper [23]. Graphs
of d; /.(t, n) and k;‘j(t, n), which characterise the piezoelectric activity and electro-
mechanical coupling of the polydomain SC along the poling axis O X3, are shown
in Fig.2.5. As in the case of the two domain types (see Sect.1.2.1), the present
domain structure (Fig.2.4) provides a decrease in both |d§‘j (t, n) | and |k§“ j (t, n)| at
t — 0.5 and/or n — 0.5. A comparison of graphs of d3;(t, n) (Fig.2.5¢) and k3,
(t, n) (Fig.2.5d) enables us to conclude that elastic compliance s3E3* (t, n) and dielec-
tric permittivity £55'(¢, n) slightly influence ECF k3;(z, n). As a consequence, the
piezoelectric coefficient d3;(t, n) plays a key role in forming this electromechanical
coupling. However, d§‘3 (t, n) (Fig.2.5¢) decreases in a fairly narrow range which
may be due to the orientation of the domain walls [11] in the polydomain state.

According to the room-temperature data [4] of PMN-0.33PT SC poled along the
[001], axis (4mm symmetry), experimental values of the piezoelectric coefficients
are ds, exp= —-1,330 pC/N and d;‘iexp: 2,820 pC/N. The macroscopic 4mm symmetry
means that the four domain types shown in Fig. 2.4 would be present in the SC sample
and volume fractions of these domain types are equal. The significant discrepancy
between the calculated value of d§‘3(0.5, 0.5) =~ 300 pC/N (see Fig.2.5c) and the
above-given experimental d3; ¢ » value is in good agreement with one of the conclu-
sions of work [10] and could be due to the presence of an intermediate ferroelectric
monoclinic phase [24, 25] near the MPB, by the non-180° domain coexistence [26]
or by displacements of interfaces [24, 27] that separate two coexisting phases under
the external electric field E||[001].. Unfortunately, the lack of experimental data on
the interconnections between the electromechanical properties of the single-domain
and polydomain PMN—xPT SCs do not enable a comparison of the different results
to any great degree. However some results of the present study are important for an
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1,0 00

Fig.2.5 Effective piezoelectric coefficients d3 (¢, n) (in pC/N, graphs a—c) and ECF k35(¢, n) (graph
d) of the polydomain PMN-0.33PT SC (reprinted from paper by Topolov [11], with permission
from IOP Publishing). The domain arrangement is shown in Fig.2.4

interpretation of the complex links between the electromechanical properties in the
SC and composite samples based on SCs that can be either polydomain or single-
domain. Data on dg"j (t, n) (Fig.2.5a—c) are to be taken into account in the study of
the anisotropy of the effective electromechanical properties of the composites based
on SCs.
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2.3 Single-Domain (1 — x)Pb(Zny;3Nb;,3)O3 — xPbTiO3

Relaxor-ferroelectric PZN-xPT SCs are of great interest due to their various het-
erophase states [25, 28-31] and their outstanding electromechanical properties
[16, 24, 26, 32] near the MPB (x ~ 0.08-0.09). The electromechanical constants
of PZN—xPT SCs were determined for 0.045 < x < 0.12 [3, 6, 33-37] on sam-
ples with engineered domain structures and in the single-domain state (Table 2.2).
Electromechanical constants measured on single-domain SC samples are known,
e.g., for PZN-0.09PT (intermediate monoclinic phase) and PZN-0.12PT (tetragonal
4mm phase). As is seen even for compositions away from the MPB, some discrepan-
cies exist between the sets of electromechanical constants (see for instance, data for
x =0.12 in Table2.2). These discrepancies can be accounted for by the poling con-
ditions and heterogeneity of the SC samples.

The orientation dependences of the piezoelectric coefficients dé j(go, ¥, 0) and
g5 j(go, ¥, 0) and dielectric permittivity £35(¢, ¥, 0) of single-domain monoclinic
PZN-0.09PT SCs were analysed by Topolov [38]. Results from these orientation
dependences were first systematised on the basis of a group of criteria and compared
with known experimental data. Based on the criteria from work [38], the description
of periodic and other changes in the piezoelectric and dielectric properties of a
low-symmetry single-domain sample was carried out in terms of the Euler angles.
Specific features of the dielectric anisotropy and high piezoelectric activity in the
single-domain state were considered. The dielectric anisotropy (see data on 8gp at
x = 0.09 from Table 2.2) influences the piezoelectric sensitivity of the single-domain
PZN-0.09PT SC at various orientations of its crystallographic axes.

Table 2.2 Elastic compliances sfb(in 10712 pa—hy, piezoelectric coefficients d;; (in pC/N) and

dielectric permittiivities £7,, of single-domain PZN-xPT SCs

X SIEI sﬁ le3 s3E3 sﬁ s6E6 d3;
0.12 [33, 34] 20.1 —4.6 —18.2 54.5 19.5 17.2 —207
0.12 [36]“ 22.4 —3.53 —20.95 58 - 27.86 —217
0.12 [35] 18.0 —0.185 —19.1 52.8 27.0 45.5 —130
0.09 [26]° - - - - - - 120
X dz ds3 dis dyy 71 /€0 £9,/¢0 £93/¢€0
0.12 [33, 34] —207 541 653 653 10,000 10,000 750
0.12 [36]¢ —217 576 - - - - 870
0.12 [35] —130 326 946 946 6,160 6,160 566
0.09 [26]° -270 250 3,200 950 9,000 21,000 800

4 In work [36] electromechanical properties of the single-domain BiScO3 —PbTiO3 SC are compared
to the properties of the single-domain PZN-0.12PT SC, however no full set of electromechanical
constants of PZN-0.12PT SC is present. The SCs of BiScO3 — PbTiO3 and PZN-0.12PT are char-
acterised by tetragonal symmetry

b No full set of elastic constants of the single-domain PZN-0.09PT SC is known from literature
data. To characterise the piezoelectric and dielectric properties of the monoclinic single-domain
PZN-0.09PT SC, Dammak et al. [26] used the matrices that have forms [15] similar to those in the
ferroelectric mm?2 phase [39] of the single-domain KNbO3; SC
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(b)

o, deg

Fig. 2.6 Piezoelectric coefficients dé j (@) (in pC/N, graphs a and d) and gé j (@) inmV-'m /N,
graphs ¢ and e) and ECFs kg /(0) (graph b) of single-domain PZN-xPT SCs at ¢ = ¢y =0°: a—¢, x =
0.12 and d and e, x = 0.09. Calculations for x = 0.12 and x = 0.09 were performed using data from
[36] and [26], respectively (see Table?2.2)

As follows from work [11, 38], the electromechanical properties are represented
by subscripts i3 and 3j and are highly dependent on the Euler angle 6 (Fig.2.1b)
that directly links the spontaneous polarisation vector P to the O X3 axis. Taking
into account the key role of the piezoelectric coefficients d3; in various piezoelectric
applications [13-16, 40-42], we consider examples of the orientation dependences
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of the piezoelectric coefficients d} ; and g5 ; and ECFs kS ; on 0 (Fig.2.6). It should
be noted that max d};(6) and mind} j(Q) are achieved in both cases (Fig.2.6a and d)
irrespective of symmetry of SCs, and the condition |d};(0)| > dj;(0°) is valid due
to the effect of the large shear piezoelectric coefficients di5 and da4 (see Table?2.2).
The distinctions between the curves of gg j(9) related to x = 0.12 (Fig.2.6¢) and
x=0.09 (Fig.2.6¢) stem from the anisotropy of the piezoelectric coefficients d3; and
dielectric permittivities &7, of the studied single-domain SCs.

Comparing the graphs of dgj(é) to ggj(e) (cf. Fig.2.6a, c and Fig.2.6d, e), one
can observe an interesting feature of the orientation dependence of the piezoelectric
response: the condition sgn d3;(6)=—sgn g5;(6) holds in certain ranges of the Euler
angle 0. Such a discrepancy of signs is due to the influence of dielectric permittivity
83'3/ (0) on the piezoelectric coefficient g§3 (0) [see forinstance, Eqs. (1.12) and (1.14)].
This influence becomes considerable when |£5| ~ egl’, (p=1,2and 3) and, therefore,
an interconnection between d};(9) and g’ (6) becomes more complicated, depending
on the balance of some components of sg; ).

2.4 Single-Domain xPb(In;/2Nby,2)03 — be(Mg1/3Nb2/3)O3 -
(1 =x-y)PbTiO3

The ternary system of relaxor-ferroelectric solid solutions of xPb(In;/2Nby,2)O3 —
yPb(Mg, /3ND2/3)03 — (1 —x— y)PbTiO3 (PIN—x—y) with a perovskite-type structure
is of interest due to the considerable piezoelectric activity and anisotropy of the
electromechanical properties. The full sets of electromechanical constants of the
single-domain PIN-x—y SCs have been measured at room temperature (Table2.3).
Despite the relatively small difference in the composition, these SCs are related to
different symmetry classes (3m for PIN-0.24-0.49 [43], mm2 for PIN-0.27-0.40
[44] and 4mm for PIN—x—y, without the definitive chemical composition [45]) and
show clear distinctions in the anisotropy of the electromechanical properties. It should
be added that the PIN-0.24-0.49 SCs maintain the single-domain state without an
electric bias field [43].

The very large piezoelectric coefficients d15 and dp4 (approximately 11.7—13 times
more than the longitudinal piezoelectric coefficient d33) in the single-domain PIN—
0.27-0.40 SC are of value to study the effect of the orientation of crystallographic
axes on the piezoelectric performance and related parameters. The coercive field E,
of PIN-x—y SC is on the order of 10 kV/cm [45] which is a few times higher than
E. of the neighbouring rhombohedral compositions and tetragonal PMN-xPT SCs
[46]. The strong shear-mode piezoelectric effect and electromechanical coupling in
the single-domain PIN-x—y SC [45] along with the large E. value is of interest for
piezo-technical applications such as actuators and transducers which are exploited
in a relatively wide range of electric fields E.

Examples of the orientation dependences (Fig.2.7) suggest that a similarity
between the dé j(G) and kg j () curves is observed for the single-domain PIN-x—y
SCs from various symmetry classes. Such orientation behaviour is accounted for by


http://dx.doi.org/10.1007/978-3-642-38354-0_1
http://dx.doi.org/10.1007/978-3-642-38354-0_1

38 2 Orientation Effects in Single-Domain Single Crystals

Table 2.3 Room-temperature elastic compliances s aEb(in 10712 pa—y, piezoelectric coefficients d;;
(in pC/N) and dielectric permittivities ag[, of single-domain PIN-0.24-0.49 [43], PIN-0.27-0.40
[44] and PIN—x—y [45] SCs

Composition sﬁ sfz le3 sﬂ sf; s253 s3153 sﬂ
PIN-0.24-0.49 11.62 —7.81 —1.10  22.17 11.62 —1.10  6.05 93.33
PIN-0.27-0.40  9.20 —8.38 5.64 0 21.2 —14.4 16.8 78.1
PIN-x—y 17.1 —-3.3 —-142 0 17.1 —142 41 55.0
Composition SSES SGE() dis dy o d3; dz) ds3
PIN-0.24-0.49 93.33 38.86 2,015 —490 2,015 21 -21 75
PIN-0.27-0.40 316 15.5 4,550 0 4,100 153 -346 350
PIN—x—y 55.0 25.0 2,350 0 2,350 =200 -200 530
.. &9, £9. 5.
Composition 840‘ L%OZ Ei(f

PIN-0.24-0.49 5,800 5,800 650
PIN-0.27-0.40 8,070 30,000 1,500
PIN—x—y 15,000 15,000 1,090

the leading role of the piezoelectric properties and their anisotropy in forming the
orientation dependence of ECF kg ].(9) (Fig.2.7b, d and f). The role of symmetry
of the relaxor-ferroelectric SCs is also to be taken into account by interpretation of
the orientation effects and the anisotropy of d i K ; ete. Moreover, lowering the
symmetry gives rise to a more complex link between the dé j (0) and kg j(9) curves
(see for instance, Fig.2.7a and b). This link is predominantly concerned with the
anisotropy of the elastic and dielectric properties in the low-symmetry phases. As in
Fig.2.6, max dj;(f) and min d} () are achieved (Fig.2.7a, ¢ and €) irrespective of
the symmetry class and is a result of the strong shear piezoelectric effect (d;5 > d33,
see Table2.3).

2.5 Conclusion

In this chapter important examples of the orientation dependences of the piezo-
electric coefficients and ECFs are considered for ferroelectric-relaxor SCs in the
single-domain state. Volume-fraction dependences of the piezoelectric properties
are analysed for the polydomain relaxor-ferroelectric SCs. The non-monotonic
orientation dependences of the piezoelectric coefficients d} j and g j and ECFs i/ j
are analysed in terms of the Euler angles ¢, v and 6.

Variants of periodicity of the electromechanical properties are explained by taking
into consideration unit-cell symmetry elements. The role of the shear piezoelectric
effect due to the large piezoelectric coefficients d15 and d»4 is discussed in the context
of the non-monotonic orientation dependence of d i
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Fig. 2.7 Piezoelectric coefficients dé -(0) (in pC/N, graphs a, ¢ and e) and ECFs ké ; (6) (graphs b,
d and f) of single-domain PIN—O.24—6.49 (a and b), PIN-0.27-0.40 (¢ and d) and PIN—x—y (e and
f) SCs at ¢ = ¢ = 0°. Calculations were performed using data from Table 2.3

Two examples of the effect of a 71° (109°) domain structure on the electro-
mechanical properties are considered in the 3m phase of the PMN—0.33PT SC. This
SC in the polydomain state (with either two or four domain types) is characterised
by min |d3;* | and min |k3;* | in the “most symmetrical” cases of the domain
arrangement, i.e., for equal volume fractions of the 71° (109°) domains separated
by the planar {100}.-type walls and the domain-wall displacement is neglected over
the SC sample. In this context we deal with the so-called intrinsic contribution of the
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non-180° domain structures on the effective electromechanical properties of SCs. Of
course, the influence of an additional (extrinsic) contribution from the domain-wall
and interphase-boundary displacements on the electromechanical properties would
be needed and may be a subject of further studies.

Results shown in Figs.2.2, 2.3, 2.6, and 2.7 suggest that the anisotropy of the
piezoelectric coefficients d j and ECFs i ; can be varied in a relatively wide range
due to the orientation effect. This variation is achieved even by changing one of the
Euler angles, for instance, 6 (see the 6 angle in Fig.2.1b).

Undoubtedly, the role of symmetry is important in the interpretation of the ori-
entation dependences of the electromechanical propertie and their anisotropy in
relaxor-ferroelectric SCs. Irrespective of the symmetry class, the electromechani-
cal properties represented by subscripts i3 and 3j are highly dependent on the Euler
angle 6 that directly links the spontaneous polarisation vector Pg of the SC to the
co-ordinate O X3 axis (see Fig.2.1). Taking into account features of the orientation
behaviour of the piezoelectric coefficients d; j»one can analyse the remaining groups

of the piezoelectric coefficients (e i g5 ; and h’y j), ECFs K i and related parameters
which are of interest for sensor, actuator, transducer, and other applications.
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Chapter 3
Orientation Effects and Anisotropy of
Properties in 2-2 and Related Composites

The 2-2 connectivity pattern of a composite [1-3] is a structure where there are
two types of layers which are alternating in a certain direction. The 2—2 composite
family is characterised by a laminar structure wherein two components are contin-
uously distributed along two axes of a rectangular co-ordinate system (X1 X2X3).
Each component is present in the separate layer. The relative simplicity of the 2-2
composite structure and the possibility of varying the volume fractions of the com-
ponents in a wide range allow the manufacture and design of the 2-2 composite with
tailored (e.g., extreme) values of its effective parameters. Methods suitable for man-
ufacturing these widespread 2-2 FC/polymer composites are discussed in a series of
review papers (see, for instance, papers [3-5]).

The 2-2 FC/polymer composites are usually manufactured in two modifications
(Fig.3.1), namely, as composites with a series connection and a parallel connection of
adjacent layers [1, 2]. In the series-connectied composite sample the C1 and C2 layers
are alternating in the OX3 direction (Fig.3.1a) and interfaces are perpendicular to
OX3, and this co-ordinate axis is the poling axis. In the parallel-connected composite
the poling axis OX3 is parallel to the interfaces that separate the C1 and C2 layers
(Fig.3.1b). It is obvious that these two modifications are characterised by different
electromechanical properties [2] and anisotropy with respect to the poling axis OX3.
In the series-connected composite the piezoelectric coefficients d3 j concerned with
the poling axis obey the condition d3;, = d3, # d3;, while the parallel-connected
composite is characterised by an inequality d3, # d3, # d3; [2].

The 2-2 composite architecture is of value due to a particular non-monotonic
volume-fraction dependence of their effective parameters. For instance, the series-
connected 2-2 composite based on the Pb(Zr, Ti)Osz-type FC is characterised
by several types of the volume-fraction dependence [6, 7] of the thickness ECF

ki =e34/ (03‘3[) 8;5 Y2 [see also Eq.(1.25)], maxima of the piezoelectric coefficient
e3; and dielectric permittivity £]{ and a strong dependence of k/, €3, ]{ , and
other parameters on the ratio between the elastic moduli of the individual compo-
nents [8]. Moreover, the piezoelectric coefficient e;‘l of the series-connected com-

posite [9] can pass through a zero value and reach max e3; > 0, although both the
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components (n = 1 and 2, i.e., C1 and C2 layers in Fig. 3.1a) have negative values of
the piezoelectric coefficient eér{). A squared strain—voltage figure of merit

(033)7 = dj38% 3.1)

exhibits a maxima [10] when varying the volume fraction of the FC component in
a 2-2 series-connected composite. The parallel-connected 2-2 composite based on
Pb(Zr, Ti)O3-type FC exhibits a non-monotonic behaviour of the thickness ECF &}
and the hydrostatic (or hydrophone) piezoelectric coefficients [11, 12]

dy = d33 +d3) + d3 and g = g33 + 83, + g3 (3.2)
In this chapter we will discuss features of the performance of 2-2 and related

composites based on either a FC or SC by taking into account the orientation effect
and the anisotropy of the effective properties of these composites.
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3.1 Ceramic/Polymer Composites: An Effect of the Orientation
of the Remanent Polarisation Vector on the Piezoelectric
Anisotropy

The first results on the performance of oriented 2—-2 composites based on a “soft” PZT
FC were published in work [3, 13]. The orientation angle of the remanent polarisation
vector Pﬁl) in the FC layers with respect to the poling direction of the composite was
varied from 0° to 75°. The maximum of the squared hydrostatic figure of merit

(Op* =dig; (3.3)

in the oriented 2-2 composite [13] is achieved by varying the orientation angle
and volume fraction of the FC component. Equation (3.3) comprises the hydrostatic
piezoelectric coefficients d;; and gj; from (3.2). The sumations in (3.2) characterise the
hydrostatic response of a piezo-active element with electrodes that are perpendicular
to the OX3 axis.

In this section we consider examples of the volume-fraction and orientation depen-
dence of the piezoelectric properties and their anisotropy factors in 2—2 FC/polymer
composites. Among the vast group of FCs (see Table 1.2) we choose two composi-
tions. The first composition is a “soft” PCR-7M FC with high values of piezoelectric
coefficients |d3(;-)| and |e§1j)| and with the moderate anisotropy of d;}) and eélj). The
second composition is a “hard” modified PbTiO3 FC (I) with a large anisotropy of
dg.) and egll.) at egb) > 0. A piezo-passive polymer component can be chosen, for
example, among compositions listed in Table 3.1.

It is assumed that the 2-2 composite represents a system of parallel-connected
FC and polymer layers, and these layers form a regular laminar structure (Fig. 3.2).
In the initial state (at the orientation angle o« = 0° or 8 = 0°, see insets 1 and 2 in
Fig.3.2), the remanent polarisation vector in each FC layer is Pﬁl) ||OX3. Hereafter
we consider rotations of the P;l) vector around one of the co-ordinate axes, OX| or
OX», as shown ininsets 1 and 2 in Fig. 3.2, and the FC layers in the composite sample
have the same appointed orientation of Pﬁl). Subscripts “(1)” and “(2)” refer to the
FC and polymer component, respectively. As mentioned earlier, the electrodes at the
composite sample are perpendicular to the OX3 axis.

Table 3.1 Elastic compliances s((l';) (in10~"2Pa~") and dielectric permittivity 8;:;,) of piezo-passive
polymers at room temperature

Polymer s f’;) s f;) sg;,) /€0
Araldite [14] 216 —78 4.0
Polyurethane [15] 405 —151 3.5

Elastomer [16] 3,300 —1,480 5.0
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X3 Polymer, volume | [FC, volume
fraction 1 -m fraction m

Fig. 3.2 Schematic of the 2-2 FC/polymer composite. (X|X>X3) is the rectangular co-ordinate
system of the composite sample, « and B are angles of rotation of the remanent polarisation vector
Pﬁl) [|OX} of the FC layer around either the OX| axis (inset 1) or the OX3 axis (inset 2)

The effective electromechanical properties of the composite studied are deter-
mined within the framework of the matrix approach [2] that is applied to piezo-
active composite materials with planar microgeometry. The matrix of the effective
properties of the composite in the co-ordinate system (X X2 X3)

s 500 a* )
Ic* = (3:4)
a1 1 e |

is written in terms of |[s*£|| (6 x 6 matrix), ||d*||(3 x 6 matrix) and ||e*||(3 x
3 matrix), and superscript “7” in (3.1) denotes the transposed matrix. The ||C*||
matrix from (3.4) is determined by averaging the electromechanical properties of the
components on the volume fraction m and is given by

C*| = [ICD] - [IM][m 4+ ICPNA = m)] - [IM[lm + [T]](1—m)]™", (3.5)

where ||C™V|| and ||C@|| are matrices of the electromechanical properties of the
FC and polymer component, respectively, ||M || is concerned with the electric and
mechanical boundary conditions [2] atinterfaces x; = const (Fig.3.2), and ||/|| is the
identity 9 x 9 matrix. Elements of the ||C"|| matrix are written taking into account
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the orientation of P, in the FC layer [see Eq. (2.1)]. The boundary conditions
at x; = const (Fig.3.2) imply a continuity of components of mechanical stress

o011 = 01, 012 = 0g and 013 = 05, strain &y = &, &3 = £4/2 and £33 = &3, electric
displacement D1, and electric field E> and E3. The || M || matrix from (3.5) is written
for x| = const in the general form as ||M|| = [lm1||~'||m2|| where

1 0 0 0 0 0 0 0 0

(n),E (n),E _(n),E (n),E (n),E (n),E ;(n) (n) (n)
Sp2 Sy 8230 S S5 Spg diy dy dy

(n),E (n),E (n),E (n),E (n),E (n),E ;(n) (n) (n)
Si3 Sx3 83370 S3q S35 Sz diy dyy dy

(n),E (n),E (n),E (n),E (n),E (n),E ;n) (n) (n)
Si4 S24 S3q Saq Sus 0 S46 dyy dyy dy
| my ll= 0 0 0 0 1 0 0 0 0
0 0 0 0 0 1 0 0 0
(n) (n) (n) (n) (n) n) _(m),o _(n),0 _(n),0
dyy dyy diy dy dis dig e £y £p3

0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 1

is represented in terms of the electromechanical contants of the components (n = 1
or2).

Rotation matrices related to the orientations of Pﬁl) (see insets 1 and 2 in Fig. 3.2)
are given by

1 0 0

| r(@) ||l=]0 cosa sina (3.6)

0 —sino cosa

and
cos B0 —sinp
Ir@® =] 0 1 0 , (3.7
sinfB 0 cosp

respectively. Thus, elements of ||C*|| from (3.2) depend either on m and « (rotation
mode in inset 1 in Fig.3.2) or on m and B (rotation mode in inset 2 in Fig.3.2).
We do not consider the case of a rotation of P, around the OX3 axis while the
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piezoelectric coefficients of the FC component poled along OX3 [9] obey an equality
(1 (1

dy| =d3; .

Taking into account the ||d|| matrix related to the FC component poled along the
OX3 axis (comm symmetry, see Sect. 1.1), Eq. (2.1) and rotation matrices from (3.6)
and (3.7), we find the ||d|| matrix at various angles « and 8. At 0° < o < 90° the
||d|| matrix is written as

0 0 0 0 disde
| dll=] daidrndyzda O 0 [,
dz1 dypdzzds 0 0
however for = 90° we have
0 0 0 0 0die
| dll=| d2idpday 000

0 0 0de0O O

We also examine that
diydipdiz 0 dis 0
ldil=] 0 0 O dxg 0 dos

d3y1dyp dsz 0 dis O

at0° < B < 90° and
di1dizdi20 0 0
I d|= 0 0 0 0 0 dy
0 0 0 O0dy O
at B = 90° take place. The ||e|| matrix has the form similar to that of ||d||. Certainly,
the orientation of the poled FC component influences the piezoelectric performance
and anisotropy of the composite shown in Fig.3.2.

To characterise the piezoelectric anisotropy of the studied 2-2 composite at & #
90° and B # 90°, we introduce anisotropy factors as follows:

Ca31 = d33/d5y and 432 = d33/d3, (3.8)
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(for d;‘j and g%“j = d;‘j /€33 ),and

el = e33/e3 and £30 = e33/e3, (3.9

(fore3; and h3; = €3,/ 8?5 )- Equations (3.8) for the converse piezoelectric effect are
represented as ratios of piezoelectric strains £33/&11 and §33/&2> as a result of the
electric field E3||OX3 in accordance with (1.6). Equations (3.9) enable us to evaluate
ratios of piezoelectric polarisations, and therefore, ratios of surface charge densities,
caused by external strains &;; at the direct piezoelectric effect. According to (1.5),
the piezoelectric polarisation P; of the composite (Fig. 3.2) equals e3;£3 in the field
of the longitudinal strain &3, e3,&> in the field of the transverse strain & or €3£} in
the field of the transverse strain &;.

The anisotropy factors (3.8) and (3.9) are of value for high-anisotropic piezo-
active elements that are used, for instance, in medical diagnostic devices with ultra-
sonic antennae based on pulse-echo principles and control of the preferred direction,
in hydrophones, and other acoustic devices [17]. It should be added that various
applications for high-anisotropic elements are attempting to effectively remove the
interaction between the thickness and lateral vibration modes in the vicinity of the
resonance of the thickness mode [17].

Examples of the volume-fraction and orientation behaviour of the anisotropy fac-
tors (3.8) and (3.9) are shown in Figs. 3.3 and 3.4. Graphs of the longitudinal piezo-
electric coefficients e3; and d3; are represented in Fig. 3.5. Distinctions between the
graphs in Figs.3.3 and 3.4 are accounted for by the role of the elastic and piezo-
electric properties in forming the piezoelectric anisotropy of the 2-2 composite. It is
seen that the anisotropy factors ¢.3; undergo considerably more changes than ¢y3;
irrespective of the FC component (cf. Figs. 3.3 and 3.4). Moreover, the longitudinal
piezoelectric response concerned with e3; and d3; is similar, i.e., the anisotropy of
the electromechanical properties of the FC component does not influence the con-
figuration of curves in Fig.3.5. The drastic changes in ¢.3; may be a result of the
presence of a system of interfaces x| = const (Fig. 3.2) and the effect of the orienta-
tion of P, (1) of the FC on their elastic and piezoelectric properties and the effective
properties of the composite as a whole. Taking into account the orientation effect and
Eq.(1.12), one can write the anisotropy factors (3.8) in the general form as follows:

¥ xE * xE * kE * KE * KE % KE
Cas1 = €345,3 /(3,5,17) = (e31813 +€33803 + ... + €36563 )/ (e3y571 +

* xE *  xE x  xE x  *xE *  kE * xF
3325'21 + - + 636S61 )and §d32 = €3qsq3 /(€3qsq2 ) = (631S]3 + 632S23 + e +

E E E E
€36563 )/ (€31517 + €385y + ...+ €36557 ). (3.10)

The presence of the €3 4 s;‘3E -type terms in (3.10) leads to a simultaneous influence of

the anisotropy of both €3 ; and s;f on the anisotropy of d3 I and we observe smooth
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Fig. 3.3 Volume-fraction dependences of the anisotropy factors ¢,3; and ¢43; of the 2-2 PCR-7M
FC/polyurethane composite at « = B = 0° (a), « = const > 0° (b—f) and 8 = const > 0° (g-Kk).
Modes of rotation of the remanent polarisation vector P;l) are shown in insets 1 and 2 in Fig.3.2
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Fig. 3.4 Volume-fraction dependences of anisotropy factors &.3; and 43, of the 2-2 modified
PbTiO3 FC/polyurethane composite at « = 8 = 0° (a), « = const > 0° (b—f) and B = const > (°
(g-k). Modes of rotation of the remanent polarisation vector PSI) are shown in insets 1 and 2 in
Fig.3.2

curves of ¢y3; that change in restricted ranges (Figs. 3.3 and 3.4). Itis also noteworthy
that the anisotropy factors (3.9) obey conditions &.3; — =00 (Figs.3.3 and 3.4) in
specific ranges of angles o and S. We see that the condition
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(k) 12 JZ

Fig. 3.4 (continued)

lezr — F00 (3.11)

is achieved in the composite based on the modified PbTiO3 FC (Fig. 3.4b), and this
FC component is characterised by piezoelectric coefficients eglj) > (Oand ei? > 0.

Such behaviour may be a result of the variable elastic anisotropy of the composite
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Fig.3.5 Volume-fraction dependences of piezoelectric coefficients e3; (in C/ m?) and d3; (in pC/N)
of the 2-2 PCR-7M FC/polyurethane composite (a—d) and a modified PbTiO3 FC/polyurethane

composite (e-h). Modes of rotation of the remanent polarisation vector Pﬁl) are shown in insets 1
and 2 in Fig.3.2

wherein the remanent polarisation vector Pﬁl) undergoes rotations in the plane of
the interfaces (see inset 1 in Fig.3.2). The same condition (3.11) is also valid in a
relatively wide range of 8 in the composite based on the PCR-7M FC (Fig. 3.3h-k). In
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Fig. 3.5 (continued)

this composite the P;l) vector undergoes rotations in the plane that is perpendicular
to the interfaces (see inset 2 in Fig.3.2), and the piezoelectric coefficients of the
PCR-7M FC obey the condition [2]

sgnegll) = —sgne%) = —sgneils) (3.12)

In our opinion, such a rotation mode and the valid condition (3.12) favour the
anisotropy of e3 ; in the PCR-7M-based composite. In contrast to e i the piezo-
electric coefficients d;‘j do not provide a large anisotropy at any variations of «
and B (Fig.3.3), and this performance may be due to the compensatory role of the
aforementioned e3 p sc}kf -type terms in (3.10).

3.2 Single Crystal/Polymer Composites
3.2.1 Composites with Single-Domain Single-Crystal Components

3.2.1.1 PMN-xPT Single Crystals in 2-2 Composites

PMN-0.33PT has been the first perovskite-type relaxor-ferroelectric SC for which
the full sets of the electromechanical constants were measured in both the single-
domain and polydomain (domain-engineered) states at room temperature (see data
in Tables 1.1 and 2.1). We highlight that the PMN-0.33PT SC is characterised by 3m
or 4mm symmetry [18, 19] in the single-domain or polydomain state, respectively,
and the molar concentration x = 0.33 indicates that this composition is located very
close to the MPB [20]. In the single-domain state, the piezoelectric properties of
the PMN-0.33PT SC have been analysed for various orientations of the main crys-
tallographic axes [21], and some interconnections between the electromechanical
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(n),E

Table 3.2 Elastic compliances s ;" (in 10~ 12pa—y, piezoelectric coefficients di(;) (in pC/N) and
of poled PMN-0.28PT SCs at room temperature [22]

dielectric permittivity &

Electromechanical Single-domain Polydomain Polydomain

constants [111]. -poled SC, [001], -poled SC, [011].-poled SC,
3m symmetry 4mm symmetry mm2 symmetry

s E 8.78 44.57 13.40

st E —4.90 —28.91 —21.18

st E ~0.93 ~13.91 12.67

sE 16.87 0 0

s E 8.78 44.57 54.36

s E —0.93 —13.91 ~33.59

s E 6.32 34.38 28.02

si-E 138.69 15.22 15.22

st E 138.69 15.22 147.06

sk 27.4 16.34 2247

' 2,382 122 2,162

sy -312 0 0

a3y 2382 122 160

s —43 —569 447

a5y -43 —569 —1,150

a5y 97 1,182 860

e/ g 4,983 1,672 4,235

eW7/ g 4,983 1,672 1,081

e/ e 593 5,479 3,873

Data on the [001].- and [011].-poled polydomain SCs are related to their main crystallographic
axes

properties of the single-domain and polydomain SCs were discussed in Chap. 2. To
the best of our knowledge, PMN-0.28PT is the first relaxor-ferroelectric SC, for
which self-consistent and full sets of electromechanical constants (Table3.2) have
been measured [22] along three poling directions, namely, along [111],, [001], and
[011], in the perovskite unit cell. In the single-domain state at room temperature, the
PMN-0.28PT SC is characterised by 3 m symmetry with a spontaneous polarisation
vector Ps(l) || [111].. The domain-engineered SC poled along [001]. exhibits 4mm
symmetry and has an average spontaneous polarisation vector Py || [001].. Poling
along the [011], axis leads to the domain-engineered state with mm2 symmetry and
an average spontaneous polarisation vector Py || [011].. As noted by Liu et al.
[22], the full sets of electromechanical constants (Table 3.2) were determined from
the same PMN-0.28PT crystal wafer, so that the composition and properties are
uniform. Experimental data on PMN—xPT SCs (Tables 1.1, 2.1 and 3.2) enable a
comparison of the effective electromechanical properties of the SC/polymer com-
posites that comprise either the single-domain or polydomain SC component and are
characterised by the same connectivity pattern.
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Fig. 3.6 Schematic of a 2-2 SC/polymer composite. (X1X2X3) is the rectangular co-ordinate sys-
tem, m and 1 — m are volume fractions of SC and polymer, respectively, Pél) and P£2) are the
spontaneous polarisation vector of SC and the remanent polarisation vector of polymer, respec-
tively. In inset I ¢,  and 6 are Euler angles that characterise a rotation of the main crystallographic

axes (X{X9X%)— (X1/X2/X3/) and the P§1) vector in each single-domain SC layer. Inset 2 com-
prises domain orientations in the [001].-poled SC with the effective spontaneous polarisation vector

P;l), inset 3 comprises domain orientations in the [011].-poled SC with the effective spontaneous

polarisation vector P§l). P 1, Ps 5, Ps 3, and P 4 are spontaneous polarisation vectors of several
domain types. X, y and z are the main crystallographic axes of the polydomain SC shown in inset

3. The remanent polarisation vector of polymer P;z) M) O X3 can be oriented as shown in insets 4
and 5

The 2-2 SC/polymer composite (Fig. 3.6) is characterised by a regular distribution
of alternating SC and polymer layers in the OX direction, and the layers are assumed
to be lengthy in the OX, and OX3 directions. The layers of polyvinylidene fluoride
ferroelectric polymer (PVDF, see data in Table3.3) have a remanent polarisation
vector oriented as shown in insets 4 and 5 in Fig. 3.6: either P£2) M OXs3 (PVDF-
1 in the composite sample) or Pﬁz) M OX3 (PVDF-2 in the composite sample).
The manufacture of 2-2 composites having components with various orientations
of the Pﬁl) and Pg) vectors can be achieved by individually poling the components.
In respect of the studied SC/polymer composite, the coercive fields Eg") of the
relaxor-ferroelectric SC (n = 1) and polymer (n = 2) obey an inequality [23, 24]
Eél) << Eéz), that favours this type of the poling process. It is also assumed that the
electrodes for the composite sample are perpendicular to the O X3 axis (Fig.3.6). A
biased electric field can be also applied to the composite sample in order to maintain
the single-domain state in the SC layers.
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The procedure for averaging the electromechanical properties in the 2-2 SC/
polymer composite is performed within the framework of the matrix method taking
into consideration the boundary conditions for electric and mechanical fields in the
adjacent layers of the composite sample (see Sect.3.1).

3.2.1.2 2-2 Composite Based on PMN-0.33PT Single Crystal

Now we consider the effective piezoelectric coefficients 173*3 (m,p,¥,0) (II =
d,eand g) of the PMN-0.33PT-based composite that contains PVDF-1 with the
piezoelectric coefficients dé? < 0, dé? > 0 and dl(? > 0. Such signs of
the piezoelectric coefficients are typical of many perovskite-type FCs based on
BaTiOs3, Pb(Zr, Ti)Os etc. (see Table 1.2). The piezoelectric coefficient d3 is directly

determined from (3.5), while e3; and g3; are determined using Egs. (1.12), (1.13)

and (1.16). The orientation of the Pﬁl) vector is characterised by a 0 angle at ¢ = =
0° (see inset 1 in Fig. 3.6). It is worth noting, that even in the simplest case of the ori-
entation of Pﬁl), one can obtain a non-monotonic dependence of 173*3 (m, 0°,0°,0)
on 0 (Fig.3.7) or m (Fig.3.7b, c). At volume fractions m — 1 the polymer lay-
ers have a small influence on the piezoelectric performance of the composite. As a
consequence, the orientation dependences of the piezoelectric coefficients d3; and
e3y onm (Fig.3.7a,b) are similar to those studied for the single-domain PMN-0.33PT
SC (see Sect.2.1). As observed in conventional 2-2 FC/polymer composites [2, 11],
max g%“3 (m, 0°,0°,60) is observed at m << 1 and 8 < 50°(Fig.3.7c¢).

Relatively small volume fractions of the SC component 0 < m < 0.1 lead to a
non-monotonic behaviour of g3; in the piezo-active composite [2] due to the effect of
dielectric properties of polymer on piezoelectric sensitivity in accordance with (1.12)
and (1.14). Anincrease in 6 has a significant effect of the balance of the piezoelectric

coefficients dl.(jl) and gl.( J.l) of the single-domain PMN-0.33 PT SC, and these changes
promote a non-monotonic behaviour of g3, at m = const (Fig.3.7c). We show the
graph of g§‘3(m, 0°, 0°, 0) at volume fractions 0 < m < 0.2 only (see Fig.3.7c) due
to the rapid decrease in |g3;|atm > 0.2 and any 6 values [26]. This decrease is
caused by an intensive increase in dielectric permittivities 5% of the composite in
the same m range.

A presence of slight max e3;(m, 0°,0°, 6) or min e3;(m, 0°,0°,6) at 0.9 < m <
1 (Fig.3.7b) is a result of the effect of elastic properties of the components on the
piezoelectric response of the composite [see (1.13)] and with changes in the balance

Table 3.3 Elastic compliances s;Z)'E (in 10712 pa—1y, piezoelectric coefficients di(;” (in pC/N) and

dielectric permittivity 81(;;,)’0 of poled PVDF at room temperature [25]
(n).o (n),0
(n),E (n),E (n),E (n),E (n),E (n) (n) (n) (n) £ £33
S11 S12 S13 $33 Sa4 Se6  dis d3 ds3 ],;10 z;(,

333 —148 —87.5 299 190 x 10* 943 38 —10.42 33.64 7.513 8431
The orientation of the remanent polarisation vector is shown in inset 4 in Fig.3.6
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of the piezoelectric coefficients d;*j atrelatively large volume fractions m. It should be
mentioned that max e3; is also observed in the 2—2 FC/polymer composites (Fig. 3.5a,

b) at various orientations of the remanent polarisation vector Pﬁl) and sgn elg} ) in
accordance with (3.12).

A comparison of graphs of d3;(m, 0°,0°,6), e3;(m,0°,0°0) and g3;(m, 0°,
0°, 8) (Fig.3.7) enables us to discuss the effect of the combination of properties (in
terms of work [2, 26, 27]) in the studied composite. As follows from (1.13) and
(1.14), the piezoelectric coefficients e;-*j are regarded as a combination of the piezo-
electric and elastic properties, while the piezoelectric coefficients gl.*j can be regarded
as a combination of the piezoelectric and dielectric properties. When changing the 6

angle, the elastic compliances s;},)’E of the single-domain PMN-0.33 PT SC vary to a

(b)

Fig. 3.7 Piezoelectric coefficients calculated for a 2-2 single-domain PMN-0.33PT SC/PVDF-1
composite: d3; (a, in pC/N), e§3 (b, in C/m?) and &3 (¢, in mV-m/N) (reprinted from paper by
Topolov and Krivoruchko [26], with permission from IOP Publishing)
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lesser degree than the piezoelectric coefficients di(jl). We therefore see that the piezo-
electric coefficient e35(m, 0°, 0°, ) varies in a fairly narrow range (Fig.3.7b) owing
to the dominating role of the elastic properties in forming this piezoelectric response.
In contrast to 63‘3 (m, 0°,0°, 0), the piezoelectric coefficient g%‘} (m, 0°, 0°, 6) under-
goes larger changes in the wide range (Fig.3.7¢), due to the considerable variations
of both d;; and e”}‘}l in this composite.

3.2.1.3 Hydrostatic Parameters of the 2-2 Composite Based on PMN-xPT
Single Crystal (x = 0.28 or 0.33)

In this section we compare the hydrostatic piezoelectric performance of 2-2 com-
posites based on the single-domain PMN—xPT SCs. A prediction of the hydrostatic
parameters and their extreme values is of importance for materials selection for
hydroacoustic and other piezo-technical applications. Among these parameters, we
study the hydrostatic piezoelectric coefficients d; and g from (3.2), the hydrostatic
piezoelectric coefficient

e = €33+ ey + ey, (3.13)

the squared hydrostatic figure of merit (Q;)2 from (3.3), and the hydrostatic ECF

ki =dji//siEexs (3.14)
3 3
[see also (1.27)], where the hydrostatic compliance is given by sZ‘E => > sZ‘bE
a=1b=1

[15, 28]. The hydrostatic piezoelectric coefficients from (3.2) and (3.13) provide a
measure of the activity and sensitivity of the composite under hydrostatic loading.
(QZ)2 from (3.3) is introduced to evaluate the sensor signal-to-noise ratio of the
composite and to characterise its piezoelectric sensitivity [2, 11, 16]. The ECF k;;
from (3.14) enables one to characterise the transducer efficiency of the composite
under hydrostatic loading. We add that the hydrostatic parameters /7" from (3.2),
(3.3), (3.13) and (3.14) are related to the composite sample (Fig. 3.6) with electrodes
that are perpendicular to the OX3 axis, and therefore, the piezoelectric coefficients
with subscripts 31, 32 and 33 are taken into consideration.

Data on absolute maxima of the hydrostatic parameters [T, are represented in
Table 3.4. Based on these data and comparing them, it is possible to conclude that the
PMN-0.28PT-based composite is of interest as a material with the largest hydrostatic
piezoelectric coefficient eZ, and the PMN-0.33PT-based composite is of value as a
piezo-active material with the large absolute values of the hydrostatic parameters,
dy, gy, (QZ)Z, and k. This good performance is due not only to the ansiotropy

of the piezoelectric coefficients dl.(jl) etc. in the single-domain state, but also to the
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anisotropy of the electromechanical properties of the composite due to its laminar
structure (Fig.3.6).

Values of ej ~ (40-45) C/m? (Fig.3.8) can be achieved in PMN-0.28PT-based
composites near the absolute maximum point even with deviations of the Euler
angles of approximately 5—10°, and deviations of the volume fraction of about 0.1
are also possible. It is noted for comparison that the single-domain [111].-poled
PMN-0.28PT SC is characterised [22] by e\’ = —2.93 C/m*at ¢ = ¢ = 6 = 0°
and by efll) = —0.708 C/m? at ¢ = 60°,1/ = 90° and # = 76° (these Euler angles
are related to absolute max e}, see Table 3.4). The significant elastic anisotropy of
the single-domain PMN-0.28PT SC (see elastic compliances s‘(&?’E in the second
column of Table 3.2) leads to an effective re-distribution of mechanical fields in the
composite sample and a favourable balance of the contributions from the piezoelectric
coefficients eg‘j (Fig.3.8)into e;j [see (3.13)]. Data from Table 3.4 and Fig. 3.8 suggest
that the Euler angle 6 plays a key role in achieving the large hydrostatic piezoelectric
coefficient e, of this composite, and this circumstance is due to the orientation of the

spontaneous polarisation vector Pél) in the single-domain SC layer (see inset 1 in
Fig.3.6). The Euler angles ¢ = 60° and ¥ = 90° are of interest to achieve absolute
maxima of the four hydrostatic parameters (Table 3.4). Such orientations of the main
crystallographic axes of the [111].-poled SC lead to an obvious simplification of the
matrix of the piezoelectric properties of the composite || p*|| where p = d, eand g.
At0 <m < 1,9 = 60°, ¢y = 90°, and various values of 6, this matrix is represented
as

Pl P12 P13 0 pis 0
p*Il=]10 0 0 p50 p3|, (3.15)
P31 P35 P30 p3s 0

and elements p3;, p3, and p3; from (3.15) promote large hydrostatic parame-
ters of the composite. The large values of ez (Table3.4) are achieved at the most
simple orientation of the electrodes, i.e., perprendicular to the OX3 axis (Fig.3.6).
In comparison to this result, the absolute max e;l‘ = 42.6 C/m2 and absolute
min e; = —44.4 C/ m? were predicted for the hydrostatic piezoelectric coefficient
e = el +ej, +efy+ ey + 5, + ey + €5 + €3, + €35 in a similar 2-2 PMN-
0.33PT single-domain SC/PVDF-1 composite [26], but with electrodes having a
more complex geometry, namely, a system of parallel-connected conducting layers
oriented along the X1 0X>, X10X3 and X>OX3 planes. We note that the absolute max
e =45.1C/ m? (Table 3.4) evaluated in accordance with (3.13) is approximately
3-5 times larger than the hydrostatic piezoelectric coefficient ej, of the well-known
PZT-type FCs [2, 28].

As for the PMN—-0.33PT-based composite, its hydrostatic performance has some
advantages over PMN-0.28PT-based composites due to large absolute values of
min I7 ;l* (Table 3.4). A reason for these values is concerned with the balance of the
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Fig. 3.8 Volume-fraction dependences of the piezoelectric coefficients e} ; and e} (in C/m?) near
absolute max eZ (m, ¢, ¥,0) in a 2-2 single-domain PMN-0.28PT SC/PVDF-1 composite at
@ = 60° ¢ = 90°and 6 = 72°(a),p = 60°, ¥ = 90°andf = 76°(b), and ¢ = 60°, ¥ =
90° and 6 = 80°(c)

piezoelectric coefficients d,.(/.l) and with the anisotropy of elastic compliances sé},)’E

of the single-domain PMN-0.33PT SC (see Table2.1). A simple comparison of
electromechanical constants from Tables 2.1 and 3.2 suggest that the single-domain
PMN-0.33PT SC can be of value due to large positive values of both d{é) and dé;).

The single-domain PMN—-0.33PT SC is characterised by the large ratio s]q)’ E/s%)‘E
(Table 2.1 ) that strongly influences the piezoelectric effect and its anisotropy in the
composite. The absolute value of the hydrostatic piezoelectric coefficient d,(ll)of the
single-domain PMN-0.33PT SC is also larger than that related to the single-domain
PMN-0.28PT SC.

Thus, single-domain PMN—-xPT SCs can be used to manufacture novel 2—-2 com-
posite with predictable hydrostatic parameters (Table 3.4). Criteria of the choice of
the optimum SC component to achieve the largest |I1;| value may be formulated
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in the future, after careful passing the molar-concentration range near the MPB and
refining the full sets of electromechanical constants of SCs with related compositions.

3.2.2 Composites with Polydomain Single-Crystal Components: A
Comparison of Hydrostatic Parameters

3.2.2.1 Composites Based on PMN-0.28PT Single Crystals

The next important step in the study of 2—-2 SC/polymer composites is a comparison of
the hydrostatic parameters that are achieved in the presence of a polydomain (domain-
engineered) SC component with a specific domain arrangement. In Sect.3.2.2 we
will distinguish the following 2-2 composites:

(1) with polydomain [001].-poled SC layers (inset 2 in Fig.3.6) and
(ii) with polydomain [011].-poled SC layers (inset 3 in Fig.3.6).

We rotate the main crystallographic axes x, y and z of the polydomain SC layer
in these composites around one of the co-ordinate axes—OX||x, OXz||y or OX3|| z
(see examples in Fig.3.9). Such modes of rotation make it possible to maintain the
polydomain state (insets 2 and 3 in Fig.3.6) in the SC layer. It is assumed that at
these rotations, the spontaneous polarisation vectors of domains Py 7, P> etc. in the
SC layer are situated either over or in the (X10X>) plane (see Fig. 3.6). The rotation
angles are varied in the following ranges [29-31]:

(i) for composites with [001].-poled layers, —45° < §, < 45° or —45° < §, < 45°
(Fig.3.9a), and

(ii) for composites with [011].-poled layers, —arcsin(1/ V3) < a <arcsin(l / V3),
—45° < B < 45°0r0° < y < 360° (see Fig.3.9b and inset 3 in Fig.3.6).

Because of the 4mm symmetry of the [001].-poled PMN-0.28PT SC (see inset 2
in Fig. 3.6 and Table 3.2) and the equality of its piezoelectric coefficients déi) = dgé) ,
we do not consider the mode of rotation of the main crystallographic axes x and y of
this SC around OX3|| z.

Values of absolute maxima of d;;, g, (QZ)z, and k;; of the composite with the
[001].-poled layers are larger than those related to the composite with single-domain
[111].-poled layers (cf. data in Tables 3.5 and 3.4). This is a result of the relatively
high piezoelectric activity and the relatively small elastic anisotropy of the [001]-
poled SC (see Table 3.2). As in the composite with single-domain [111].-poled layers,
the absolute maxg; in the composite with [001].-poled layers is achieved at very
low volume fraction of SC (m < 1 %), which could be problematic in terms of the
manufacturing tolerance. The presence of maxgj at the small volume fractions m
is due to the role of the dielectric properties of the polymer component [2, 26, 30,
31]: as is known, extreme points of piezoelectric coefficients g3 . in various two-
component composites are observed in a volume-fraction range where the dielectric

permittivity of the composite 35 obeys the condition £35 << 8:5’;)’”.
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Fig. 3.9 Modes of rotation of (a) ) i i v S
the spontaneous polarisation P P
vectors Py, Py, ... in the s,2 s,1
[001].-poled (a) and [011],- a ’/ l

poled (b) SCs. x, y and z are ux Y

the main crystallographic axes

of the polydomain SC, 8y and e 12 X 7
3y are rotation angles for the P 1 P 4 .
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The absolute maxima of d;, gj, (Q,’;)2, and k;, of the composite with [011],-
poled layers (Table 3.5) are larger than those of the composites with single-domain
(Table 3.4) and [001].-poled layers (Table 3.5). In our opinion, the high performance
of the composite with [011].-poled layers is due to the unusual anisotropy of the
electromechanical properties of the SC. For instance, in the [011].-poled PMN-

0.28SC the elastic compliances S;Z)’E are linked by the ratios

M, E 1),E

~ (1),E (), E 1),E
St Y S13

ssYE L~ 2758 F and s)F ~ 2500, (3.16)

while the piezoelectric coefficients dé’}) of the same SC obey the conditions

1 1 1 1
sy ~ 1.9 dj) and [d3,)| ~ 2.6 df) (3.17)

(see Table 3.2). Variations of the rotation angles o and f lead to values of max/T;
which are lower than those in Table3.5 for the composite with [011].-poled SC
layers, and we omit results on 7 ;f (m,) and I1 ;f(m,ﬂ) for this composite.

The important advantage of composites with [011].-poled SC layers over the
similar composites based on PMN-0.28PT is the optimal orientation of the main
crystallographic axes of the [011].-poled state. In this case the five hydrostatic para-
meters [T;(m,y) have absolute maxima at y = 90° and volume factions m from
0.012 to 0.876 (Table 3.5). It is worth noting that at 0 < m < 1 and y = 90°, the
matrix ||d*|| of the piezoelectric coefficients of the composite with the [011].-poled
SC layers has a form



3 Orientation Effects and Anisotropy of Properties in 2-2 and Related Composites

66

006 = A pue 660°0 = w

006 = A pue 890°( = w
006 = A pue 9.8 =u

006 = A pue 100 =

o06 = A pue Leg0 =

19€°0

1—8d £;-01-8°€€
WD L'ST

N/ - AW 8T

N/od zLe

o0 = ‘¢ pue gp0 o =w

10 %50 = *¢ pue 8y0°0 =

o0 = ‘g pue gcoo=w

10,0 = ¢ pue §¢('0 = W
o67F = Sgpue 1180 =

o0 = ‘¢ pue 10070 =w

10 %50 = *¢ pue L00°0 = W

o0 = ‘gpue cszo=w

10 %50 = *¢ pue €67°0 = W

SET0

WD €T

N/W - AW O€T

N/Od 8z

J1rxew onjosqe e so[ue
PUE 1 UOTIORIJ QWIN[OA

Jrrxew amposqe jo anpep

sxake] DS pajod-°[110] ym sodwo)

Jrrxew onjosqe e so[3ue

pUB w UOTIORIJ QWINOA

Jprxew anjosqe Jo anfep

sxake[ DS pajod-’[100] yym aysoduro)

sapsodwod [-JAAd /LdST 0-NIA urewopAjod z-z Jo /17 s1ojowered one)soIpAy Jo pwirxew an[osqy  §°€ e,



3.2 Single Crystal/Polymer Composites 67
0 0 0 0di0

Nd*l=] 0 0 04} 00]- (3.18)
At diy diy 00 0

A balance of d;‘j in (3.18) promotes an increase of the hydrostatic piezoelectric
coefficients d;, g;, and as a consequence, the squared hydrostatic figure of merit

(QZ)z. In addition, the hydrostatic piezoelectric coefficient d,(ll) of the [011].-poled

PMN-0.28PT SC at y = 0° is considerably more than d}" in the [111].- and [001].-
poled states.

3.2.2.2 Composites Based on PZN-0.07PT Single Crystals

The full set of electromechanical constants related to the [011].-poled relaxor-
ferroelectric SC has first been measured [23] on PZN-0.07PT, a composition located
near the MPB [20]. The PZN-0.07PT SC in the domain-engineered [011].-poled
state (inset 3 in Fig.3.6) is characterised [23] by mm?2 symmetry and an unusual
anisotropy of elastic and piezoelectric properties (cf. data from Tables 1.1 and 3.6).
It is obvious that the symmetry and anisotropy of the properties differ from those
particular to the [001].-poled PZN—xPT or PMN-xPT SCs. According to data from
Table 3.6, the elastic compliances S(EZ)’E of the [001].-poled PZN-0.07PT SC are
linked by ratios as follows:

st E st = =112, s F s = 2001 and s{}F /5§ F =1.09. (3.19)
Ratios of the piezoelectric coefficients d3(r]'.)

A /d% =2.41 and 2 /d\Y = —0.788 (3.20)

characterise the anisotropy of the piezoelectric effect in the same SC. We note that
Egs. (3.19) and (3.20) are related to the main crystallographic axes shown in inset
3 in Fig.3.6. Ratios (3.19) and (3.20) differ from relations (3.16) and (3.17) which
correspond to the [011].-poled PMN-0.28PT SC, and this circumstance is to be
taken into account at the analysis of the effective parameters of the PZN-0.07PT-
based composite.

It is assumed that the polydomain SC layers in the 2-2 composite (Fig.3.10)
represent crystal cuts with a clockwise rotation of the main crystallographic axes
x and y around the co-ordinate axis OX3|| z, where ¢ is the rotation angle. The
composite sample is poled along the OX3 axis. The macroscopic symmetry of the
2-2 composite based on the [011].-poled PZN-0.07PT SC enables us to consider a
range of 0° < ¢ < 90° due to the condition IT*(m, ¢) = IT*(m, 180° — ¢). The
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Table 3.6 Elastic compliances S;Z)'E(in 10712 pa—1), piezoelectric coefficients di(;') (in pC/N)

(n),o

and dielectric permittivity ¢, of the domain-engineered [011].-poled PZN-0.07PT SC at room
temperature [23]

L), E [(n).E (n),E (n),E (n),E (n),E
S11 S12 S13 $22 $23 $33
67.52 -60.16 3.355 102.0 —54.47 62.02
WE e 4 4 g
15.45 291.5 14.08 478 -1,460 1,150
a5 dyy £ e €5 /€0 €5 /o

1,823 50 8,240 1,865 3,180

Orientations of the spontaneous polarisation vectors in domains are shown in inset 3 in Fig.3.6

Fig. 3.10 Schematic of the

2-2 SC/polymer composite.
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prediction of the effective properties and hydrostatic parameters of the composite is
carried out using data from Tables 3.1 and 3.6. The matrix ||d*|| of the piezoelectric
coefficients of the composite based on the [011].-poled PZN-0.07PT SC is given by
(3.18).

Data on local maximum values (IT*),, of the effective parameters at ¢ = const
(Table 3.7) characterise the piezoelectric response of the studied 2—-2 composite. The
piezoelectric anisotropy of the SC component [see, for instance, (3.19)] and its elastic
anisotropy [see (3.20)] influence the orientation dependence of the effective parame-
ters, such as g3;, gj, (Q§‘3)2, and (Q;‘l)z. These parameters are concerned with the
piezoelectric sensitivity of the composite and are increased by replacing araldite by a
softer polymer. The presence of the very soft polymer (i.e., elastomer, see Table 3.1)
in the composite leads to favourable changes in the piezoelectric coefficients dékj,
and these changes lead to an excellent hydrostatic piezoelectric activity of the com-
posite (see Table 3.7 and curves 1-4 in Fig.3.11a). Examples of the non-monotonic
volume-fraction dependencies shown in Table 3.7 and Fig. 3.11 are closely connected
with distinctions between the properties of the SC and polymer components as well
as with a considerable redistribution of electric and mechanical fields in the 2-2
composite with interfaces x| = const at the rotation mode shown in inset in Fig. 3.10.

We underline here the large changes in (gj),, while there are relatively small
changes in the related parameter (g§‘3) m (Table 3.7). Such behaviour is accounted for
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Table 3.7 Local maximum values of the following effective parameters of the 2-2 [011].-poled
PZN-0.07PT SC/polymer composite: piezoelectric coefficients (g33), (in mV-m/N), (h3;)n (in
108 V/m), (€33)m (in C/m?), hydrostatic piezoelectric coefficients d;; (inpC/N), (g;)m (inmV ' m/N),
and squared figures of merit (Q%B)Z (in 10712 Pa~!) and (QZ)zm (in 10715 pa~1)

Polymer b, deg (g33)m (h33)m (633)m (d;lk)m (gz;)m (Q;z)%n (QZ)%n
Araldite 0 499 344 7.88 - 13.4 79.5 26.2

15 493 33.0 7.67 - —4.18 79.7 16.7

30 457 26.5 7.42 - 8.08 81.2 152

45 382 28.2 10.4 - 83.9 84.8 4,190

60 426 38.2 13.1 - 187 84.5 1.28 x 10*

75 452 40.5 12.9 - 186 83.3 1.40 x 10*

90 458 41.0 12.8 - 184 83.0 1.39 x 10%
Polyurethane 0 804 35.1 8.57 2.18 23.7 137 42.8

15 795 33.6 8.30 0.318 5.34 137 422

30 744 26.7 7.83 - 10.9 139 199

45 640 28.3 11.5 - 136 143 6,970

60 699 38.8 14.5 - 295 143 2.20 x 10*

75 737 41.1 14.1 - 297 141 2.48 x 10*

90 746 41.5 13.9 - 293 141 2.47 x 10*
Elastomer 0 2,570 35.8 9.75 - 18.9 837 387

15 2,560 34.2 9.38 - 5.97 864 153

30 2,520 26.5 8.29 - 26.3 898 58.7

45 2,410 27.1 14.5 - 235 917 9,510

60 2,400 39.3 17.3 186 432 862 2.78 x 10*

75 2,430 41.8 16.1 224 445 825 3.30 x 10*

90 2,440 422 15.8 237 441 816 3.36 x 10*

Reprinted from paper by Krivoruchko and Topolov [30], with permission from IOP Publishing
4The dash denotes monotonic increasing d;; (m, @) at ¢ = const

by changes in g3, and g3, as the main crystallographic axes x and y of SC undergo
rotation (see inset in Fig. 3.10). The piezoelectric coefficients g; and g3; demonstrate
the possibilities of considerable increases in the sensitivity of the 2—2 composite at
@ — 90° [30]: (g§‘3)m/g% 63 and (g;;)m/g(l) 75 where g(l) and g(l) are
related to the main crystallographic axes of the [011].-poled PZN-0.07PT SC. The
difference between (g§‘3)m and (g;)m is associated with a change in a balance of

the piezoelectric coefficients g3 due to the piezoelectric coefficients d; ; () that obey
conditions (3.20). In contrast to this result, the anisotropy of the elastic propertles of
the SC and the increase in softness of the polymer component lead to an increase in
the piezoelectric coefficients A} 33 and eg3 In particular, the local maxima of (h33)m
and (e33), in a 2-2 [011],- poled PZN-0.07PT SC/elastomer composite become
relatively large such that the ratios

(W53)m/ 1Y = 2.9 and (ef3), /¢Sy = 4.7 (3.21)
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Fig. 3.11 Effective hydrostatic parameters of the 2-2 [011].-poled PZN-0.07PT SC/elastomer
composite: piezoelectric coefficients d; (a, in pC/N) and gj (a, in mV' m/N) and squared figure
of merit (QZ)2 (b, in 107'2 Pa~!) (reprinted from paper by Krivoruchko and Topolov [30], with
permission from IOP Publishing)

are valid [30], where h§13) and e%) are related to the main crystallographic axes. A

distinction between the volume-fraction dependences of 43, and e3; at ¢ = const is
associated with dielectric permittivity 83‘? that increases monotonously with increas-
ing m. These large values of ratios (3.21) have first been mentioned [30] in research
on the piezoelectric coefficients 43, and e3; of 2-2 relaxor-ferroelectric SC/polymer

composites. We note for comparison that 1-8 PZT-type FC/elastomer composites

(B =1, 2 or 3) are characterised by max e§3/e§13) ~ 1.1 — 1.2 [2, 32] where e3; is a

function of the volume fraction of FC, and e%) is its piezoelectric coefficient.

The high piezoelectric activity of 2—2 composites based on [011].-poled PZN—-
0.07PT SC at small m values (see curves 1-4 in Fig. 3.11a) favours high piezoelectric
sensitivity (see curves 5—-8 in Fig. 3.11a and curves 1-4 in Fig. 3.11b). The hydrostatic
parameters g; and (QZ)2 at the ranges 0.01 < m < 0.10 and 45° < ¢ < 90°
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(Fig.3.11) are a few times larger than maxgj and max(QZ)2 which are known [2,
11] for 2-2 parallel-connected FC/polymer composites.

The advantages of 2—2 composites based on [011].-poled PZN-0.07PT SC stem
from the interconnection between the piezoelectric activity and sensitivity [30] and
should be taken into consideration when manufacturing novel 2-2-type piezo-active
composites.

3.2.3 Change in the Poling Orientation of Ferroelectric Polymer:
An Additional Orientation Effect

Now we replace the PVDF-1 layers with the PVDF-2 layers over the 2-2 composite
sample. The remanent polarisation vector Piz) in the PVDF-2 layer is shown in inset 5
in Fig. 3.6: it is clear that this layer has been poled in the opposite direction (see inset
41in Fig. 3.6) to the aforementioned PVDF-1 layer. The change in the poling direction
of the ferroelectric polymer results in opposite signs of the piezoelectric coefficients
of PVDEF-2 in comparison to PVDF-1, and this effect can be taken into account in
the subsequent consideration of the effective parameters of the composite. Negative

values of d%), e%) and gé? influence the volume-fraction dependence of g§‘3, g;l“ etc.,

however the change in the Pﬁz) direction does not give rise to considerable changes
in the orientation dependence of the effective parameters of the 2—-2 composite. Data
on the 2-2 composite based on the single-domain PMN-0.33PT SC (Table 3.8) show
that maximum (or minimum) values of the effective parameters related to small vol-
ume fractions of the SC component (m < 1) undergo considerable changes due
to the influence of the piezoelectric and dielectric properties of the polymer com-
ponent. It should be remembered that the piezoelectric coefficient d3(§) of PVDF

is about four times less than dg) of the single-domain PMN-0.33PT SC (cf. data
from Tables2.1and 3.3) and may play an important role in determining the electro-
mechanical properties of the composite even at m &~ 1/4. Changes in the value of
(QZ)2 (Table 3.8) are caused not only by the changes in signs of d%) and géi.), but

also by a shift of the volume fraction m, at which absolute max(QZ)zis achieved, to
lower values. This means that the hydrostatic piezoelectric coefficient g; plays the
dominant role in forming the volume-fraction dependence of (QZ)z.

The value of absolute min e; undergoes very minor changes at the transition from
the composite with the PVDF-1 layers to the composite with the PVDF-2 layers
(Table 3.8). The volume faction m ~ (0.83 at which absolute min e;l" is achieved in
both the composites demonstrates the key role of the SC component in forming
the piezoelectric performance of the composites. Similar changes in max e are
observed at m =~ 0.97 (Table 3.8) and, therefore, a weak influence of the polymer
component on the longitudinal piezoelectric response of the composite is expected.

An important example of changes in the composite performance is concerned with
three orientations of the remanent polarisation vector Pﬁz) in the polymer layers. It
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is assumed that the 2-2 composite contains layers of the [011].-poled PZN-0.07PT
SC and PVDF, and the remanent polarisation vector Piz) in PVDF is oriented as
follows:

@) Py’ 11 0X; (PVDF-1),
i) P 14 OX3 (PVDE-2) or
i) P¥ 11 OX, (PVDF-p).

The main crystallographic axes in each SC layer rotate as shown in the inset in
Fig.3.10.

The PZN-0.07PT-based composite shows high hydrostatic piezoelectric activity
(Fig.3.12a—c): values of max d;; = 2.26d(1), max d; = 2.06d}(ll) and max d;; =

2.28d;(ll) are achieved in the presence of the PVDF-2, PVDF-p and PVDF-1 layers,
respectively. The minor changes in max d;’ values are also accounted for by a slight
influence of the polymer component (and, therefore, the orientation of the poling
axis therein) on the piezoelectric coefficients d3 jatm~ 0.4-0.5. The max dj; values
found for the PZN-0.07PT-based composite [31] are about 5—6 times more than max
d; of the 2-2 PZT-type FC/polymer composites [11]. The max g values related to
the PZN-0.07PT-based composite are about 1.5-2 times more than max g; of the 2-2
PZT-type FC/polymer composites [11], and as in the 2-2 SC/polymer composites,
max gj is achieved at relatively small volume fractions m < 1) of the SC component.
Changes in graphs of g and (QZ)2 become distinct at 0 < m < 0.1 (Fig.3.12d-i),
since the piezoelectric and dielectric properties of the PVDF layers have a strong
influence on the performance of the 2-2 composite, irrespective of the P§2) orientation
in these layers.

Thus, the above-described orientation effect concerned with the orientation of
the remanent polarisation vector Pﬁz) in ferroelectric polymer layers (see insets 4
and 5 in Fig.3.6) may be regarded as an additional effect that would lead to major
changes in the effective parameters of the 2-2 composite at volume fractions of SC
0 <m < 0.1 only.

3.2.4 Composites with Auxetic Polymer Components

In this section we discuss an effect of the elastic properties of the polymer layers on
the piezoelectric anisotropy and hydrostatic parameters of the composite. Among the
polymer components of interest, we choose for comparison a monolithic polyurethane
(a conventional isotropic polymer with a Poisson‘s ratio v = —sf'zl)/sf’ll) = 0.37,
see constants in Table 3.1) and an auxetic polyethylene (PE) with the negative Pois-

son’s ratio v = —0.83.! The presence of an auxetic polymer component enables us

! According to experimental data [33], this piezo-passive auxetic polymer is characterised by elas-
tic compliances sf'll) = 5,260 and s{;) = 4,360 (in 10~'2 Pa~!) and dielectric permittivity

a},’fl,}/ g0 = 2.3 at room temperature. We add that an effect of the auxetic polymer on the perfor-
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Fig. 3.12 Effective hydrostatic parameters of a 2-2 [011].-poled PZN-0.07PT SC/PVDF com-
posite with layers of PVDF-2 (a, d, g), PVDF-p (b, e, h), or PVDF-1 (c, f, i): d;': (a—c, in pC/N),
g;‘l (d—f, in mV-m/N) and (Q;’; )2 (g, in 10712 pa—1) (reprinted from paper by and Topolov and
Krivoruchko [31] with permission from the American Institute of Physics)

to characterise the laminar composite as a simple 2-2 type composite, without details
in connectivity of the polymer layers. In Sect.2.4 we considered the performance
of the single-domain relaxor-ferroelectric PIN-x—y SCs, and the following compo-
sitions are now considered as components of the studied composite: PIN-0.24-0.49
(3m symmetry) and PIN-0.27-0.40 (mm2 symmetry) [34, 35]. It is assumed that the
SC/polymer composite has a regular laminar structure with interfaces x; = const,
and the orientation of the crystallographic axes and the spontaneous polarisation
vector Ps(l) in each SC layer is shown in inset 1 in Fig.3.6. As earlier, we assume
that the electrodes are perpendicular to the OX3 axis.

mance of the 1-3-type piezo-active composites is discussed in Sect.4.3.4 where variations of the
elastic properties of the auxetic polymer component are taken into account.
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3.2.4.1 Anisotropy Factors

As follows from a comparison of the sets of electromechanical constants of single-
domain PIN—x—y SCs (Table 2.3), the PIN-0.24-0.49 SC exhibits a larger anisotropy
of piezoelectric coefficients dg}) and ECFs ké? so that the ratios d%)/dﬁ) = —3.6

and kgé)/kgll) = —4.9 hold. By analogy with these ratios we consider the anisotropy
factors £43; from (3.8) and

Ci31 = k33/k3; and Gan = K33/ k3 (3.22)

where the ECFs k3 ; of the composite are determined with relations similar to (1.21)
and (1.22):
K =di; /52 (3.23)

where j = 1, 2 and 3. Taking into account (3.8) and (3.23), we represent {;3; from
(3.22) as
G31 = Ca3t (STE /5302 and Gan = Caza (532 /53012 (3.24)

Hereafter we consider the conditions for a large anisotropy of d3 ; and k3 ; of the
composite in the following form:

[¢a31] = 10and |£432| > 10 (3.25)

and
[Sk31] = 10and |gk32| > 10, (3.26)

respectively.

From our analysis of the volume-fraction and orientation dependences of the
piezoelectric coefficients d5; and ECFs k3 o we observe that both conditions (3.25)
and (3.26) are not valid in polyurethane-containing composites. Replacing the
polyurethane layers with an auxetic PE enables us to find regions of validity of con-
ditions (3.25) and (3.26) (Fig.3.13). For the PIN-0.24-0.49-based composite with a
larger anisotropy of dé}) and ké;), conditions (3.25) and (3.26) are valid (Fig.3.13a)
even when only varying the Euler angle 6 (see inset in Fig.3.1). Changes in the
orientation of the main crystallographic axes of the single- domain SC with 3m sym-
metry are related to the rotation of the spontaneous polarisation vector Ps(l) with
respect to the OX3 axis (see inset 1 in Fig.3.6). We note that the smaller regions of
the simultaneous fulfilment of conditions (3.25) and (3.26) are achieved in the PIN-
0.27-0.40-based composite (Fig.3.13c, d). Such a response can be accounted for by

the smaller anisotropy of dé}), s CE}?)’E and k;lj) in the single-domain PIN-0.27-0.40
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Fig. 3.13 Regions of the large anisotropy of d3 ; and k3 ; in a 2-2 single-domain PIN-0.24-0.49
SC/auxetic PE composite (a, b) and in a2-2 single-domain PIN-0.27-0.40 SC/auxetic PE composite
(¢, d) at variations of the Euler angle 0 (see inset 1 in Fig. 3.5). Conditions (3.25) are valid in region
1, and conditions (3.26) are valid in region 2. Filled areas in graphs (a), (c), (d) are related to the
simultaneous fulfilment of conditions (3.25) and (3.26) (reprinted from paper by Topolov et al. [36],
with permission from Wiley-VCH Verlag)

SC with mm2 symmetry. Irrespective of the SC component, the use of an auxetic
polymer component promotes a larger piezoelectric anisotropy due to the unusual
strain and the re-distribution of internal elastic and electric fields in the composite.
It is important to highlight that conditions (3.25) and (3.26) are valid at volume
fractions m, for which the piezoelectric coefficient dg"3 (m, @, ¥, 0)~ dé;) and ECF
k§‘3 (m, ¢, ¥, 0) =~ 0.6 [36]. The orientation dependence of the electromechanical
properties of the SC component plays an important role in achieving a large piezo-
electric anisotropy. According to results [36], the piezoelectric coefficient déé) ,elastic

compliance sg)’E and ECF k%) of single-domain PIN-0.24-0.49 SC undergo large
changes upon varying the angle 6. The 2-2 single-domain PIN-0.24-0.49 SC/auxetic
PE composite shows some advantages over well-known FCs based on PbTiO3 [17]
due to larger values of d3; and k3, in regions where the conditions (3.25) and (3.26)
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Fig. 3.14 Local maxima of [ < i % i T
the hydrostatic piezoelectric i . ré"“f'.‘th_
coefficient (d}) (in pC/N)
in the 2-2 single-domain
PIN-0.24-0.49 SC/auxetic PE
composite near absolute max
dy. This graph was built at

¢ = 0° (reprinted from paper
by Topolov et al. [36], with
permission from Wiley-VCH
Verlag)
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are valid, and this performance is important in piezo-technical applications such as
actuators, transducers, acoustic antennae based on pulse-echo principles.

3.2.4.2 Hydrostatic Parameters

The hydrostatic parameters (3.2) and (3.3) are highly dependent on the anisotropy
factors ¢y43; from (3.8) and vary in a wide range when changing m, ¢, ¥, and 0 [36].
An increase in the hydrostatic parameters of the composite is observed by replacing
the conventional polymer layers with an auxetic polymer. Figure 3.14 shows, that
even in the presence of a single-domain PIN-0.24-0.49 SC with d}(ll) =33 pC/N
[34], a considerable increase in the effective hydrostatic piezoelectric coefficient d;;
of the composite is expected. A value of absolute max d; (m, ¢, ¥, 6) = 473 pC/N
~ 143 d\" [36] is found at m = 0.188, ¢ = ¢ = 0° and 6 = 81°. The 2-2 single-
domain PIN-0.24-0.49 SC/auxetic PE composite is characterised by large values of
absolute maxima of g;'; and (QZ)Q, however these maxima are observed at very low
volume fractions of SC. According to work [36], absolute maxg;l" (m, ¢, ¥, 0)=3,860
mV" m/N can be achieved at m,, = 0.0008, and absolute max[QZ (m, ¢, Y, 0)1? =
1.71°1072 Pa~! is achieved at m g, = 0.0014. This is due to the large elastic com-
pliances of the auxetic component [33] as compared to the SC and by the influence
of the dielectric properties of the polymer component [2] on the non-monotonic
behaviour of g;: and (QZ)2 at m <« 1. It is obvious that the aforementioned volume
fractions 0 < mg;, < 0.01 and 0 < mgy, < 0.01 make it difficult to manufacture a
composite sample with extremely high values of g and (QZ)2. To avoid this weak
spot in the performance of the novel 2-2-type composite, we consider local maxima
of its hydrostatic parameters (3.2) and (3.3) at larger volume fractions of SC, namely,
at m = 0.05 (Fig.3.15) and m = 0.10 (Fig. 3.16).

The large decrease of gj; (Figs.3.15aand 3.16a) and (QZ)Z(Figs. 3.15b and 3.16b)
in comparison to the aforementioned values of absolute max g;l" (m, @, ¥, 0) and
max[QZ (m, @, ¥, 9)]2, respectively, is due to the increasing dielectric permittivity
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e35. At 0.05 < m < 0.10 the inequality 37 < 8%)’" holds, and this feature
favours relatively large values of g ~ 10> mV'm/N (Figs.3.15a, d, and 3.16a, d)
and (Q5)* ~ 107! — 107! Pa~! (Figs.3.15b and 3.16b) which are of interest
for hydroacoustic applications. It should be added that the relatively large absolute
value of the hydrostatic piezoelectric coefficient |d}7| ~ 102 pC/N (Figs.3.15¢ and
3.16¢) is due to the rapid increase of |d3 ; | in the presence of the soft auxetic polymer

layers, and this increase also favours large values of (QZ)2 in accordance with (3.2)
and (3.3). Values of d;; < 0 and g; < 0 (Figs.3.15¢c, d and 3.16c, d) are accounted
for by the dependence of the hydrostatic response of the composite on the Euler
angle 90° < 6 < 180°: at such orientations a negative projection of the spontaneous
polarisation vector Pél) onto the OX3 axis (see inset 1 in Fig.3.6) promotes d3; < 0
that has a strong influence on the balance of d5 ; in (3.2) and therefore sgn d;; respect
to the poling direction [3].

Thus, the 2-2 relaxor-ferroelectic SC/auxetic polymer composites demonstrate
important advantages over the conventional 2-2 FC/polymer composites due to the
large piezoelectric anisotropy, hydrostatic parameters etc. The dominating effect,
that causes these advantages, is the elastic properties of the SC and auxetic polymer
components at the strong influence of the rotation of the crystallographic axes of the
single-domain SC component on the elastic and piezoelectric anisotropy. The com-
posite performance discussed in Sects.3.2.4.1 and 3.2.4.2 is of value for transducer,
sensor, hydroacoustic, and other applications.

It should be noted that values of (QZ)2 of the 2-2 single-domain PIN-0.24-0.49
SC/auxetic PE composite at m = 0.05 (Fig. 3.15b) and 0.10 (Fig. 3.16b) remain much
more than absolute max[Q} (m, ¢, ¥, 0)]? of the composites with polyurethane
layers [36]. The PIN-0.24-0.49 SC/polyurethane and PIN-0.27-0.40/polyurethane
composites are characterised by max d; [36] that are comparable to local max
d; of the PIN-0.24-0.49/auxetic PE composite at m = 0.05 (Fig.3.15¢) and 0.10
(Fig.3.16c), however these volume fractions of SC are much less than m = 0.3 related
to max d; in the aforementioned polyurethane-containing composites. This clear
difference in the volume fractions m is also one of the advantages of the 2-2 single-
domain PIN-0.24-0.49 SC/auxetic PE composite over the related SC/polyurethane
composites [36].

Evaluating the performance of the PIN-0.24-0.49-based composite, one can
underline that the presence of an auxetic polymer leads to obvious advantages of
this composite over the PZT-type FC/conventional polymer composites with typical
values of maxd; ~ (50-80) pC/N and maxg; =~ (100-300) mV-m/N [2, 11]. We
add for comparison that an experimental value of max(Q;;)2 ~ 510711 Pa~! (e,
about 3 times lower than the (QZ)2 values in Fig.3.15b) can be achieved in a 2-2
PZT-type FC/polymer composite with a specific orientation of the FC layers.
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®)

Fig. 3.15 Hydrostatic parameters of the 2-2 single-domain PIN-0.24-0.49 SC/auxetic PE com-
posite in the vicinity of local max g (a) and max[(QZ)z] (b—d) atm = 0.05: g (inmV'm/N, a, d),
(QZ)2 (in 1072 Pa~!, b) and dy (in pC/N, ¢) (reprinted from paper by Topolov et al. [36], with
permission from Wiley-VCH Verlag)

3.3 2-2-0 Composites with Porous Polymer Matrices

In this section we consider a porous structure within the polymer layers and the
influence of porosity on the effective parameters of the 2-2-type composite. It is
now assumed that the composite sample (Fig.3.17) contains a system of parallel
layers which are made from relaxor-ferroelectric SC and porous polymer and are
alternating in the OX; direction. These layers are assumed to be continuous along
the OX, and OX3 axes of the rectangular co-ordinate system (X1 X2 X3). The main
crystallographic axes x, y and z in each SC layer are oriented as shown in inset 1 in
Fig.3.17.
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Fig. 3.16 Hydrostatic parameters of the 2-2 single-domain PIN-0.24-0.49 SC/auxetic PE com-
posite in the vicinity of local maxgj; (a) and max[(QZ)z] (b—d) atm = 0.10: g; (inmV'm/N, a and
d), (QZ)2(in 1012 Pa~!, b) and dy; (in pC/N, ¢) (reprinted from paper by Topolov et al. [36], with
permission from Wiley-VCH Verlag)

Each polymer layer contains a systems of isolated air pores and can be regarded
as a porous material P-k with 3—0 connectivity. Hereafter we consider the following
porous structures:

(i) spherical pores distributed randomly in the matrix (P-1, see inset 2 in Fig. 3.17),
(ii) oblate spheroidal air pores that are regularly distributed and described by an
equation

(x1/a1)? + (x2/a2)* + (x3/a3)* = 1 (3.27)
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in the (X1 X» X3) system. Semi-axes g; in (3.27) are linked by one of the aspect ratios
—either p1 = az/a; = az/ax < 1 (P-2, see inset 3 in Fig.3.17) or po = ay/ar =
air/az < 1 (P-3, see inset 4 in Fig.3.17). The corresponding composite with any
porous matrix P-k (insets 2—4 in Fig. 3.17) represents examples of 2—2—0 connectivity.
The air pores in the polymer layers are characterised by the volume fraction (porosity)
m p, and the sizes of these pores are considerably less than the thickness of the polymer
layer in the OX direction. This assumption on the sizes enables us to determine the
effective electromechanical properties in the 2-2-0 composite in two stages. At the
first stage calculating the effective constants of the porous polymer P-k at various m ,
and p; (i = lor?2) is performed using formulae [37, 38]. At the second stage the
effective electromechanical properties of the composite are determined by means of
the matrix method applied to the 2-2 composite [see (3.4) and (3.5)]. The effective
properties and related parameters of the 2-2—-0 composite are represented in the
general form as IT*(m, ¢, m p» Pi). For a composite with the P-1 layers (see inset 2
in Fig.3.17), a condition p; = p = 1 holds.

Forming the porous structure in the polymer matrix leads to a large increase of the
hydrostatic piezoelectric coefficient g, squared figures of merit (Q§3)2 and (QZ)2
etc. It is seen that local maxima of (g;,")m(curves 2,4 and 6 in Fig. 3.18a), (Q§‘3)31 and
(QZ)fn (Fig.3.18b) in the 2-2—-0 composite become larger than similar parameters of
the related 2—-2 composite (see Fig. 3.11 and Table 3.7). The increase in (d}), (curves
1,3 and 5 in Fig. 3.18a) is less pronounced. This feature of the composite is a result
of a decrease of the elastic moduli cfli) of the porous polymer and with a change

in ratios of diagonal (a = b) and off-diagonal (a # b) elastic moduli cﬁ), however

Fig. 3.17 Schematic of the
2-2-0 SC/porous polymer
composite. (X1X2X3) is
the rectangular co-ordinate XS A
system. m and 1 — m are

volume fractions of the SC and
porous polymer components,
respectively. In inset 1 ¢ is the
angle of rotation of the main
crystallographic axes x and

y of the SC layer around the
0X3 axis. In insets 2—4 a; are
semi-axes of the spheroidal
air pore, and m, is porosity in
the polymer layer

Z|o11] 1
Y || [100]
/

P
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in the porous polymers P-k their elastic moduli remains much smaller than those of
the SC component. The porous structure of the polymer layer influences the balance
of the piezoelectric coefficients d_;‘jthat lead to a change in the relations between

(Qf%),%1 and (QZ)%1 (compare curves 1, 3 and 5 with curves 2, 4 and 6, respectively,
in Fig.3.18b). Fig.3.18a and curves 2, 4 and 6 in Fig. 3.18b suggest that the largest
values of the three hydrostatic parameters, d;, g, and (QZ)z, are attained in the
2-2—-0 composite in the vicinity of ¢ = 90° irrespective of the porous material P-
k. Such an orientation of the main crystallographic axes of the SC layer (see inset
1 in Fig.3.17) weakens the influence of the negative piezoelectric coefficient déé)
of the [011].-poled PZN-0.07PT SC and strengthens an influence of the positive
piezoelectric coefficient d3(i) on the hydrostatic response of the 2-2—0 composite.
In particular, the 2-2—-0 composite with P-2 is characterised by the largest (Q;}E)2
values (see Fig.3.18c and curve 3 in Fig.3.18b). The presence of oblate spheroidal
pores with p; < 1 and an equality of the piezoelectric coefficients dg) = d;? in
the SC layer at ¢ = 45° are regarded as the main factors that favour an appreciable
increase of the piezoelectric sensitivity of the 2-2—-0 composite along the OX3 axis.

The increase of (QZ)2 at45° < ¢ < 90° (see Fig.3.18d) is due to the influence

of the piezoelectric coefficients dﬁ) and d%) of the SC layer on the hydrostatic
response of the 2-2—0 composite. Such an increase has obvious advantages: even
when increasing the volume fraction m by 0.05 (see curve 4 in Fig. 3.18d) the (QZ)2
value at ¢ = 90° is about five times more than max[(QZ)z] of the oriented 2-2
FC/polymer composite [3]. A relatively slow decrease of ( QZ)Z with increasing m
(as max[(Q,’;)z] is passed, see curves 2—4 in Fig.3.18d) and at ¢ > 45° is associated

with the favourable balance of the piezoelectric coefficients dg.) of the [011].-poled

PZN-0.07PT SC (see Table 3.6) and with the smaller differences cl(llb)’E— cfi) related
to the 2-2—-0 composite with P-2.

Thus, as with an auxetic polymer layer, the use of a porous polymer layer (expe-
cially P-2) promotes a high piezoelectric sensitivity and an increase of the hydrostatic
parameters (3.1)—(3.3) of the 2-2—0 composite (Fig.3.17) at the appropriate orien-
tation of the main crystallographic axes of the SC component. The values of (Qf%)2
and (Q;:)2 remain fairly large after passing the maxima points and increasing the
volume fraction m by 5 % (Fig.3.18c, d). Such a performance is of value for sensor,
hydrophone and other potential applications of the 2-2—0 SC/porous polymer com-
posite. The aspect ratios p;of the air pores also influence the effective parameters of
the composite [30], and replacing the P-2 layer with the P-3 layer at m, = const
means an orientation effect is to be taken into account for the prediction of the
optimum performance of these novel piezo-active composites.
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Fig. 3.18 Effective parameters of the 2-2—-0 PZN-0.07PT SC / porous elastomer composites with
porous P-k layers at poroisty m, = 0.2 therein: a Local maxima of hydrostatic piezoelectric
coefficients (d;),; (in pC/N, curves I, 3 and 5) and (g;),; (in mV-m/N, curves 2, 4 and 6), b
Local maxima of squared figures of merit (Q’3‘3),2n (in 10~""Pa~!, curves 1, 3 and 5) and (Q};),zn (in
10712 Pa~!, curves 2, 4 and 6), ¢ Squared figure of merit (Q§3)2 (in 10~'"Pa~1) of the composite
with the P-2 layers, and d Squared hydrostatic figure of merit (Q} )2 (in 10~12Pa~1) of the composite
with the P-2 layers. In graphs curves I and 2 are related to the composite with the P-1 layers, curves 3
and 4 are related to the composite with the P-2 layers, and curves 5 and 6 are related to the composite
with P-3. In graphs curves 1, 2, 3, and 4 are related to rotation angles ¢ = 45°, 60°, 75°, and 90°,
respectively. The rotation mode is shown in inset in Fig.3.11, and P-k layers are schematically
represented in insets 2—4 of Fig. 3.17 (reprinted from paper by Krivoruchko and Topolov [30], with
permission from IOP Publishing)
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Fig. 3.18 (continued)

3.4 Conclusion

In this Chapter we have discussed the performance of the 2-2-type (laminar) com-
posites based on either FCs or relaxor-ferroelectric SCs. A systematic study of the
orientation effects and anisotropic properties has been carried out for the 2-2 and
related composites with the following types of the polymer layers: monolithic, auxetic
and porous with 3-0 connectivity. The piezoelectric activity and remanent polarisa-
tion of ferroelectric polymers has been taken into account. Various orientations of
the main crystallographic axes in SCs (single-domain SC poled along [111]. of the
perovskite unit cell and polydomain SC poled along either [011]. or [001], of the
perovskite unit cell) have been analysed to study the polarisation orientation effect
on the piezoelectric anisotropy and hydrostatic response of the composites.
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The anisotropy factors (3.8), (3.9) and (3.22) have been introduced to charac-
terise the piezoelectric response and electromechanical coupling of the 2-2-type
composites along the co-ordinate axes. As follows from the results systematised in
this chapter, the anisotropy of the piezoelectric coefficients e3 ; and dj ; and ECFs
k3 ; considerably depends on the FC (SC) component and the orientation of the main
crystallographic axes in the SC component. In both cases changes in the piezoelectric
anisotropy of the FC (SC) component due to the polarisation orientation effect influ-
ence the anisotropy factors (3.8), (3.9) and (3.22) in the composite. An additional
influence is observed in the presence of the porous or auxetic polymer components
with specific ratios of elastic moduli cﬁj . The anisotropy of the piezoelectric coef-
ficients d3 ; is to be taken into consideration at the prediction of the hydrostatic
piezoelectric response of the the 2—2-type composites.

The comparative study of the effects of the crystallographic orientation on the
performance of the 2-2 SC/polymer composites based on PMN-0.28PT has been
carried out for the following poling directions of the SC layers: [111]. (single-
domain state), [001]. and [011]. (polydomain states). The effect of the orientation of
the main crystallographic axes in the SC component on the hydrostatic parameters
(3.2), (3.3), (3.13), and (3.14) has been studied to find maximum values of these
parameters for further applications. Of particular interest are large values of the
hydrostatic piezoelectric coefficient ej ~(40-45) C/m? (Fig.3.8) in the composite
based on the [111].-poled PMN-0.28PT SC. To a large degree, an increase of e} in
comparison to e}, of related piezo-active 2—2 composites based on either [001].- or
[011].-poled SCs is caused by the apprecialble elastic anisotropy of the [111].-poled
PMN-0.28PT SC (see Table 3.2).

Conditions (3.25) and (3.26) for the large anisotropy of d3 ; and k3 ; are valid in
the SC/auxetic polymer composite, however the simultaneous validity of (3.25) and
(3.26) is observed in restricted ranges of the Euler angles and volume fractions of
SC (Fig.3.13). The use of an auxetic polymer as a soft component with the negative
Poisson’s ratio v™ leads to a considerable hydrostatic piezoelectric response of the
composite (Fig. 3.16) even at volume fractions m that are by 5—-10 % more than those
related to the absolute maximum (minimum) values of the hydrostatic parameters,
and this feature is also important for hydrostatic and transducer applications.

In general, data from this chapter enable us to conclude that the performance of the
2-2-type piezo-active composites is highly dependent on the orientation of the main
crystallographic axes in SCs effects, and the anisotropy factors change in relatively
wide ranges due to the orientation effects.
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Chapter 4
Orientation Effects and Anisotropy of Properties
in 1-3 and Related Composites

In a 1-3 composite, the first component is piezo-active (poled FC, ferroelectric
SC etc.) and self-connected in one dimension, and the second component, either
piezo-passive or exhibiting a low piezoelectric activity, is self-connected in three
dimensions [1-3]. A typical example of such a composite consists of a system of
parallel thin piezo-active rods which are regularly distributed in a large matrix [4-6],
and the poling direction is parallel to each rod. The 1-3 connectivity is wide-spread
due to favourable poling conditions and a variety of advantages over the piezo-active
FC and SC components [2, 4-7].

The combination of the relatively low dielectric permittivity and the high
piezoelectric activity of the composite, even at volume fractions of the piezo-active
component of less than 10 % [4-6], leads to high piezoelectric sensitivity for the
1-3 composite [2, 6, 7], and this performance is of value for sensor and other piezo-
technical applications. Changes in the cross section of the FC rod and in the orienta-
tion of the main crystallographic axes in the SC rod give rise to the orientation effect
and the variable anisotropy of the piezoelectric properties, hydrostatic parameters,
ECFs and their anisotropy. An additional stimulus in improving the performance of
the 1-3 composite is concerned with a modification of properties in the polymer
matrix, for instance, by forming a porous structure [7, 8] that leads to a 1-3-0 con-
nectivity of the composite and has a strong influence on the elastic anisotropy of the
matrix.

In Chap.4 we consider many examples of the piezoelectric performance of
the 1-3-type composites in the context of the orientation effects associated with
the presence of specific components and tailored microgeometry. The anisotropy
of the electromechanical properties of these modern piezo-active composites with
various components (FCs, relaxor-ferroelectric SCs and polymers) is also the focus
of discussions in Chap. 4.
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Z
=

X
[011] poled SC

Fig. 4.1 Schematic of the
1-3 SC/polymer composite.
(X1X2X3) is the rectangular
co-ordinate system. m and

1 — m are volume fractions
of SC and polymer, respec-
tively, x, y and z are main
crystallographic axes of SC,
@ is the rotation angle. Pgl)
and P(rz) are the spontaneous
polarisation vector of SC and

the remanent polarisation 1_p'rm
vector of polymer, respec-

tively (reprinted from paper

by Topolov et al. [11], with s >
permission from Taylor and Xz

Francis)

4.1 Single Crystal/Polymer Composites with Square Cross
Section Rods

4.1.1 Model Concepts and Averaging Procedures

The 1-3 composite (Fig.4.1) contains a system of relaxor-ferroelectric SC rods in
the form of rectangular parallelepipeds which are continuous in the O X3 direction,
having a square base and characterised by a square arrangement in the (X; 0 X>5)
plane. It is assumed that the rods are regularly distributed in a continuous polymer
matrix and poled along either the [011] or [001] direction in the cubic (perovskite) unit
cell. ! The domain-engineered PZN-0.07PT SCs, poled along the aforementioned
directions, and their electromechanical properties have been studied in papers [9,
10]. In the [001]-poled PZN-0.07PT SC the main crystallographic axes x, y and z
are parallel to the following perovskite unit-cell directions: x|| [001], y|| [010] and
z|| [001]. In the [011]-poled PZN-0.07PT SC these axes are oriented as follows:
x || [011],y || [100] and z|| [011]. The orientation of the main crystallographic axes
in the rods made from the [011]-poled SC is given by a rotation angle ¢ (right upper
inset in Fig. 4.1). The angle ¢ = 0° isrelatedtox || OX 1,y || OX; and z|| O X3,
and ¢ = 90° means that the orientation of the main crystallographic axes obeys the
conditions X || OX»>, y|| OX1 and z || OX3 [11]. Each SC rod is characterised by
the spontaneous polarisation vector P§]) 11 O X3, and this orientation is valid for
both the [001]- and [011]-poled SC rods at any values of the rotation angle ¢.

! In Chap.4 we omit subscript “c” after square brackets in the unit-cell direction notation. It is
assumed that any poling direction [Akl] of the SC component is related to the cubic (perovskite)
unit-cell axes.
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It is assumed that the poled ferroelectric polymer matrix surrounds the SC rods
in the composite examined here. For example, a matrix made of PVDF can be poled
so that its remanent polarisation vector sz) would be P§2) M O0Xj3 or Pﬁz) ™
0 X3 (Fig. 4.1). These different orientations of sz) can be achieved on poling the
composite sample in an electric field E||O X3 due to the large difference between
the coercive fields Eé") of the relaxor-ferroelectric SC component (n = 1) and the
ferroelectric polymer component (n = 2). As is known from experimental studies
[10, 12], the condition E§2> > Eél) is valid at room temperature.

The prediction of the effective electromechanical properties of the 1-3 com-
posite (Fig. 4.1) with planar interfaces is carried out using the matrix approach
applied to 2-2 composites (Chap.3). The averaging procedure [11] implies aver-
aging of the electromechanical constants of the SC rods and the polymer matrix

in the O X and O X, directions, in which the periodical structure of the compos-
(n),E
ij

(measured atE = const), piezoelectric coefficients d,gl) and dielectric permittivi-

ite (Fig. 4.1) is observed. In this procedure full sets of elastic compliances s

ties s}nf) "7 (measured at mechanical stress o = const) of the components are used.
The effective electromechanical properties of the 1-3 composite (the full set of s?‘jE ,

d}; and s}"f}) determined in this way are regarded as homogenised properties in the

long-wave approximation [3, 11]. We note that s;“jE, dj; and 8}“5} are represented as
functions of the volume fraction m and the rotation angle ¢.

The effective electromechanical properties are also calculated using the FEM for
comparison. In the last decades, the FEM has been applied to 1-3 ceramic/polymer
and 1-3 SC/polymer composites with a periodic arrangement of rods [14-19]. To
perform FEM calculations, a unit-cell model of the 1-3 composite with a square
arrangement of the rods (Fig. 4.1) is generated, and appropriate boundary conditions
for the representative unit cell are considered. The COMSOL package [20] is used
to obtain a volume-fraction dependence of the effective electromechanical prop-
erties. The square representative unit cell, containing a SC parallelepiped-shaped
rod with a square sided base adjusted to yield the appropriate volume fraction,
is discretised using triangular elements. The unknown displacement field is inter-
polated using second-order Lagrange shape functions, leading to a problem with
approximately 120,000 degrees of freedom. The full sets of elastic moduli cgf)’E
(measured at E = const), piezoelectric coefficients e,((';) and dielectric permittivities
8(;?»’ s(measured at mechanical strain £=const) of both components are involved in
the FEM calculation procedure.

Periodic boundary conditions are enforced on interfaces (Fig. 4.1) which are
orthogonal to the O X, axes (¢ = 1 and 2), and the matrix of the effective electro-
mechanical properties of the composite

(R )
c*| = , 4.1
<l ( lerl] —lle*]] @1
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that contains effective electromechanical constants, is computed column-wise, per-
forming calculations for diverse average strain and electric fields imposed to the
1-3 structure. In (4.1) superscript “#” is related to the transposed matrix. We note
that |[|C*|| from (4.1) differs from ||C*|| in (3.4) because of the use of different
pairs of piezoelectric equations of the electroelastic medium (see Sect. 1.1). Matrix
[|C*|| from (4.1) stems from Egs. (1.4) and (1.5), while ||C*|| from (3.4) is related
to Egs. (1.6) and (1.7).

After solving the equilibrium problem, the full set of the effective elastic moduli
c?‘jE , piezoelectric coefficients e}, and dielectric permittivities ™%, of the studied 1-3
composite (Fig. 4.1) is computed by means of averaging the resulting local stress
and electric-displacement fields over the representative unit cell.

4.1.2 Orientation Effect and Hydrostatic Piezoelectric Response

Calculations of the effective electromechanical constants and related parameters of
the 1-3 SC/polymer composite are carried out using the full sets of room-temperature
electromechanical constants of PZN-0.07PT SC ([001] and [011] poling directions)
[9, 10] and PVDF [21] (see Tables 1.1, 3.3 and 3.6). The piezoelectric coefficients
di? of PVDF [21] with P{ 11 0 X3 obey the condition

sgn d?(j) = —sgn dg) = —sgn dl(? > 0, 4.2)

and the [001]-poled PZN-0.07PT SC [9, 10] is characterised by the following rela-
tionship of the piezoelectric coefficients:

sgn dé}) = —sgn d%) = —sgn dl(é) < 0. (4.3)

Of particular interest are examples of the volume-fraction dependence of the
effective piezoelectric coefficients d5,, g33. €3, and h3; (k = 1 and 3), squared
figure of merit (Q§3)2 from (3.1) and the similar hydrostatic parameters d;’ and g
from (3.2) and (Q;t)2 from (3.3) at a fixed rotation angle ¢ (see for instance, Fig.4.2
and Table 4.1). The hydrostatic parameters from (3.2) are related to a composite
sample with electrodes that are parallel to the (X O X>) plane. Table 4.1 contains
data on local maxima of the effective parameters that characterise the piezoelectric
activity, sensitivity and hydrostatic piezoelectric response of the composite based on
PZN-0.07PT. Features of the volume-fraction dependence of the effective parameters
of the 1-3 composite are represented as follows.

1. The antiparallel orientation of the polarisation vectors of the components (i.e.,
the case of Pﬁz) M Pﬁl) in Fig.4.1) favours an increase in all effective parameters
(Table 4.1), especially at volume fractions m < 0.2 (Fig.4.2). This increase is
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4.1

Fig. 4.2 Volume-fraction
dependences of effective para-
meters calculated for the 1-3
PZN-0.07PT SC/PVDF com-
posite at different orientations
of the main crystallographic
axes of SC and different pol-
ing directions of polymer:
d3; (a, in pC/N), g3, (b,

in mV-m/N), (Q%3)? (¢, in
10~12Pa~1), d (d, in pC/N),
g} (e,inmV- m/N), and (Q})?
(£, in 10712 Pa~1) (reprinted
from paper by Topolov et al.
[11], with permission from
Taylor and Francis)
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Fig. 4.2 (continued) (d)

| —=—[001] poled SC, P,”110X,
—o— [001) poled SC, P110X,
—4—[011] poled SC (p = 0%), P 110X,

—v—[011] poled SC (p = 45°), P,71.0X,

() 200
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o5 120

T v T T T d T T 1
0.2 04 06 08 1
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—=—[001] poled SC, P,*'110X,
—s—[001] poled SC, P,?'110X,
—4—[011] poled SC (¢ = 0°), P,'1:0X,

—v—[011) poled SC (o = 45°), P 710X,

)

—=—[001] poled SC, P*'110X,
—e—[001] poled SC, P*'110X,
—4—[011] poled SC (p = 0°), P*'110X,
—¥—[011] poled SC ( = 45°), P 110X,
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Table 4.1 Maximum values of effective parameters g35, (Q’3‘3)2, dy, gy, and (QZ)2 which have
been calculated for the 1-3 PZN-0.07PT SC/PVDF composite by means of the matrix approach
(reprinted from paper by Topolov et al. [11], with permission from Taylor and Francis)

Polymer SC component max g3, max[(Q§3)2], max d;;, maxgj, max[(QZ)Z],
component
with P2 with P’ 14 0X3 mVm/N 1072Pa~!  pC/N  mVm/N 10~12Pa~!
™M 0X3 [001]-poled 365 161 324 142 16.7
(0.041)* (0.283) (0.405) (0.037) (0.130)
[011]-poled, 409 101 216 110 7.94
¢ =0° (0.039) (0.147) (0.571) (0.044) (0.134)
[011]-poled, 371 107 249 143 13.9
@ = 45° (0.036)  (0.145) (0.425) (0.034) (0.109)
T 0X3 [001]-poled 502 164 330 196 17.9
(0.009)  (0.256) (0.396) (0.009) (0.110)
[011]-poled, 574 110 217 172 8.74
@ =0° (0.012)  (0.112) (0.562) (0.006) (0.097)
[011]-poled, 522 114 253 200 153
@ = 45° (0.009) (0.115) (0.409) (0.009) (0.086)

# Values of optimal volume fractions m,,, of the SC component which correspond to the maximum
values (i.e., max IT* = IT*(m,p,) in our notations) are in parentheses

caused by signs of the piezoelectric coefficients of PVDF
sgndl) = —sgndyy = —sgnd? <0 4.4
gnds| sgn sgnd|s < 4.4)

at Pﬁz) 1) O X3 so that conditions (4.2) and (4.4) have the similar form and both
components demonstrate the piezoelectric effect of the same sign. Moreover, this
increase is pronounced in a low volume-fraction range, wherein the piezoelectric
and dielectric properties of PVDF strongly influence parameters such as g3,
g (Q§3)2, and (QZ)2 (Fig.4.2b, c, e, f). Hereafter in Sect.4.1 we consider

combinations of components with favourable poling directions P§1) M OX3and
(2)
P 1] OX;.

. Lack of the correlation between the d3;(m) and g3;(m) curves (cf. Figs.4.2a,

b) is a result of the dielectric properties of the SC component. For example,
the dielectric permittivity 8( )7 of a [001]-poled SC is about 1.8 times more
than 8(1) 7 of the [011]- poled SC [9, 10], and this distinction results in a higher
piezoelectnc sensitivity for the composite based on [011]-poled SC (see Fig.4.2b
and max g3;(m) values in Table 4.1). The larger piezoelectric coefficient dé;) of
the [001]-poled SC has a key role in forming the piezoelectric response and large
(Q’3‘3)2 values of the composite (cf. Figs. 4.2a, ¢) in a wide volume-fraction range.
The maxg3; (m) values listed in Table 4.1 are comparable with max g3 (m) found
[6] for a similar 1-3 PMN-0.30PT SC/epoxy composite. The latter composite
contains one piezo-active component, i.e., the SC rods with d33 = 1,500 pC/N,



96

4 Orientation Effects and Anisotropy of Properties in 1-3 and Related Composites

and this d;;) value is intermediate between those measured [9, 10] on the [001]-
and [011]-poled PZN-0.07PT SC samples.

Higher hydrostatic piezoelectric activity is related to the composite based on
the [001]-poled SC (see Fig.4.2d and max d;; (m) values in Table 4.1) while this

SC is characterised by a lower hydrostatic piezoelectric coefficient d,(l]). Such a
discrepancy is due to a balance of d3; of the composite [see items in (4.3)] and with

the larger absolute values of the elastic compliances sl.(31 E of the [001]-poled SC,
wherei = 1and2and/ = 1, 2 and 3. The ratio max d;: (m)/d;ll) = 6.91 related to

the composite with the [001]-poled SCis larger than the max d;; (m)/ d;(ll) ratios [3]
known for 1-3 [001]-poled SC/araldite composites based on relaxor-ferroelectric

solid solutions with d{;’ ~ 10% pC/N(PZN-xPT or PMN-yPT). According to
data [3], in the aforementioned 1-3 composites comprising a SC with d,(ll) >0

and piezo-passive araldite, ratios max d;f (m) /d,gl) ~ 1.7-4.1 can be achieved.

A transition from g§‘3 (m) to gZ (m) (Figs.4.2b, e) results in a transposition of
curves. This change is a result of the important role of the effective piezoelectric
coefficients g5, (w = 1 and 2) and by a balance of the piezoelectric coefficients

d§11 ) of the SC component (! = 1, 2 and 3). Larger g; values (Fig.4.2e) are
predicted for composites with SC rods poled along either [001] or [011] (with
the rotation angle ¢ = 45°, see inset in Fig.4.1). The piezoelectric coefficients
related to these orientations of the main crystallographic axes obey the conditions

dY =di) <0 and i) > 0. 4.5)

The volume-fraction dependence of the hydrostatic piezoelectric coefficient gj

(Fig. 4.2e) and data from Table 4.1 suggest that the largest ratio max g;; (m) /g ](11) =

207 is expected in the composite based on [001]-poled SC, however it takes place
atm < 0.01. It is clear that composites with the relatively low volume fraction m
must be manufactured for hydrophone and related applications to achieve large
values of gj.

As follows from the sequence of curves in graphs of (Q§3)2 and (QZ)Z(cf.
Figs. 4.2c, f), larger (QZ)2 values are achieved in the presence of a SC com-
ponent with piezoelectric coefficients that obey conditions (4.5). A breach of
conditions (4.5) leads to a decrease of (QZ)Z: an example of this behaviour is
shown in Fig. 4.2f for the composite based on [011]-poled SC at ¢ = 0°. The
maximum values of (Q§3)2 and (Q}’;)2 (Table 4.1) take place at volume frac-
tions m,p, > 0.08. It is important to note for comparison, that Choy et al. [22]
manufactured a 1-3 FC/polymer composite with low volume fractions of FC
rods (about 0.033, 0.066 etc.). Therefore it is possible that the technological chal-
lenges of forming low volume fractions of SC can be met in the case of the 1-3
SC/polymer composite. The max[Q}i(m)]2 values determined for the 1-3 PZN-
0.07PT SC/PVDF composites (Table 4.1) are considerably more than those which
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are typical of the 1-3 FC/polymer composites [2, 3], and this advantage is due to
the large |d3,’| values of PZN-0.07PT SC [9, 10].

The full set of electromechanical constants cfE s ezl and &*%. from (4.1) has been
calculated [11] for a 1-3 composite that comprises [001]-poled PZN-0.07PT SC
rods with Pgl) M O X3 (their volume fraction obeys condition 0.01 < m < 0.99)
and a PVDF matrix with P 1 OX3. A transition from the ¢}F, e}, and 8;?

15

constants to the s;‘jE , dy; and 8}2‘} constants of the same composite is performed
using conventional formulae [23] for the piezoelectric medium. Good agreement
between the matrix-method and FEM data is attained for d3,(m), g3,(m), e3;(m),
and h3;(m) in the whole m range. The difference between the similar parameters
calculated using the matrix approach and FEM can be 20 % for 6’3" 1 (m) or h; (m) at
0.01 < m < 0.05. In the same volume-fraction range, the difference between the
[QZ(m)]2 values calculated by the aforementioned methods does not exceed 4 %.
Values of maxima of g3,(m), h3;(m) and [Q} (m)]? and the corresponding Mopt
values, which are calculated by means of the FEM, are in good agreement with
those listed in Table 4.1. The difference between the e§1 (m) values calculated by
means of the matrix method and FEM, as well as the similar difference between
the h§1 (m) values are accounted for by features of the electromechanical interaction
between the components. The studied composite based on the [001]-poled PZN-
0.07PT SC contains the components whose piezoelectric coefficients obey conditions
(1171 1dY /a2 = 115,180 7d?) = 72.7, 16V 7P| = 535, and |e'Y) /P | = 137.
31 31 33 33 31 /731 33 /%33
It is obvious that the large difference between absolute values of the two last ratios
is due to the elastic anisotropy of the SC and polymer components. This anisotropy
influences the piezoelectric response of the composite in a wide volume-fraction
range. As a consequence, a moderate difference |d3(}) / dg) |— |d3(;) /d;? | does not lead
to the considerable difference between d;‘ 1 (m), however the considerable difference
|e§11) / egzl) |— |e§13) / e%) | promotes some difference between e3; (m). An increase in the
volume fraction m leads to the influence of the piezo-active polymer component being
less pronounced so that relatively small differences between the effective parameters
calculated by different methods are observed.

4.1.3 Effect of the Porous Polymer Component on the Piezoelectric
Anisotropy and the Anisotropy of Electromechanical
Coupling Factors

In Sect.4.1.3 we consider a similar composite that contains a system of single-
domain SC rods in a porous polymer matrix. The SC rods have a square base and are
characterised by a periodical square arrangement in the (X O X») plane. The main
crystallographic axes x, y and z of each SC rod are parallel to the co-ordinate axes
as shown in Fig.4.1: x||O X1, y||O X3 and z|| O X3. Each SC rod is characterised by
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a spontaneous polarisation vector Pﬁl) M O0X3. It is assumed that a single-domain
state in each SC rod is stabilised by the bias field E 11 O X3.

The polymer matrix of the studied composite contains a system of spheroidal air
inclusions (pores) that are described by the equation

(x1/a1)? + (xa/a1)? + (x3/a3)* = 1 (4.6)

relative to the axes of the rectangular co-ordinate system (X | X2 X3), and semi-axes of
the spheroid from (4.6) are a1, a, = aj and a3. The porous matrix is characterised by
3—0 connectivity, and the connectivity of the composite sample is 1-3-0. The pores
are regularly distributed in the polymer matrix and occupy sites of a simple tetragonal
lattice. The shape of each pore is characterised by an aspect ratio p, = a1/aj3 thatis
assumed to be fixed over the composite sample. The radius or the largest semi-axis
of each pore (e.g., a; = ap for the oblate pore) is considered much smaller than the
length of the side of the square being intersected the rod in the (X1 O X>3) plane. It
should be added that methods for manufacturing such porous polymer materials with
a regular arrangement of pores having the appointed shape are known from patents
[24, 25], and these porous materials are also termed “patterned porous polymers”.

The effective electromechanical properties of the 1-3—0 composite studied here
are determined in two stages. At the first stage, the effective properties of the polymer
matrix with aligned spheroidal pores are determined as a function of the volume
fraction of the pores (i.e., porosity of the polymer matrix) m,, and the aspect ratio p,,.
The corresponding calculation is based on Eshelby’s concept of spheroidal inclusions
in heterogeneous solids [26]. The effective properties of the 3—0 porous polymer
medium are represented in the matrix form [27] as follows:

HCON = ICPN-UNTI = mp(1T]]| — (1 —mp)|ISIH™]. (4.7)

In4.7)||C @ || is the 9 x 9 matrix of the electromechanical properties of mono-
lithic polymer, ||/]| is a 9 x 9 identity matrix, and ||S|| is the 9 x 9 matrix that
comprises components of the electroelastic Eshelby tensor. Matrices I|IC@]|| and
[|C®|| have the structure shown in (4.1). In this section we use superscripts “(1)”
and “(2)” to denote the properties of SC and polymer, respectively. Superscript “(3)”
refers to the porous polymer medium, and superscript “*” refers to the composite.
Components of ||S|| from (4.7) depend on the aspect ratio p, of the pores, their
volume fraction in the polymer matrix (i.e., porosity) m, and on the properties of
polymer.

At the second stage, the effective electromechanical properties of the composite
are calculated out using either the matrix method or FEM (see Sect.4.1.1). The study
of the anisotropy of the piezoelectric coefficients and ECFs of the composite is carried
out using experimental electromechanical constants single-domain PMN-0.42PT SC
(4mm symmetry) [28] and polyurethane (isotropic material) [29]. To characterise the
performance of the studied composite, we introduce a system of anisotropy factors.
The first anisotropy factor
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ta = d3/d3;| (4.8)

characterises the piezoelectric anisotropy (in absolute values), the second anisotropy
factor

t35 = kis/1k3| (4.9)
is used to describe the anisotropy of ECFs

Ky =d3; /(335 jf)l/z (4.10)

(in absolute values). The third anisotropy factor
Gp =k /1| @.11)

characterises the anisotropy of ECFs (in absolute values) at the thickness and planar
oscillation modes, where

k=3P — 35y e3P1V? and ks = k3 (251 E/srE +stEN12 412

are thickness ECF and planar ECF [23], respectively, c§3D and cg‘f are longitudinal
elastic moduli at electric displacement D = const and electric field E = const,
respectively.

Data on the 1-3-0 PMN-0.42PT SC/porous polyurethane composite (Fig.4.3)
suggest that both the aspect ratio p,, and porosity m, influence thenisotropy factors
(4.8), (4.9) and (4.11) in the wide m range. A transition from highly prolate pores
(pp < 1) to the highly oblate pores (o, > 1) in the polymer matrix leads to an
increase of the anisotropy factors and gives rise to sharper maxima of ¢3; and ¢,
(Fig.4.3b, c). Increasing the porosity m , also favours an increase in the anisotropy
factors (cf. Figs.4.3a, 4.4).

Changes in p, and m, lead to changes in the elastic anisotropy of the porous
matrix and its effect on the anisotropy factors of the composite. This effect becomes
pronounced at larger values of m, and mainly at p, > 1 (see, e.g., Fig.4.4). The

small anisotropy of elastic compliances of the porous matrix (i.e. sl?/se) ~ 1)
is observed at p, < 1 and partially at p, > 1 (as a rule, at porosity m, < 0.2).
The formation of highly oblate pores and an increase of the porosity of the matrix
lead to s](3) / s(%) > 1, and finally, to a larger anisotropy of EFCs and piezoelectric
coefficients. It is seen that even at small porosity (m, = 0.1), inequalities ¢3; > 10
and ¢ > 10 hold (see Fig.4.3a, b) in the presence of the oblate pores with p, > 10.
However the anisotropy factor {;_, atm, = 0.1 remains less than 8 even at p,, = 100
(Fig.4.3a). The dielectric properties of the porous matrix at various values of p, and

mp vary in a relatively narrow range [8], and condition 8(3) /8(1) 7 « 1 is valid.
Thus, the elastic anisotropy of the porous matrix strongly mﬂuences behaviour of
the anisotropy factors (4.8), (4.9) and (4.11) in the studied 1-3—-0 composite.
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Fig. 4.3 Volume-fraction (a) ]
dependence of anisotropy 164
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Fig. 4.4 Volume-fraction
dependence of the anisotropy
factor ¢z of a 1-3-0
PMN-0.42PT SC/porous
polyurethane composite at
mp = 0.3. Calculations were
made using (4.7) at the first
stage and the matrix method
at the second stage (reprinted
from paper by Topolov et
al. [8], with permission from
Elsevier)
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To show the important role of the elastic anisotropy of the composite, we consider
interconnections between the anisotropy factors that involve ECFs from (4.10) and
(4.12). Taking into account (4.8)—(4.10), we derive that

Gy = Ca(sTE /)2, (4.13)

Taking into account equality ki ~ k35 (that is valid for various 1-3 composites at
various volume fractions of the piezo-active rod component [4, 5, 8]), we represent
the anisotropy factor ¢;_, from (4.11) as

~ (3 /I DIGTE +515) /st = &35 +515) /2312 (4.14)

Thus, as follows from (4.13) and (4.14), the anisotropy factors ¢3; and ¢;_, strongly
depend on ¢4 and elastic compliances s E of the 1-3-0 composite.

Results on the anisotropy factor ¢z atm, = 0.1 (Fig.4.3a)andm, = 0.3 (Fig.4.4)
show that a relatively small porosity 72, in the matrix has a slight influence on the
balance of the piezoelectric coefficients d5 ; of the composite, especially at0 < p, <
10, and increasing the porosity m, leads to the larger {; values. At m, = 0.3, we
single out three variants of behaviour of ¢, (Fig.4.4), and these variants are mainly
concerned with considerable changes in the ratio s§3) / s(3)

In general, good agreement between the parameters calculated using the matrix
method and FEM [8] is observed in wide m and p), ranges. The piezoelectric coef-
ficient d3; and ECFs k3; and k; show very small differences (<2 %) as the corre-
sponding values calculated using the aforementioned methods are compared. Some
difference between the matrix-method and FEM data at volume fractions 0 < m < 1
[8] is accounted for by an approximation in the matrix method [3, 8, 11]: the bound-
ary conditions at the rod-matrix interfaces x, = const (¢ = 1 and 2, see Fig.4.1)
are considered without taking into account a possible stress concentration near the
edge of the SC rod. Such an additional stress field could influence the piezoelectric
coefficient d3 1» ECF k*1 and other effective parameters linked with d;‘l. The vol-
ume fractions m for which this field is important, are from the region, where elastic
compliances s* b ~ s b) Moreover, FEM results [15, 17] on the 1-3 FC/polymer
composites with the parallelepiped-shaped rods also show that the stress concentra-
tion near the edge of the ceramic rod takes place in only a restricted region and is
important at small volume fractions of FC. In the current study of the 1-3-0 com-
posite, we show that the similar effect is appreciable at small volume fractions of SC
in the presence of a porous polymer matrix with a variable elastic anisotropy.

Data from Table 4.2 also highlight the good consistency of results obtained using
the matrix method and FEM. One of advantages of the studied 1-3—-0 composite
over conventional PbTiOs-type FCs [30] with a large anisotropy of the piezoelectric
coefficients d3; consists in the fact, that even at volume fractions of SC (m =~ 0.05),
the piezoelectric coefficient of the composite d3; is about 3—4 times more [8] than
dz3 of the PbTiOs-type FCs [30]. The stronger electromechanical coupling in the
studied 1-3-0 composite in comparison to the PbTiO3-type FCs is achieved due to
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Table4.2 Volume-fraction dependence of anisotropy factors of the 1-3—0 PMN-0.42PT SC/porous
polyurethane composite (m, = 0.3 and p, = 0.01, 10 or 100)

m Cd» d» <ID &3, Ci—ps Si—ps
matrix method FEM matrix method FEM matrix method FEM
pp =0.01
0.01 2.68 2.69 3.58 3.69 1.91 1.91
0.03 2.69 2.70 4.13 4.32 2.27 2.09
0.05 2.70 2.70 4.58 4.83 2.57 2,59
0.10 2.71 2.71 5.41 5.77 3.12 3.14
0.30 2.75 2.75 6.85 7.22 4.24 4.22
0.50 2.78 2.79 6.88 7.03 4.46 4.41
0.70 2.82 2.82 6.01 6.04 4.01 3.98
0.90 2.86 2.84 4.05 4.05 2.70 2.69
pp =10
0.01 5.98 6.14 4.60 4.84 2.32 2.49
0.03 5.78 5.95 5.90 6.36 3.14 3.31
0.05 5.61 5.78 6.75 7.35 3.66 3.84
0.10 5.28 5.38 7.99 8.75 4.47 4.63
0.30 4.33 4.32 8.70 9.24 5.29 5.28
0.50 3.71 3.69 7.53 7.72 4.82 4.76
0.70 3.29 3.28 5.85 5.88 3.86 3.82
0.90 2.98 2.97 3.67 3.66 2.40 2.39
pp = 100
0.01 27.7 34.4 16.0 20.1 8.95 11.2
0.03 20.9 259 19.1 24.5 10.9 13.6
0.05 17.5 20.8 19.8 24.7 114 13.8
0.10 12.9 14.1 19.2 22.3 11.3 12.6
0.30 6.62 6.59 13.8 14.4 8.62 8.58
0.50 4.61 4.56 9.78 9.88 6.38 6.26
0.70 3.63 3.62 6.78 6.78 4.52 4.65
0.90 3.06 3.06 3.92 3.92 2.59 2.58

Calculations were made using (4.7) at the first stage and by means of either the matrix method or
FEM at the second stage

the presence of the relaxor-based SC component with higher piezoelectric activity.
Moreover, the porous polymer component with a high elastic anisotropy strongly
influences the anisotropy factors ¢3; and ¢, , and the hydrostatic electromechanical
coupling in the composite [8]. The aforementioned advantages are important for
transducer, sensor, hydrophone, and other applications of the 1-3—-0 composite based
on the single-domain PMN-0.42PT SC.
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4.2 Effect of the Orientation of Pores in the Polymer Matrix on
the Performance of Composites Based on Ferroelectric
Ceramics

Now we consider the 1-3—-0 composite (Fig.4.5) that contains FC rods in the form
of a rectangular parallelepiped with a square base. These rods are continuous in the
O X3 direction and characterised by a square arrangement in the (X1 O X») plane and
by the remanent polarisation vector Pgl) M O X3. The polymer matrix surrounding
the FC rods contains a system of spheroidal pores that are described by the equation

(Y /an? + (9 /a)? + (Y/a3)* =1 (4.15)

in axes of the rectangular co-ordinate system (X ?X g X g) related to the separate pore
(Fig.4.5, inset). The pores are oriented uniformly with respect to the co-ordinate
system (X1 X»X3) related to the composite sample, i.e., the condition § = const
is valid over the composite matrix (Fig.4.5). The pores are regularly distributed in
the polymer medium and occupy the sites of a simple tetragonal lattice. The aspect
ratio of each pore p, = aj/a3 is fixed over the composite sample, and the semi-
axes a; of the pore from (4.15) obey the condition a; = a» # a3. The radius or
the largest semi-axis of each pore is considerably less than the length of the side
of the square being intersected by the rod in the (X; OX>3) plane. The effective
properties of the porous matrix depend on porosity m , the aspect ratio of pores o,
and the rotation angle of pores 6. As a consequence, the effective electromechanical
properties and related parameters of the composite are represented in the general
form as X* = X*(m, mp, pp, 6).

In Sect. 4.2 we show examples of the effective parameters of the 1-3-0 compos-
ite based on the “soft” PCR-7M FC (FC of the PZT type, see electromechanical
constants in Table 1.2) with high piezoelectric and dielectric properties [3, 32]. The
matrix of the effective piezoelectric coefficients d,fl = d,’:l (m, mp, pp, 0) of the
composite with a system of aligned spheroidal pores (Fig.4.5) is given by

0 0 0 0 df d
Nl = | a3 a3 d5 4, 0 0 |, (4.16)
d3 dy, dyy d3 00

and the piezoelectric coefficients gj; of the same composite are represented by the
matrix that has the form shown in (4.16). At 6 = 90°b (b = 0,1,2,...), the
form of [|d*|| from (4.16) becomes simpler due to d;; = 0 and g;;, = 0 with
kI = 16,21,22,23,and 34. Due to the presence of d3; # 0 and g5, # 0 in
(4.16), we now consider the hydrostatic piezoelectric coefficients of the composite as
dy = d33+d3, +d3 +dyy+dy) +dy; and g = g33+ 85, + 83 + 853+ & + &5y

Of particular interest is an effect of the orientation of pores (Fig.4.5, inset) on
the piezoelectric sensitivity of the composite. To analyse this effect, we vary the
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Fig. 4.5 Schematic diagram of the 1-3—-0 FC/porous polymer composite. (XX X3) is the rec-
tangular co-ordinate system concerned with the composite sample, (X ?Xg Xg) is the rectangular
co-ordinate system concerned with the orientation of the spheroidal pore in the polymer matrix. m
and 1 — m are volume fractions of FC and porous polymer, respectively, 1, is the volume fraction

of air in the porous matrix, 6 is the rotation angle, and Pﬁl) is the remanent polarisation vector of
FC (reprinted from paper by Topolov and Panich [7], with permission from Taylor and Francis)

orientation angle 6 and the volume fraction m at m, = const and p, = const.

Elastic compliances sl.(jz) of the porous matrix (Fig.4.5) at 6 # 90°b are represented
as
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At 6 = 90°b, elastic compliances si(jz) from (4.17) obey conditions

si(i) = O,sg? =0, sg) = sg), sﬁ) = sé?, and sﬁ) = sé?(i =1, 2and3).
(4.18)
Examples of the dependence of the effective parameters of the 1-3—-0 composite on
m and 0, are shown in Fig.4.6. The graphs in Fig.4.6 have been built for volume
fractions m < 0.2 because of the lack of extreme points of the effective parameters
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Fig. 4.6 Effective piezoelec-
tric coefficients d3; (a, in
pC/N), g3; (b, in mV' m/N),
squared figure of merit (Q§3)2
(¢, in 10712 Pa~!, graph a)
and related hydrostatic para-
meters d; (d, in pC/N), g
(e, in mV-m/N) and (Q})?
(f, in 1072 Pa~!) which have
been calculated for the 1-3-0
PCR-7M/porous poluyrethane
composite with m, = 0.2
and p, = 100 (reprinted from
paper by Topolov and Panich
[7], with permission from
Taylor and Francis)




107

4.2 Effect of the Orientation of Pores in the Polymer Matrix on the Performance

~
)
Q
=
g
=
=
9]
Q
A
<
<
0
=
=




108 4 Orientation Effects and Anisotropy of Properties in 1-3 and Related Composites

at m > 0.2. The configuration of curves related to the longitudinal parameters at
6 = const (Fig.4.6a—c) is the same, as in the conventional FC/polymer composite
[3]. A rapid decrease of the local maximum values of g3; and (Q§‘3)2 in the range
0° <6 < 90° (Fig.4.6b, c) is a result of the strong influence of elastic properties of
the porous matrix on the piezoelectric sensitivity of the composite. Such an influence
is concerned with the considerable effect of the orientation of the pore on the elastic
anisotropy of the porous matrix. By varying the rotation angle 6, we vary elastic

@

comphances s;;” and their anisotropy [see matrix (4.17) and conditions (4.18)]. Non-

monotonic behav1our of the hydrostatic parameters d}, g; and (Q h)2 (Fig.4.6d-f)
is observed with an increase of the rotation angle 6 at m = const.

A violation of equalities (4.18) and the appreciable elastic anisotropy of the porous
matrix with elastic compliances si(.z) from (4.17) promote a significant re-distribution
of internal electric and mechanical fields in the composite sample. This re-distribution
leads to an increase of the hydrostatic parameters d;;, g and (Q5 )2 due to an improved
balance of the piezoelectric coefficients d* and g . As follows from our analysis
[7], the piezoelectric coefficients d3 >0 at m < 0. 10 provide the main contribution
to df from Eq.(4.5) and lead to hlgh values of d as compared to those at 6 =
0° or 90°. The piezoelectric coefficients g3 ;> 0 play a similar role in forming the
high hydrostatic piezoelectric sensitivity of the composite.

To show the role of the orientation effect in the studied composite, we provide two
sets of its effective parameters for comparison. According to data [7], the composite
with m, = 0.2, p, = 100 and § = 0° is characterised by maxd} ~ 10d." that
corresponds to the volume fraction of FC m = 0.049 (Fig.4.6d). At this volume
fraction, the effective parameters of the same composite are given by

ghy ~ 2685 gk ~ 210g1". (0%5)7 ~ 18(Q)2, and (Q}) ~ 2,120(0})*.
4.19)
In the composite with pores at & = 60°, the condition max d;f ~ 14d}(ll) is attained
at m = 0.093 (Fig.4.6d). At the same m, p,, 6, and m values, the composite is

characterised by the following parameters: g3; ~ 9. 9g§]3) gy ~ 185g(]) (Q%)2

~ 8.0(053)?%, and (07)* ~ 2, 560(Q4")2. At the volume fraction m = 0.049 (as in
the above-considered case of & = 0°) and 6 = 60°, we have the following effective
parameters of the composite:

gy ~ 17885, g ~ 360, (033> ~ 12(Q4)?, and (Q)* ~ 4,900(Q}")?.
(4.20)
A comparison of data from (4.19) and (4.20) enables us to conclude the important
role of the orientation of pores in forming the large piezoelectric coefficient g3,
squared figure of merit (Q33)2 and their hydrostatic analogues. It should be added
that the presence of the porous matrix at & = 90° leads to an appreciable decrease
in the piezoelectric coefficient d}f and other effective parameters of the composite

(Fig.4.6) mainly due to a change in the balance of elastic compliances si(jz) from
(4.17). Spheroidal pores at & = 90° do not provide high ratios of elastic moduli
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cgzl)/ c%) and cﬁ) /c%) in the porous polymer matrix and, as a consequence, lead
to a lower piezoelectric sensitivity for the corresponding composite. The studied
orientation effect is to be taken into consideration in future applications of composite
materials with high piezoelectric sensitivity and large figures of merit.

The related 1-3 PCR-7M/polyurethane composite is characterised by maximum
values of the effective parameters [32] as follows: max g3; ~ 34g§13), max g ~
91g\", max[(Q%)2] ~ 8.3(QY)2, and max[(QF)2] ~ 54(Q\")2. However, these
maximum values are attained at different volume fractions m of FC, and this circum-
stance highlights the lower performance of the 1-3 composite in comparison to its 1—
3-0 analogue. According to experimental data [33], the 1-3-type PZT/porous epoxy
composite with the volume fraction of FC m = 0.06 is characterised by hydrostatic
parameters di' = 220 pC/N, gf = 228 mV' m/N and (Q})? = 50.2 x 10712 Pa~!
at porosity of the matrix m, = 0.20 and d;; = 284 pC/N, g; = 294mV" m/N and
(Q;;)2 =835x10"12pa~! at mj, = 0.40. Data from Fig.4.6d—f testify to higher
piezoelectric sensitivity of the studied PCR-7M-based composite at the volume frac-
tion m = 0.06 and various angles 0.

4.3 Ceramic/Polymer Composites with Elliptical Cross Section
Rods

4.3.1 Modelling of Effective Electromechanical Properties

In the last decades, piezo-active 1-3 composites with various cross sections have
been studied to show the role of the pillar effect [13, 15, 17, 18] on the effective
properties and their anisotropy. Below we consider an example of a 1-3 FC/polymer
composite with elliptical cross sections of rods in the plane perpendicular to the
poling axis (Fig.4.7). It is assumed that the composite has a cellular structure and

Fig. 4.7 Cross section of the 1-3 FC/polymer composite by the X0 X plane. (X| X2X3) is the
rectangular co-ordinate system, a; and ay 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
[34], with permission from Springer)
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a regular distribution of the FC rods in the large polymer matrix. Cross sections of
these rods by the (X1 0 X>) plane of the rectangular co-ordinate system (XX X3)
(Fig.4.7) are described by the equation

(x1/a1)? + (xa/ax)* = 1 (4.21)

relative to the axes of the co-ordinate system (X1 X2 X3). Semi-axes of the ellipse a ¢
(f = 1 and 2) from (4.21) are constant in the whole composite sample. Centres of
symmetry of these ellipses are arranged periodically on the O X | and O X directions.
It is assumed that the FC rods are aligned along the O X3 axis and the height of each
rod obeys the condition 4 > ay.

The remanent polarisation vector of the FC rod is Pﬁl) M OXs. The polymer
matrix can be either ferroelectric (piezo-active in the poled state) with a remanent
polarisation vector Piz) or simply dielectric (piezo-passive) with Pﬁz) = 0. Taking
into account the considerable difference between coercive fields of the FC and fer-
roelectric polymer components [12, 35, 36], one can manufacture composites with
Pﬁz) ™ 0X3, Pﬁz) 1t O X3 or other Pﬁz) orientations in the polymer matrix.

The effective electromechanical properties of the studied 1-3 composite are deter-
mined in the long-wave approximation [3]. Calculations of the effective electro-
mechanical properties are carried out within the framework of either the EFM or
FEM. In these methods, the following electromechanical constants of components

are used for calculations: elastic moduli cfz'},)’E, piezoelectric coefficients el.(}” and

dielectric permittivities 8;:;)'5, where n = 1 is related to the FC component, and
n = 2 is related to the polymer component.

Based on the EFM concepts [3, 19, 27], one can describe an electromechanical
interaction in the system of “rods—matrix” using a local electric field that acts on
each rod. This effective field is determined by taking into account a system of inter-
acting piezo-active rods and boundary conditions concerned with the rod shape. The
boundary conditions involve components of electric and mechanical fields at the rod
- matrix interface. The 9 x 9 matrix characterising the electromechanical properties
of each component (n = 1 or 2) is written by analogy with ( 4.1). In the EFM,
the effective electromechanical properties of the 1-3 composite are described by the
9 x 9 matrix [3, 19]

¥l = NP +mICD =@ iz +a—mysic@ =t ae®—c@ .

(4.22)
In (4.22) matrices of electromechanical constants of components ||C"|| and ||C?)||
have the form shown in (4.1), m is the volume fraction of FC, ||7|| is the identity
matrix, and [|S]| is the matrix that contains the Eshelby tensor components [26]
depending on the elements of | |C@|| and the rod shape. Hereafter the ratio of semi-
axes 11 = ap/ay in the rod cross section [see Fig.4.7 and Eq. (4.21)] and the volume
fraction m of FC are regarded as two independent parameters to be varied [34] in
ranges 0 < n < land 0 < m < m/4, respectively. The limiting case of n = 0
corresponds to the 2-2 parallel-connected composite, and the limiting case of n = 1
is relevant to a circular rod cross section and the 1-3 connectivity pattern.
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For comparison, the prediction of the electromechanical properties of the 1-3 com-
posite is also carried out using the FEM via the COMSOL package (see Sect.4.1.1).
The rectangular representative unit cell, containing the FC rod in the form of an ellip-
tical cylinder with semi-axes a  adjusted to yield the appropriate volume fraction of
FC (Fig.4.7), is discretised using triangular elements. The unknown displacement
field is interpolated using second-order Lagrange shape functions, leading to a prob-
lem with approximately 120,000 to 200,000 degrees of freedom. The number of the
degrees of freedom depends on the ratio of semi-axes 7. Periodicity is enforced at the
boundary of the rectangular representative unit cell of the composite. After solving
the equilibrium problem, the effective elastic moduli cz ,f (m, n), piezoelectric coeffi-

cients e; (m, n) and dielectric permittivities ef,i (m, n) of the composite are computed
[34] by means of averaging the resulting local stress and electric-displacement fields
over the representative unit cell.

4.3.2 Anisotropy of Piezoelectric Coelfficients

Calculations are carried out using experimental room-temperature electromechanical
constants of the FC and polymer components. To predict the effective properties of the
composite, we have chosen the “soft” PCR-7M[Pb(Zr, Ti)O3-based] FC composition
with high piezoelectric and dielectric properties [31] and the “hard” modified PbTiO3
FC composition with a large piezoelectric anisotropy and moderate piezoelectric
and dielectric properties [30]. Ferroelectric 75/25 mol.% copolymer of vinylidene
fluoride and trifluoroethylene (VDF-TrFE) with a high piezoelectric anisotropy [5]
and araldite (piezo-passive material) [37] have been chosen as matrix components.>

The effective properties of the 1-3 composite are characterised by mm2 symmetry,
as follows from the analysis of the matrix ||C*|| = ||C*(m, n)|| from (4.22). In this
case the piezoelectric properties of the composite are represented as

0 0 0 0 y5 0
Iy*fI=}10 0 0 y3 0 0],
i Y ¥ 00 0

where y = d, e, g, or h. Below we consider some examples of the piezoelectric
coefficientsyy ; (m, n) in the context of the anisotropy of the properties of the studied
composite.

Due to the system of FC rods parallel to the O X3 axis, the piezoelectric coeffi-
cients e3 ; and 3 ] of the composite are characterised by a large anisotropy in wide
ranges of m and 7. This means that inequalities e3;/|e3;| > 1, e33/le3,| > 1,
h3s/1h3,1 > 1, and h35/|h3,| > 1 hold for different combinations of the aforemen-

2 Their electromechanical constants are given in Table 5.2 (see Sect.5.2.1).
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tioned components and often irrespective of the signs of the piezoelectric coefficients
g.l) of these components.

A comparison of the EFM results with those obtained using the FEM is carried out
for the piezoelectric coefficients d3 j of aseries of composites with0.01 < n < 1[34].
Values of dj [ calculated by these two methods are in good agreement in wide ranges
of m and 7. Some deviations of results for d3, and d3,, especially at small 1 values
[34], may be explained by an approximate character of the averaging procedure in
the EFM. The effective field acting along the O X1 and O X» axes (Fig.4.7)atn < 1
is affected by curvature of rods more considerably than that accounted in (4.22). At
the same time, values of the hydrostatic piezoelectric coefficient d; from (4.3) agree
in wide ranges of m and n very well. Approaching  — 1 makes the deviations
between the results of the EFM and FEM smaller. In the limiting case of n = 1, the
results of both EFM and FEM calculations agree with data obtained using formulae
[38] for the 1-3 composite with rods in the form of the circular cylinder. In a limiting
case of n = 0 (i.e., ap = 0, see Fig.4.7), this composite becomes laminar with 2-2
connectivity and interfaces x, = const. The effective electromechanical properties
of the 2-2 composite are determined using the matrix method [3] that allows for the
electromechanical interaction between the piezo-active layers distributed regularly.
Dependences of d|, d3,, €3, and €3, on  at m = const [34] suggest that only slight
differences between the similar parameters take place at 7 < 1073, The piezoelectric
coefficients d3, and e3; which characterise the longitudinal piezoelectric properties
remain almost constant at 0 < n < 1 because the interfaces in the composite are
parallel to the O X3 axis irrespective of the curvature of the rod base. This constancy
is in agreement with data [17] on the 1-3 composite poled along the O X3 axis.

Analysing various combinations of the FC and polymer components in the 1-3
composite, one can find four typical examples of dependences of the piezoelectric
properties on m at n = const [34]. These dependences are observed in the following
composites:

e

(i) PCR-7M FC/araldite (composite I), monotonic d ; and non-monotonic g3 ]
(j =1and?2),

(i) modified PbTiO3FC/araldite (composite II), non-monotonic d;‘j and non-
monotonic g%‘j (j =1and?2),

(iii) PCR-7M FC/VDF-TtFE with P;” 1, O X3 (composite III), monotonic d3; and
monotonic g3; (j = 1 and 2), and

(iv) modified PbTiO3FC/VDF-TFE with P 1] OXj3 (composite IV), non-
monotonic d3 j and monotonic g5 ; (j = 1and?2).

The FC rods and the polymer matrix in composites III and IV are poled antiparallel,
and this mutual orientation is achieved due to the large difference [12, 35, 36] between
the coercive fields of the FC and polymer components.

Examples of the non-monotonic dependence of d;‘j and g3 ; are shown in the
volume-fraction range 0 < m < 0.2 (Fig.4.8). Furthermore, increasing the volume
fraction of FC m at n = const leads to monotonically decreasing | g%“j| only. As long
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Fig. 4.8 Effective piezoelectric coefficients d ; 5 (m, n) (a and b, in pC/N) and gg (m,n) (cand d,
in mV- m/N) of a 1-3 modified PbTiO3 FC/araldite composite, FEM calculatlons (reprinted from
paper by Topolov and Bisegna [34], with permission from Springer)

as the gg.) values of the FC components are many times less than max |g3 ; [, it is
possible to avoid the “tails” of the volume-fraction dependence of g5 ; jatm > 0.2[34].

The non-monotonic volume-fraction dependence of d3; and d3, is observed in
1-3 composites based on PbTiO3-type FCs irrespective of the polymer matrix [34].
This peculiarity is due to the elastic anisotropy of the FC component. For instance,
ratios of elastic moduli ¢{}"* /¢{D"* = 4.4 and ¢\ /¢{D"F = 5.9, which hold for
the modified PbTiO3 FC [30] considerably differ from those in VDFE-TrFE, araldite,
polyurethane, and other polymers [5, 39, 38]. The anisotropy of c(l) E and positive
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Fig. 4.8 (continued)

signs of ey of the modified PbTiO3 FC have a strong influence on the balance of
items in relations [23]

(1)
3

* % xE * xE * xE gk x xE * xE * xE

d3p = e31511 +exsiy TSy, dyy = €315y +exsyy +e33sn
and dfy = €575 + e3835 + efasiy (4.23)
which link the piezoelectric coefficients of the composite [see also (1.12)]. Contrary

to d, and d3, from (4.23), the piezoelectric coefficient d3; is characterised by a
monotonic volume-fraction dependence in composites I-IV [34]. This means that
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Fig.4.9 ECFsk3 | (m) of the 1-3 PCR-7M FC/VDF-TrFE (a) and modified PbTiO3FC/VDE-TrFE

(b) composites with Pﬁz) M OX3zatn = 0.0l and n = 0.1, FEM calculations (reprinted from
paper by Topolov and Bisegna [34], with permission from Springer)

the anisotropy of elastic compliances sjf involved in (4.23) cannot strongly influence

the piezoelectric effect and its anisotropy in the 1-3 composites studied here.

4.3.3 Anisotropy of Electromechanical Coupling Factors

In Sect.4.3.3 we consider an important example of the volume-fraction dependence
and anisotropy of ECFs k3 ; from (4.10) at n = const. The monotonic behaviour
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of ECFs in composites III and IV (Fig.4.9) with the piezo-active polymer matrix
is observed irrespective of peculiarities of d3 j (m, 1) and changes in 5. Dielectric
permittivity £33 of composites Il and IV increases monotonically with increasing m
at various values of 7. It seems reasonable to assume that changes in elastic compli-
ances s;’.‘ jE strongly influence the balance of electromechanical constants in (4.9) and
the monotonic volume-fraction dependence of ECFs k7 Iz In composite IV the condi-
tions 5 < k%;/1k3;| < 12 and 5 < k3;/1k3,| < 12 are valid in wide volume-fraction
ranges (Fig. 4.9b) due to the presence of the FC and polymer components with a large
anisotropy of the piezoelectric coefficients dé'}.). In composite III the anisotropy of
ECFs k3 ; is not very large and varies in a restricted range (Fig.4.9a) mainly due to
the presence of a FC component with a moderate piezoelectric anisotropy (according

to experimental data [31] on PCR-TM, d3}' /1d$})| ~ 2.2).

4.3.4 Effect of the Auxetic Polymer Component on the Piezoelectric
Properties and Their Anisotropy

An important opportunity for improving the performance of 1-3-type composites
based on FCs consists in use of the auxetic matrix, i.e., the matrix with a negative
Poisson’s ratio v® [39-44]. The auxetic polymer component provides a consider-
able re-distribution of internal electric and mechanical fields in the composite sample
and influences the effective electromechanical properties and their anisotropy. An
effect of the auxetic polymer matrix on the performance of the 1-3-type piezo-active
composites was discussed in earlier studies [29, 43, 45]. Even a piezo-passive aux-
etic polymer matrix leads to an increase of the hydrostatic piezoelectric coefficient
dj; of the 1-3-type composite, and inequalities d;; > d3; and d3; > 0 [29, 45] hold
in certain ranges of the volume fraction of FC. At the same time, no study on the
anisotropy of the piezoelectric and other properties of the piezo-active composites
was carried out in the context of the auxetic polymer component with variable proper-
ties. Changes in elastic properties of PE-from a conventional high-density specimen
with v® > 0 to a series of microporous auxetic specimens with v® < 0 — were
studied in work [42]. Experimental results [42] suggest that v@ of auxetic PE can
be varied from —0.20to —0.83, and in comparison to these data, conventional PE is
characterised by v® = 0.20.

In Sect. 4.3.4 we analyse the role of variations of v(? in forming the piezoelectric
properties and their anisotropy in the 1-3-type composite. It is assumed that the
composite consists of a system of extended cylindrical FC rods aligned parallel to
the poling axis O X3. These rods are surrounded by a continuous polymer matrix
and regularly distributed over the composite sample. In the case of a circular cross
section of each rod in the (X;OX>) plane (i.e., n = 1), a square arrangement of
the rods in the (X1 O X») plane is observed. In the case of an elliptical cross section
(see Fig.4.7), semi-axes a; of each ellipse obey condition (4.21), and a rectangular
arrangement of the rods in the (X O X»>) plane takes place.
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The effective electromechanical properties of the studied composite are deter-
mined in the long-wave approximation as a function of the volume fraction m of FC
by means of the EFM (for the circular cross section of the rod) and the FEM (for
the elliptical cross section of the rod), see also Sect.4.3.1. Among the components
of interest for comparison and potential applications, we choose PCR-7M FC [31]
and PE specimens [42] with variable elastic properties. It is assumed that the dielec-
tric permittivity of PE is ¢ p; /&0 = 2.3 (as is known for monolithic PE [46]) and
e},zp) << sg,lp) at p = 1and 3.

An important feature of the studied composites with auxetic polymer components
is the non-monotonic volume-fraction dependence of anisotropy factors

G =dfy/dy and g = KG/k = ¢ /i), (4.24)

Values of {j — Fo00 and ¢ — oo (Fig.4.10a) are achieved at a critical volume
fraction m* as condition d3; (m*) = 0 holds. To show features of the volume-
fraction dependence of the anisotropy factors in the presence of the auxetic polymer
component, we introduced direct ratios in (4.24) instead of those concerned with
|d3,| and |k3,| (see (4.8) and (4.9) for comparison). It should be noted that ¢; and
¢ of the related composite with a monolithic PE matrix (Fig.4.10b) vary without
any breaks because of the piezoelectric coefficient d3; < 0 in the composite at
any m values. It is clear that changes in the Poisson’s ratio of the polymer matrix
(v® = —0.20 in data from Fig.4.10a and v® = 0.20 in data from Fig.4.10b)
lead to drastic changes in the anisotropy factors (4.24). At the same time, volume-
fraction dependences d3;(m) and k3;(m) (see, e.g., Fig.4.10c) undergo relatively
small changes (less than 5 %) at replacing the PE matrix and changing its v®) value,
even if we choose the conventional PE component with 1> > 0 instead of its auxetic
analogue with v® < 0. In our opinion, the ratio of elastic moduli of components
(1) E/ %) = C:%) E /c(z) > 1 plays an important role in forming the longitudinal
plezoelectrlc effect in the 1-3-type composite, including d3;(m) and k3, (m).
Data on the anisotropy factors ¢; and ¢;* of the 1-3-type composites with auxetic
PE matrices at 0.05 < m < m* (Table 4.3) suggest that

(i) ¢ > ¢ (this inequality is accounted for by the ratio s; IE /s > 1 in (4.24),
and such behaviour of elastic compliances s, E of the composite is caused by the
presence of the FC rods oriented along the OX 3 axis) and

(ii) decreasing the critical volume fraction m* is achieved by increasing the ratio
cll) / |c§2)| of the auxetic component.

As a consequence, auxetic PE-4 with the largest value of cgzl) / |c§22)| provides the
largest anisotropy factors (¢ > 10 and ¢ > 10) at m = 0.15. It should be added
that the composite at this volume fraction of ceramic is characterised by relatively
large values of d3;(m) and k3;(m) (see, e.g., Fig. 4.10c) and, therefore, has obvious
advantages over high-anisotropic FCs of the PbTiO3 type [30]. The studied composite
based on the PZT-type FC has no analogues among the known piezo-active materials
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Fig. 4.10 Volume-fraction
dependences of anisotropy
factors ¢ and ¢ (a and b),
piezoelectric coefficient d;
(in pC/N) and ECF k33, which
have been calculated by means
of EFM for the following 1-3-
type composites with circular
cross sections of rods: PCR-
7M FC/auxetic PE-1 (a and ¢)
and PCR-7M FC/PE (b)

0 0.1 02 03 04 05 06 07

-104

124




4.3 Ceramic/Polymer Composites with Elliptical Cross Section Rods 119

Table 4.3 Anisotropy factors 7 and ¢;* and critical volume fractions m*, which are related to 1—
3-type PCR-7M/auxetic PE composites with circular cross sections of rods (EFM data, fixed values
of the volume fraction of FC m are given in parentheses), and ratios of elastic moduli cﬁ) / |0522)| of
auxetic PE

Polymer component o 9 m* ¢ §21)/ le 522)|
1.71 (0.05) 2.63 (0.05)

Auxetic PE-1 2.32(0.10) 4.30 (0.10) 0.324 2.28
3.30 (0.15) 6.77 (0.15)
4.02 (0.05) 11.5 (0.05)

Auxetic PE-4 6.15 (0.10) 22.9 (0.10) 0.220 3.86
11.3 (0.15) 48.6 (0.15)
3.04 (0.05) 9.62 (0.05)

Auxetic PE-6 4.39 (0.10) 18.2 (0.10) 0.252 3.22
7.06 (0.15) 33.7(0.15)
2.32(0.05) 5.72 (0.05)

Auxetic PE-8 3.24 (0.10) 10.2 (0.10) 0.285 2.73
4.83 (0.15) 17.4 (0.15)
1.61 (0.05) 3.42 (0.05)

Auxetic PE-9 2.19 (0.10) 5.85(0.10) 0.330 2.21
3.09 (0.15) 9.33(0.15)

aqd can be used as a material with large values of d;‘3, k§‘3, Y ;, and g,j‘ in relatively
wide ranges of m.

4.3.5 Effect of the Auxetic Polymer Component on the Hydrostatic
Piezoelectric Response

A change in the aspect ratio n of the elliptical cross section of the FC rods (see
Fig.4.7) influences both the piezoelectric anisotropy and hydrostatic response of the
composite (Fig.4.11). The largest maximum values of d;‘j (m) >0(j =1and?2)are
achieved at n = 1, i.e., in the presence of the circular cylindrical FC rods, and this
composite microgeometry promotes a larger hydrostatic piezoelectric coefficient d;;
(curve 6 in Fig.4.11d) evaluated according to (4.3). We add that the auxetic PE-9
component leads to the largest value of maxd} in the studied composites with a
circular cross section of rods and with an auxetic PE matrix. Changes in the aspect
ratio n give rise to insignificant changes in d§3 (m) (Fig.4.11c) due to the weak effect
of the cross section of the rod on the lateral piezoelectric activity of the composite.
Itis also seen that approaching n — 1 leads to an increase in the value of max d;; by
about 10-15% in comparison to the case of the composite at n — 0 (Fig.4.11d).
Data from Fig.4.11c, d suggest that large values of 47 ~ (1000 — 1500) pC/N and
dy ~ 2d3; are achieved in a relatively wide volume-fraction range due to the strong
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Fig. 4.11 Volume-fraction dependences of piezoelectric coefficients d3 y (a—c, in pC/N) and d;; (d,
in pC/N) of a 1-3-type PCR-7M FC/ auxetic PE-9 composite with elliptical cross sections of rods,
FEM calculations

influence of the lateral piezoelectric coefficients d;‘ ;> 0 [see (3.2)]. Undoubtedly,
the high performance of the 1-3-type composite with an auxetic polymer component
(Table 4.4) is of value for hydroacoustic, sensor and actuator applications. Effective
parameters are given in Table 4.4 for fixed volume fractions m of the FC component.
It is clear that even after passing the extreme values of these parameters at m < 0.05,
the performance of the composite remains high and can be regarded as a particular
advantage.

A comparison of the data calculated for the 1-3-type composite with an auxetic
polymer component at n = 1 shows that the effective electromechanical properties
(CZ‘II;: , e;"j and ef,f,) determined by means of the EFM agree with the similar FEM
evaluations in the volume-fraction range 0 < m < 0.7. Differences between the
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Fig. 4.11 (continued)

electromechanical constants calculated using the aforementioned methods for var-
ious combinations of FCs and auxetic polymers are < 5%. It should be added
that the largest values of hydrostatic parameters predicted for the related 1-3-0
PZT FC/auxetic polyurethane composite [29] are d;l" = 1,458 pC/N and (QZ)2 =
5.655 x 1077 Pa~!.
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Table 4.4 Effective parameters of 1-3-type PCR-7M/PE composites with circular cross sections
of rods at volume fractions of FC m = const (EFM data). g3; and g; in mV-m/N, (Q§‘3)2 and
(Q;’;)2 in 10~ Pa~l, d;; in pC/N, and values of the volume fraction m are given in parentheses

Polymer 8% (0%)° dy g (0?
component
Auxetic 290 1.64 x 10° 1,230 629 7.72 x 10°
PE-1 (0.05) (0.05) (0.05) (0.05) (0.05)
152 9.50 x 10* 1,160 283 3.29 x 10°
(0.10) (0.10) (0.10) (0.10) 0.10)
103 6.75 x 10* 1,050 166 1.08 x 10°
0.15) (0.15) (0.15) (0.15) 0.15)
Auxetic 312 2.12 x 10° 1,020 467 474 x 10°
PE-4 (0.05) (0.05) (0.05) (0.05) 0.05)
152 1.14 x 10° 946 212 2.00 x 10°
(0.10) (0.10) (0.10) (0.10) 0.10)
103 7.81 x 10* 855 126 1.08 x 10°
(0.15) (0.15) (0.15) (0.15) 0.15)
Auxetic 315 2.20 x 10° 1,160 523 6.03 x 10°
PE-6 (0.05) (0.05) (0.05) (0.05) 0.05)
161 1.16 x 10° 1,050 234 2.46 x 10°
(0.10) (0.10) (0.10) (0.10) 0.10)
108 7.90 x 10* 941 138 1.30 x 10°
(0.15) (0.15) (0.15) (0.15) 0.15)
Auxetic 310 2.07 x 10° 1,240 577 7.17 x 10°
PE-8 (0.05) (0.05) (0.05) (0.05) (0.05)
159 1.12 x 107 1,140 257 2.93 x 10°
(0.10) (0.10) (0.10) (0.10) 0.10)
107 7.69 x 10* 1,020 151 1.54 x 10°
(0.15) (0.15) (0.15) (0.15) 0.15)
Auxetic 311 2.08 x 10° 1,500 696 1.04 x 10°
PE-9 (0.05) (0.05) (0.05) (0.05) (0.05)
159 1.10 x 103 1,330 303 4.05 x 10°
(0.10) (0.10) (0.10) (0.10) 0.10)
107 7.57 x 10* 1,170 1,76 2.05 x 10°
(0.15) (0.15) (0.15) (0.15) 0.15)
Conventional 296 1.78 x 10° 334 165 5.51 x 10%
high-density (0.05) (0.05) (0.05) 0.05) (0.05)
PE 156 1.05 x 10° 349 81.0 2.83 x 10*
(0.10) (0.10) (0.10) (0.10) 0.10)
106 7.41 x 10* 338 51.2 1.73 x 10*
(0.15) (0.15) 0.15) (0.15) 0.15)
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4.4 Conclusion

In Chap.4 we have systematised results on 1-3 and related composites wherein
their orientation effects influence the electromechanical properties and hydrostatic
response. The presence of the aligned piezo-active rods and the matrix with specific
ratios of elastic constants influence the anisotropy of the piezoelectric coefficients,
ECFs etc. Based on the results of Chap.4, we conclude as follows.

1. The results on the orientation effect (Sect.4.1.2) indicate the potential advan-
tages of the 1-3 composites examined based on PZN-0.07SCs. For instance, the
composite based on [001]—-poled SC is more suitable for actuator applications
requiring a large d3; value. For sensor applications demanding a large g3, value,
the composite comprising [011]-poled rods (¢ = 0°) and the matrix with the
remanent polarisation Pﬁz) " Pgl) is suitable. The largest values of the hydro-
static piezoelectric coefficient d;; and squared figures of merit (Q’3‘3)2and (QZ)2
are achieved in the composite that contains [001]-poled rods and a matrix with
PPty PV

2. Changes in porosity m, and aspect ratio of the pore p, in the polymer matrix
open up possibilities for creating novel 1-3—0 SC/porous polymer composites
(Sect. 4.1.3) with large anisotropy factors ¢3;, {;— » and {4 and piezoelectric activ-
ity that certainly exceeds the piezoelectric activity of the anisotropic ferroelectric
PbTiO3-type FCs. It is important to note that the anisotropy factors ¢3;, {;—p are
expressed in terms of ¢, and elastic compliances s(’;,f of the composite [see (4.13)
and (4.14)]. Among s:bE one can single out sTIE and si}E as parameters that pro-
mote a significant re-distribution of internal fields and influence the anisotropy
of ECFs in a wide volume-fraction range.

3. The increase in the hydrostatic piezoelectric coefficients d; and g and squared
figure of merit (QZ)2 of the 1-3-0 FC/porous polymer composite is attained in a
variety of ways (Sect.4.2) due to variations of volume fractions of FC and pores,
changes in the aspect ratio and /or orientation of pores, the elastic anisotropy of
the porous matrix, and other factors. The orientation of the spheroidal pores in the
polymer matrix can improve piezoelectric sensitivity and hydrostatic parameters
of the composite due to a more favourable balance of the piezoelectric coefficients
d3 ; and g5 Iz This balance is mainly achieved due to the elastic anisotropy of the
porous polymer matrix.

4. The 1-3 FC/polymer composites with rods in the form of elliptical cylinders
are characterised by mm2 symmetry and a specific anisotropy of the effective
electromechanical properties and ECFs (Sects.4.3.2 and 4.3.3). The aspect ratio
n of the ellipse in the rod base is an important factor that influences the anisotropy
of the piezoelectric coefficients of the composites examined.

5. An auxetic PE matrix with a negative Poisson’s ratio promotes relatively large
values of maxima of effective hydrostatic parameters d;, g; and (QZ)2 and
piezoelectric coefficient g3; for the 1-3-type composite based on the PZT-type
FC (Sects.4.3.4 and 4.3.5). While the FC component shows the piezoelectric
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anisotropy dé;)/ld(m ~2.2at d%) ~ 750 pC /N [3, 31], the auxetic component
promotesd; ~ 10° pC/N, gF ~ 10> mV- m /Nand (Q})? ~ (1071~107%) Pa~!
(Table 4.4) due to the piezoelectric coefficients d3; > 0. Such behaviour opens
up new possibilities of use of the composites with the high piezoelectric activity
at¢y > land ¢ > 1.
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Chapter 5
Orientation Effects and Anisotropy of Properties
in 0-3 Composites

A piezo-active composite with 0-3 connectivity represents a system of isolated
inclusions (either FC or ferroelectric SC) in a large matrix that may be either a
polymer or FC. As follows from the analysis of papers on 0-3 ferroelectric based
composites, in the last decades the FC/polymer composites have attracted widespread
interest as they are attractive for piezo-technical applications [1-3]. Of an indepen-
dent interest are the SC/polymer [3] and SC/FC [3-5] composites with various 0-3
connectivity patterns. The effective electromechanical properties of 0-3 composites
comprising one or two ferroelectric components have been studied using experimen-
tal [6-12] and theoretical [3, 13—19] methods. In these studies the microgeometry
of the composite, electromechanical properties of its components, poling conditions
of the composite sample, etc. have been discussed to show specific advantages of
the 0-3 composite materials. The role of the microgeometrical factor in forming
the electromechanical properties at a transition from the 0-3 connectivity pattern
to related patterns [3, 18] is also of interest in the context of the prediction of the
performance of the composite materials.

Chapter 5 is concerned with the study of the effective properties, their anisotropy
and orientation effects in piezo-active 0-3 composites. We discuss results on the 0-3
composites and show routes for improving some parameters of these materials to
make them more suitable for a variety of piezo-technical applications.

5.1 Composites Based on Ferroelectric Ceramics

5.1.1 Role of Microgeometry in Forming the Large Anisotropy of
Properties

The 0-3 PbTiOs-type FC/epoxy resin composite is an example of a modern piezo-
active material prepared by electric-field structuring [12]. The microstructure and
electromechanical properties of this composite are attained due to use of
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dielectrophoresis for the structural modification. When using this process, a dis-
persion of FC particles embedded in a liquid polymer or pre-polymer is exposed to a
moderate electric field, that leads to the formation of chain-like structures in a poly-
mer matrix. After a solidification of the polymer medium, these structures remain
stable in the composite sample [12]. An analysis of the composite microstructure
suggests that this material is characterised by 0-3 connectivity, and the shape of the
FC inclusions therein approaches a spheroidal shape.

The effective electromechanical properties of the 0-3 FC/polymer composite with
spheroidal inclusions can be predicted on the basis of different averaging methods and
procedures (see, e.g., papers [3, 13—15, 17, 19]) where full sets of electromechanical
constants were predicted. We follow a model [19] that has first been applied to
0-3 composites based on the (Pb;_,Ca,)TiO3 FC [3] with a large piezoelectric
anisotropy. In this model the shape of each inclusion (Fig.5.1, component 1) is
spheroidal and obeys Eq. (3.27) relative to the axes of the rectangular co-ordinate
system (X1 X7 X3). The semi-axes of each spheroidal inclusion are a; = a; and a3,
and the aspect ratio is p = aj/a3. A remanent polarisation vector of each inclusion
is Pﬁl) M OXs, and the O X3 axis is the poling axis of the composite sample as
a whole. A regular distribution of spheroidal inclusions is considered so that these
inclusions would occupy sites of a simple tetragonal lattice with unit-cell vectors
parallel to the O X; axes. Electrical conductivities ¥y of the FC and y® of the
polymer are linked with an inequality ¥ ® > (| and surface charges caused by the
ferroelectric polarisation are fully screened by free carriers coming to the interfaces
in the composite sample.

The components of the composite are characterised by sets of elastic moduli
ng)’E, piezoelectric coefficients ei@ and dielectric permittivities sfyr;,)’s, wheren = 1
isrelated to FC (inclusions), and n = 2 is related to polymer (the surrounding matrix).
The effective electromechanical properties determined in the long-wavelength limit
[3] depend on the volume fraction m of FC and the aspect ratio p.

The calculation procedure is based on the EFM and Eshelby’s concept of spher-
oidal inclusions [3, 17, 19, 20], and this concept is regarded [3, 17] as a variant
of the self-consistent scheme for the calculation of effective constants of the piezo-
active composite. A matrix of the effective electromechanical properties of the 0-3
composite is determined as ||C*|| = ||C*(m, p)|| in accordance with (4.22) and is

Fig. 5.1 Schematic of the X4
0-3 composite with spheroidal / i ;
inclusions. (X1X2X3) is Component 17

the rectangular co-ordinate
system, g; are semi-axes of
the spheroid, m is the volume
fraction of component 1, and
1 — m is the volume fraction
of component 2

Component 2
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represented in the general form (4.1). The electromechanical properties are char-
acterised by ||CV|| (FC) and ||C@®|| (polymer), and these matrices have the form
similar to that shown in (4.1).

As is known from experimental data [3, 19], important features of the PbTiO3-
type FCs are three positive piezoelectric coefficients ef}) (Table5.1) and a large

anisotropy of the piezoelectric coefficients dg.) at room temperature, i.e., an inequal-

ity dé;) /|d§1)| > 1 holds, and signs of dé}) obey (4.3). Examples of the calculated
volume-fraction dependence of effective parameters of the 0-3 composite based on
the modified PbTiO3 FC are shown in Fig.5.2. To avoid some distinctions between
the properties of the PbTiO3-type FC from experimental work [12] and the modified
PbTiO3 FC [3] involved in our calculations, we introduce normalised dielectric per-

mittivity B = &35 /sgg)’” and normalised piezoelectric coefficients B; = d3; /dé;)

and B, = g3;/ g%). Good agreement between the experimental and calculated
volume-fraction dependences of B, is observed at aspect ratios p = 0.13 — 0.19
(Fig.5.2a). The structured 0-3 FC/polymer composite can be represented as an
aggregate of prolate inclusions in a matrix, with the aforementioned aspect ratios
of these inclusions. A similar microstructure of the 0-3 composite is observed in
experimental work [12]. The volume-fraction dependence of g, for an unstructured
0-3 composite with the same components may be approximated by pieces of curves
at p ~ 0.32 — 0.50 (Fig.5.2b). It is obvious that a transition from the prolate FC
inclusion (oriented along the poling direction) to the spherical (or oblate) FC inclu-
sion leads to the creation of obstacles for poling the composite sample and leads to
poor piezoelectric properties.

Among the piezoelectric coefficients d;‘j, eg‘ i g%‘ i and h’3‘ ; of the studied 0-3
composite, ggkl and g§‘3 are the most sensitive [19, 21] to changes in the volume
fraction m and the aspect ratio p of the SC inclusions. For example, at p = 0.01—0.20,
ratios max 8, ~ 3 — 10 and min g3,/ ggll) ~ 9 — 40 are attained. A difference
between the aforementioned ratios is related to the key role of the system of the
prolate FC inclusions in forming the anisotropic piezoelectric response of the 0—
3 composite (Fig.5.1). Due to this system, the volume-fraction dependence of By
and B, (Fig.5.2¢, d) resembles the volume-fraction dependence of the piezoelectric
coefficients d3; and g35, respectively, in the 1-3PbTiOs3-type FC/polymer composite
[3, 18]. An advantage of the studied 0-3 composite is the relatively large max S,
values near the volume fraction m = 0.1 at various aspect ratios p (Fig.5.2d), and
this performance is concerned with a favourable balance of elastic moduli cfl';) Eof
components and with a relatively low dielectric permittivity 35 of the composite at
0 < m < 0.1. As follows from (1.12), &35 strongly influences both g3; and B, of
the composite. Examples of behaviour of two anisotropy factors, ¢ from (4.24) and

= el = Qiielt + Al EF + ) + il 6

are shown in Fig.5.2e, f, respectively. It is seen that ¢ is varied in a wider range,
and this variation is due to the influence of elastic properties of the FC and polymer
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Fig. 5.2 Volume-fraction dependence of normalised dielectric permittivity B, (a), (b) normalised
piezoelectric coefficients B, (c¢) and By (d), and factors of the piezoelectric anisotropy {; (e) and
¢ (f) of the 0-3 PbTiO3-based FC/epoxy composite. Graphs a and b correspond to the structured
composite and unstructured composite, respectively. Experimental points are from dielectric mea-
surements [12] (reprinted from paper by Topolov and Krivoruchko [22], with permission from Nova
Science Publishers)
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Table 5.1 Room-temperature values of elastic moduli ch (in 1010 Pa),2 piezoelectric coefficients

erp (inC/ m?) and dielectric permittivities afc ¢ of FCs of the PbTiO3 and PZT types

(Pbo.og25Lap.025)" (Pbg.g0Cag.20) (Pbg.75Cag.25) ZTS-19[131°

(Tip.99Mng 01)O3 Tiog [19] Tiog [19]

(modified PbTiO3)" [21]
ek 14.33 18.5 18.9 10.9
ek 3.220 4.76 5.19 6.1
ek 2.413 4.68 5.06 5.4
& 13.16 18.0 18.3 9.3
& 5.587 6.79 6.76 2.4
31 0.4584 0.844 1.33 4.9
e33 6.499 431 5.09 14.9
els 5.923 1.77 1.95 10.6
& /e0 210 126 152 820
£3,/60 140 123 147 840

4 FCs poled along the O X3 axis are characterised [3, 13-15] by comm symmetry and a relation
co6 = (¢ —cB)/2

b Experimental values of the PZT-type FC

¢ Electromechanical constants have been calculated using the EMM. Spherical grains of the FC
sample are assumed to be split into 90° lamellar domains of two types with equal volume fractions,
and these domains are separated by planar 90° domain walls. These domain walls are assumed
to be almost motionless so that a contribution from their displacements under external electric or
mechanical fields into the electromechanical constants of the ceramic approaches zero [19]

components on the piezoelectric coefficients e3 ; in the presence of the prolate FC
inclusions (Fig.5.1). Changes in the anisotropy factor ¢ are observed in a narrow
range, while the system of the isolated FC inclusions is surrounded by the piezo-
passive polymer matrix, that impedes an electromechanical interaction between the
inclusions. On increasing the volume fraction m, [£7| increases (Fig. 5.2e) due to the

large anisotropy factor dé;) /dg:) of the modified PbTiO3 FC, and in this case the
aspect ratio p cannot strongly influence ¢ (m).

5.1.2 Variations of the Anisotropy Factors

In Sect.5.1.2 we discuss examples of changes in the anisotropy factors ¢ (m) and

¢y (m) in the 0-3 FC-based composites and choose FC compositions with different

ratios d;;) / |d3(i)| and egg) /egll). For example, the (Pb;_,Ca, )O3 FC is characterised

by ratios ds3'/|d§;"| > 10 and e§y /e{}) ~ 4-5 atef;’ > 0 [19], while the ZTS-19
FC based on Pb(Zr;_,Ti, )O3 is characterised by moderate ratios dé;) / |d§})| and

e%) / |e§11)| [13] (see full sets of electromechanical constants in Table 5.1).
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To compare results, we use two methods for averaging the electromechanical prop-
erties, namely, the EFM [see Eq.(4.22)] and FEM. The COMSOL package [23] is
applied to obtain the volume-fraction dependence of the effective electromechanical
properties of the 0-3 composite within the framework of the FEM. A representative
unit cell, containing the spheroidal inclusion (Fig.5.3a) with a radius adjusted to
yield the appropriate volume fraction m, is discretised using tetrahedral elements
[24]. Their number, depending on the aspect ratio p of the spheroidal inclusion,
varies from 320,000 to 760,000. The unknown displacement and electric-potential
fields are interpolated using linear Lagrangian shape functions. The corresponding
number of degrees of freedom varies from 200,000 to 500,000. Periodic boundary
conditions are enforced on the boundary of the representative unit cell. The matrix
of effective constants of the composite is computed column-wise, performing cal-
culations for diverse average strain and electric fields imposed to the structure. The
Geometric Multigrid [25] iterative solver (V-cycle, successive over-relaxation pre-
and post-smoother, direct coarse solver) is employed. After solving the electroelastic
equilibrium problem, the effective electromechanical constants of the 0—3-composite
are computed, by averaging the resulting local stress and electric-displacement fields
over the unit cell shown in Fig. 5.3a. In both the EFM [3] and FEM [24] the matrix
of the effective electromechanical properties || C* || is represented in the form (4.1)
and regarded as a function of m and p.

Graphs in Fig.5.3b—d suggest that the EFM and FEM data on the anisotropy
factors from (4.24) are consistent for the (Pb;_,Ca,)O3-based composite. Some
discrepancies, especially at m > 0.2, are due to the electromechanical interaction
between the FC inclusions being taken into account in the FEM averaging proce-
dure. In the composite with the softer polymer matrix (data in Fig. 5.3d) differences
between the curves calculated using the EFM and FEM become more pronounced.
This means that the so-called effective field would have a stronger influence on the
effective properties in the case of the stiffer matrix, however this peculiarity of the
electromechanical interaction is not emphasised in the EFM averaging procedure and
Eq. (4.22). Data from Fig. 5.3b—d are of interest for sensor and antenna applications
of the composite while conditions [¢;| > 5 and || > 5 hold simultaneously.

The next example is concerned with the anisotropy factors ¢ 7 (m) and ¢ (m) of a 0—
3ZTS-19 FC/clay composite with spheroidal inclusions. Clay is an isotropic material
with Young modulus 300 MPa, Poisson’s ratio 0.30 and dielectric permittivity 8.0 [26,
27]. The EFM prediction of the effective properties of the 0—3 composite was carried
out using Eq.(4.22), and the FEM modelling was performed using the COMSOL
package [23] as described above.

The anisotropy factor ¢ (m) is represented by either an increasing or decreasing
dependence, and some differences between values of ¢;"(m) calculated using the
EFM and FEM are observed (Fig.5.4). These discrepancies are accounted for by
an approximate character of the EFM and by not taking into account the internal
electroelastic fields when considering the FC component exhibiting considerable
piezoelectric activity (for instance, in ZTS-19 dg) ~ 102 pC/N[28]). A comparison
of graphs in Fig. 5.4 enables us to conclude that the prolate shape of the spheroidal
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Fig. 5.3 Representative unit cell of the 0-3 composite (a) with spheroidal inclusions at FEM
modelling and anisotropy factors ¢; and ¢ which have been calculated for the following 0-3
composites at p = 0.1: (PbggoCap.20)O3 FC/araldite (b) (Pbg75Cag25)03 FC/araldite (c¢) and
(Pbg.75Cag.25)03 FC/elastomer (d)
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Fig. 5.4 Anisotropy factors ¢ and ¢ which have been calculated for the 0-3 ZTS-19 FC/clay
composite with spheroidal inclusions at p = 0.1 (a), 0.3 (b), 0.5 (¢)

inclusions (Fig.5.1) in the composite sample promotes and increasing | 7], but in a
restricted range only. Variations of ¢;" are observed in the restricted ranges irrespective
of the aspect ratio p (see curves 3 and 4 in Fig. 5.4). We remind the reader that ¢ ; and
;“,j‘ are linked in accordance with (4.24), and therefore, the elastic anisotropy of the
studied composite does not promote a large increase of |¢;"| with changes in m and p.
It should be added that the piezoelectric activity of the ZTS-19 FC / clay composite
rapidly decreases as the aspect ratio p increases at m = const.

Thus, the above-given examples show that high values of [¢7] and || can be
simultaneously reached in (Pbj_,Ca,)O3-based composites (Fig. 5.3b—d). This com-
posite contains the highly anisotropic piezo-active component [(Pb;_,Ca, )O3 FC,
x = 0.20 or 0.25] distributed as a system of the aligned prolate spheroidal inclu-
sions, and this circumstance plays the dominating role in forming the anisotropic
0-3 composite.

5.2 Relaxor-Ferroelectric Single Crystal/Polymer Composites

In Sect. 5.2 we consider examples of the performance of 0-3 composites with spher-
oidal SC inclusions (Fig.5.1) that are uniformly aligned in the matrix and form a
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periodic structure. It is assumed, that the main crystallographic axes x, y and z in each
inclusion obey conditions X || OX1,y || OX> and z || O X3, and centres of symme-
try of the inclusions occupy sites of a simple lattice with unit-cell vectors parallel to
the O X; axes. The SC inclusions have a spontaneous polarisation PEI) Iz OXs,
and the composite sample as a whole is poled along the O X3 axis.

To determine the effective electromechanical properties of the 0-3 SC/polymer
composite, we apply averaging procedures [3, 24] that allow for an electromechanical
interaction between the piezo-active SC inclusions in the surrounding medium. This
medium can be either piezo-passive or piezo-active, but the piezoelectric activity of
the SC incluison remains higher than that of the surrounding medium. The first pro-
cedure is based on the EFM, the second procedure is based on the EMM, and the third
procedure is concerned with the FEM modelling by means of the COMSOL package
(details are in Sect.5.1.2). In the EFM approach the full set of electromechanical
constants of the composite is determined from (4.22). In the EMM approach a sin-
gle inclusion is considered to be surrounded by a homogenised (effective) medium,
and this medium is regarded as a matrix with the similar inclusions. The effective
electromechanical properties of the 0-3 composite are found according to the EMM
[3, 24] from the matrix

IC* =1 CP | +m( D= 1CPPHNAl. (5.2)

The matrix || A || from (5.2) is related to the boundary conditions in the “inclusion—
surrounding medium” region (see Fig.5.1) and represented [3, 19, 22, 24] as

ITAN=TZH+0Suc 1 ac®y—yc*nr, (5.3)

where || 1 || is the 9 x 9 identity matrix, || S || is the 9 x 9 matrix containing compo-
nents of the Eshelby electroelastic tensor [20], and || C* || is the 9 x 9 matrix from
(5.2). It should be noted that elements of || S || from (5.3) depend on electromechani-
cal constants of the matrix of the 0-3 composite and on the aspect ratio p = aj /a3 of
the spheroidal inclusion (Fig.5.1). In the EMM [24] the effective electromechanical
properties of the composite (i.e., elements of || C* ||=|| C*(m, p) ||) are evaluated as
aresult of a series of iterations involving (5.2) and (5.3). In the three aforementioned
methods, i.e., within the framework of the EFM, EMM and FEM approaches, the
effective properties of the composite are determined in the long-wave approximation
[3]. This approximation is appropriate in a case when the wavelength of an external
acoustic field is much longer than the semi-axes a; and a3 of the separate inclusion
(see Fig.5.1).
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5.2.1 Electromechanical Properties

To predict the performance of the 0-3 composite, we use full sets of experimental

(n),E (n)

values of elastic moduli c,,"", piezoelectric coefficients € and dielectric per-

mittivities qu) :§ [3, 19, 24]. These constants are involved in || C™ || from (5.2)
and (5.3). Among the relaxor-ferroelectric SC components, of particular interest is
the PMN-0.33PT composition [29] chosen near the MPB. As is known, at room
temperature the single-domain PMN-0.33PT SC is characterised by a rhombohe-
dral distortion of the perovskite unit cell (3m symmetry, see Sect.2.1). However, the
domain-engineered PMN-0.33PT SC [29] poled along the perovskite unit-cell axis
z || [001] is characterised by macroscopic 4mm symmetry and four domain types
(Fig.2.4) that provide the effective spontaneous polarisation Pﬁl) I OX3 of the SC
sample. Electromechanical constants of the domain-engineered PMN-0.33PT SC
are given in Table 5.2!. It should be added that this domain-engineered SC shows a

high piezoelectric activity (d )~ 103 pC/N) [29] and a considerable anisotropy of

the piezoelectric coefficients e( ): as follows from Table 5. 2, e(]) / |e(])| =5.6.

Now we compare results on the effective properties and related parameters in
a 0-3 PMN-0.33PT SC/araldite composite. In an attempt to attain large absolute
values of the longitudinal piezoelectric coefficients <P;‘3(<1§ =e,d, g, and h) in the
composite and to weaken the depolarising electric field therein in the presence of
the SC inclusions, we consider a case of the prolate inclusions (0 < p < 1). Graphs
in Fig. 5.4 suggest that the prolate shape of the SC inclusion with the lower p value
leads to a higher composite piezoelectric activity at m = const. This prolate geometry
also helps attain high piezoelectric sensitivity (i.e., large values of the piezoelectric
coefficient g3; = d3;/€35) due to the large piezoelectric coefficient d3; combined
[3] with a relatively low dielectric permittivity 35 of the studied composite at 0 <
m < 0.1.

The reason for the difference between the values of the piezoelectric coefficients
@3, calculated using different methods (see Fig. 5.5a—d) is possibly due to the rel-
atively small ratio of the elastic moduli of the PMN-0.33PT SC and araldite (see
Table 5.2). At the same time we have large ratios of dielectric permittivities of the SC
and polymer components. This may also explain the difference between values of
dielectric permittivity 8;§ (Fig.5.5e). The matrix of effective constants || C* || from
(4.22) and (5.2) contains the piezoelectric coefficients e , elastic moduli ¢ E and

dielectric permittivities &’ ,, »» and these constants are calculated directly following the
EFM, EMM or FEM. According to our evaluations involving the electromechanical
constants of the PMIN-0.33PT SC (component 1) and araldite (component 2), the

ratios cgll) E / cﬁ) = 14.7 and c%) E /cﬁ) = 13.2 are an order-of-magnitude less than

833) 4 / 8%) = 170. This distinction leads to a significant re-distribution of internal

! Hereafter in Chap.5 we use the notation “PMN—0.33PT SC” that is related to the domain-
engineered SC sample with 4mm symmetry [29] and electromechanical constants listed in
Table5.2


http://dx.doi.org/10.1007/978-3-642-38354-0_2
http://dx.doi.org/10.1007/978-3-642-38354-0_2
http://dx.doi.org/10.1007/978-3-642-38354-0_4

5.2 Relaxor-Ferroelectric Single Crystal/Polymer Composites 137

electric and mechanical fields in the 0-3 PMN-0.33PT SC / araldite composite and
enables us to believe that the EFM could be applied with some restrictions for 0-3
connectivity. We note that a similar mutual arrangement of curves e3; (m) and d3; (m)
from EFM, FEM and EMM data [24] takes place in case of the 0-3 FC / polymer
composite.

The ratios c(l) E/c(z) (l) E/c(z) 16 and e(l) 5/8(2) ~ 110 hold, and an
order—of—magmtude dlfference between dielectric constants is again attained. How-
ever, it should be added for comparison, that in work [35] on the 1-3 PbTiO3-type
FC/polymer composite with circular cylindrical inclusions (i.e., in case of p = 0),
good agreement between the parameters calculated using both EFM and FEM is
observed in a wide volume-fraction range. The 1-3 composite based on the PbTiO3-
type FC consists of components, for which ratios c(])’E /c(z) ~ 24, c(l)’E / c(z) ~ 123

and 8(1) 4 / 8(2) ~ 31 — 37 [35] are true and no aforementioned order-of-magnitude
difference is observed

The striking difference between values of €37 evaluated at volume fractions m >
0.2 (see, for example, curves 1, 3 and 5 in F1g.5.4f) is related to the difference
between values of 8;5 (Fig.5.4e) and to the considerable piezoelectric effect in the
composite with the PMN-0.33PT SC inclusions. On increasing the volume fraction
of the SC, m, absolute values of the piezoelectric coefficients |e3 ; | and |d3 ; | increase

Table 5.2 Room-temperature values of elastic moduli cﬁq (in 10'° Pa), piezoelectric coefficients

eyp (in C/m?) and dielectric permittivities séff of some components of composites

PMN-0.33PT (Pbg.76Cap24)° PMN-0.35PT VDF-TtFEY [32] Araldite® [33]

SC?[29] TiO3SC® [30]  FC® [31]

k115 26.6 14.67 0.85 0.78
ch, 103 15.1 8.84 0.36 0.44
el 102 9.42 9.68 0.36 0.44
ek 103 7.53 14.78 0.98 0.78
k69 7.81 2.99 - 0.17
ek 66 13.2 2.92 0.25 0.17
es1 -39 0.653 -5.0 0.007 0
e3 203 6.48 28.0 -0.222 0
e;s 101 5.36 14.3 - 0
&8, /g0 1,434 171 1,650 - 4.0
£3,/20 680 66.4 2,650 6.0 4.0

4 Domain-engineered SC, 4mm symmetry, experimental data

bSingle-domain SC, 4mm symmetry, calculated data

“Poled textured FC, comm symmetry, experimental data

4 Elastic moduli ch and piezoelectric coefficients ey, of 75 /25 mol.% copolymer of vinylidene
fluoride and trifluoroethylene (VDF-TrFE, comm symmetry) were calculated using experimental
values of elastic compliances sfb and piezoelectric coefficients d;; from work [32]. In our cal-

culations, equalities c4E4 ~ c6EG, efl ~ 8§3 and e;5 &~ —e33 are assumed [34] to be correct for
VDF-TrFE
¢ Piezo-passive polymer, experimental data
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monotonically (see, for example Fig. 5.4a, b) and, therefore, the difference 8’3“‘37 — sg
caused by the piezoelectric effect [see Eq. (1.16)] increases.

The difference between values of k3, calculated using different methods (Fig. 5.5g)
is primarily due to values of 8%“‘3’ (Fig.5.5f) and d;"3 (Fig.5.5b), which have also
been calculated using different methods. Of specific interest are curves of g3;(m)
shown in Fig. 5.5¢c. The volume-fraction dependence of the piezoelectric coefficient
833(m) = d3;(m)/e33 (m) is non-monotonic and is due to the combination of the
piezoelectric [d3;(m)] and dielectric [8’3“5 (m)] properties, see graphs in Fig.5.5b,
f. The location of maxg3;(m) strongly depends on the aspect ratio p of the inclu-
sions: at p = 0.1, when the highly prolate SC inclusions in the polymer matrix give
rise to a slight depolarising effect, max g3;(m) is found at small volume fractions
(0 < m < 0.05), and on increasing p, when the depolarising effect becomes stronger
and dielectric permittivity £33 (m) increases slower, max g3,(m) shifts towards the
larger values of m. A significant piezoelectric sensitivity for the composite (g3; > 200

mV-m/ N, i.e., about 6 times more than g§13) of PMN-0.33PT SC [29]) is predicted
in the presence of inclusions with p = 0.1 at volume fractions m < 0.1 (Fig.5.5c).

5.2.2 Role of the Longitudinal Piezoelectric Effect

The PMN-0.33PT-based composite is also of interest due to the leading role of the
longitudinal piezoelectric effect in forming the interconnections between the elastic,
piezoelectric and dielectric properties [see formulae (1.12—1.19)]. The presence of
the highly piezo-active prolate SC inclusions, irrespective of the piezoelectric prop-
erties of the matrix surrounding them, enables one to simplify links between the
piezoelectric coefficients from (1.12—-1.15) and interconnections between effective
constants in (1.16—-1.19) with taking into account symmetry of the composite. To
show the role of the longitudinal piezoelectric coefficients @3, , we introduce ratios

Ri = disels/ (635 — €35). Ry = elysiF fdls. Ry = IissiP /¢4, and
Ry = ki'/ k3 (5.4)

and an anisotropy factor
é‘: = €§<3/€§<1. (5.5)

Examples of the volume-fraction dependence of R; and ¢, from (5.4) and (5.5) are
shown in Fig. 5.6. It should be mentioned that ratios R; from (5.4) mainly comprise
electromechanical constants that are determined indirectly while the matrix of the

effective properties of the composite || C* || [see (4.22) and (5.2)] comprises e;kj, cZ,’f

and &5 onl
pp oniy.
Due to Ry > 0.9 (Fig.5.6a), the piezoelectric contribution from the longitudinal
piezoelectric effect (i.e., d§‘3e§‘3) into the difference between dielectric permittivities
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Fig.5.5 Effective parameters calculated for the 0-3 PMN-0.33PT SC/araldite composite by means
of the EMM, FEM and EFM: piezoelectric coefficients e3; (a, in C/m?), 33 (b, in pC/N), ¢35 (c,
in mV-m/N), and h§3 (d, in GV/m), relative dielectric permittivities eg /&0 (e) and sgkg /eo (f), and
ECF k3; (g) (reprinted from paper by Topolov et al. [24], with permission from Taylor and Francis)
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Fig. 5.6 Ratios R; and anisotropy factor ¢, which have been calculated for the 0-3 PMN-0.33PT
SC/araldite composite by means of FEM

8’3"3 833 = d33e33 +2013le31 [see (1.16)] can exceed 90 %. It is seen thatat p = 0.1,
the equality Ry = R holds with an accuracy to 1 % (cf. curves 1 and 3 in Fig. 5.6a),
and the inequality R3 > R; is valid in a wide volume-fraction range (Fig.5.6a). As
a result, the piezoelectric coefficient g3 that describes a longitudinal sensitivity of
the composite has a negligible contribution from the transverse electromechanical
interaction between the SC inclusion and the polymer matrix.

To understand the volume-fraction behaviour of R4 at p = const (see curves 3
and 4 in Fig. 5.6b), we remind the reader, that, in accordance with formulae [3, 36],

(k¥ /Kk33)? = [(e53)2 /(3P 31/ 1(d53) /(3 31, (5.6)

Equation (5.6) can be simpliﬁed if to take into consideration equalities as follows:
P = GEE /1 — ()2, 655 = 3511 — (k)?] [36] and diy ~ e38 s3E (that holds at
Ry ~ 1, see, for instance, Fig.5.6a). Thus, the relation Ry ~ (¢35 533 £y=1/2 {5 valid.
The largest values of R4 =~ 0.9 (see curve 3 in Fig.5.6b) and the equahty

K ~ ki (5.7)
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are achieved at p = 0.1. We note for comparison that relation (5.7) holds in the
conventional 1-3 FC / polymer composite [32], and the aspect ratio p = 0.1 enables
us to surmise that a distinction between the electromechanical properties of the
studied 0-3 composite with prolate inclusions and the related 1-3 composite becomes
minor.

As follows from Fig.5.6¢, |¢,f(m)| decreases monotonically at p = const, and a
similar monotonic decrease is also peculiar to Ry (m) and R»(m) (see Fig.5.6a). The
reason for this correlation is the transverse piezoelectric response of the composite.

On increasing the volume fraction m the electromechanical interaction between
the SC inclusions in the composite becomes more significant and therefore, the role
of the piezoelectric coefficient e§‘1 (m) in forming the effective electromechanical
properties increases.

5.2.3 Effect of the Poling Direction on the Piezoelectric Properties
and Their Anisotropy

An important possibility is the ability to vary the electromechanical properties of the
0-3 composite using a change in the poling direction of the ferroelectric polymer
component [9, 10]. A similar effect of the poling direction on the electromechanical
properties was discussed in earlier studies [37] for 2-2 SC/polymer composites and
may be important for piezo-technical applications. Below we show how the change
in the poling direction of polymer influences the piezoelectric performance of the
0-3 composite based on PMN-0.33PT SC.

The effective electromechanical properties of the SC/polymer composite are deter-
mined within the framework of the model of the composite with spheroidal inclu-
sions (Fig.5.1) distributed regularly in a large matrix, and the FEM approach is
used for our further calculations. The polymer matrix is characterised by a remanent
polarisation vector that has one of the following directions: either P;z) ™M OX3or

Pﬁz) 1) OX3. We remind that such modes of poling can be attained due to a large
difference between coercive fields Eén) [38, 39] of the ferroelectric polymer and
SC components. Among the ferroelectric polymer components of interest we choose
VDF-TrFE (see electromechanical constants in Table 5.2) with E| 52) >FE él) at room
temperature.

Data in Table 5.3 show the effect of the poling direction of the polymer component
(i.e., the Pﬁz) orientation) on the piezoelectric coefficients and ECFs. To describe the
anisotropy of these parameters, we use ¢ and ¢ from (4.24) and (5.1), respectively.
Numerous changes in sgnd} ; and sgne; ] take place in the presence of the polymer

component with Piz) T O X3 (see Table5.3). Such a poling direction of the polymer

leads to the piezoelectric coefficients déi) and eg.) whose signs differ from signs of

d_%) and eglj) in PMN-0.33PT SC [29]. As a consequence, equations d;‘j (m) = 0and
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Table 5.3 Piezoelectric coefficients d;‘j (in pC / N) and e3 ; (in C / m?) and anisotropy factors ¢
and ¢ of the 0-3 PMN-0.33PT SC / VDF-TrFE composite (FEM caluclations)

p m d3 di3 10%3, €33 9 ¢

Polymer component with Pﬁz) ™M O0X3

0.1 0.01 10.6 —34.0 0.488 —0.282 —3.21 -173
0.03 9.17 -30.1 -8.1'1073 -0.291 -3.28 3.59-10°
0.05 8.19 -29.0 -0.471 -0.304 -3.54 64.5
0.10 6.24 -25.8 -1.05 -0.333 -4.13 20.2
0.20 2.87 -20.8 -4.63 -0.379 -7.25 7.54
0.30 -0.070 -15.2 -9.30 -0.386 217 4.15
0.40 -5.65 -6.19 -17.9 -0.270 1.10 1.51
0.50 -16.8 -19.6 -38.0 0.499 11.7 -1.31

0.3 0.01 11.7 -37.7 0.521 -0.302 -3.22 -58.0
0.03 11.0 -36.8 0.059 -0.322 -3.35 -546
0.05 10.3 -35.8 -0.367 -0.339 -3.48 924
0.10 8.67 334 -1.45 -0.380 -3.85 26.2
0.20 5.66 -295 —4.11 -0.457 -5.21 11.1
0.30 271 -26.0 -8.13 -0.534 -9.59 6.57
0.40 -0.80 -21.0 -15.0 -0.585 -26.3 3.90
0.50 757 -6.37 -304 -0.365 0.841 1.20
Polymer component with Pﬁz) M OX3

0.1 0.01 -13.0 41.5 ~0.780 0.332 -3.19 —42.6
0.03 -13.5 434 -0.747 0.383 -3.21 -51.3
0.05 -13.6 443 -0.719 0.423 -3.26 -58.8
0.10 -13.7 457 -0.654 0.516 -3.34 -78.9
0.20 -13.7 48.7 -0.536 0.719 -3.55 -134
0.30 -14.5 53.9 -0.468 0.999 -3.72 213
0.40 ~17.0 64.0 ~0.624 1.46 -3.76 234
0.50 -25.1 90.9 254 247 -3.62 972

0.3 0.01 -12.3 39.5 -0.672 0312 -3.21 -46.4
0.03 -12.7 413 -0.501 0.349 -3.25 —-69.7
0.05 -12.9 424 -0.375 0.382 -3.29 -102
0.10 -12.9 44.0 -0.124 0.458 -3.41 -369
0.20 ~12.6 46.1 0.338 0.615 -3.66 182
0.30 -12.6 48.8 0.856 0.812 -3.87 94.9
0.40 -13.1 53.2 1.36 1.10 -4.06 80.9
0.50 -16.9 66.4 0.396 1.75 -3.93 442

e; ; (m) = 0 are achieved in a wide volume-fraction range and strongly influence the
piezoelectric anisotropy of the 0-3 PMN-0.33PT SC / VDF-TrFE composite.
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5.2.4 Effect of the Arrangement of Inclusions on the Piezoelectric
Properties and Their Anisotropy

An additional effect needs to be considered when taking into account microgeometric
features, i.e., a particular spatial distribution of the inclusions within the composite
matrix. Poizat and Sester [40] analysed an effect of the arrangement of FC inclusions
on the piezoelectric properties in 0-3 FC/polymer composites, however the similar
effect was not considered in earlier studies on the SC/polymer composites, especially
in the presence of relaxor-ferroelectric components with high piezoelectric activity.
In Sect.5.2.4 we consider 0—3 SC/polymer composites with a regular distribution
of spheroidal inclusions in a matrix. In the first case the centres of symmetry of
these inclusions occupy corners of a simple cubic lattice, and in the second case
we assume that the same centres of symmetry form a body-centered cubic lattice.
These distinctions in the arrangement influence both the longitudinal and transverse
piezoelectric responses of the composite. It is assumed in both the cases that the
spontaneous polarisation of each SC inclusion obeys a condition Pél) ™M O0Xs.
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Fig. 5.7 Piezoelectric coefficients €3 ; (a and c, in C/m?) and d3 ; (b and d, in pC/N) which have
been calculated for the 0-3 PMN—O.3Z{PT SClaraldite composite by means of FEM. Graphs a and b
are related to the simple-cubic arrangement of the spheroidal SC inclusions in the polymer matrix,
graphs ¢ and d are related to the body-centered cubic arrangement of the spheroidal SC inclusions
in the polymer matrix
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Table 5.4 ECFs k;‘j, ki and k) and anisotropy factos ¢ and ¢, of the 0-3 PMN-0.33PT

SC/araldite composite (FEM calculations)

p__m ki k) ki kp & &y

Composite with the simple-cubic arrangement of inclusions

0.1 0.1  0.369 -0.112 0.370 -0.212 -329 -1.75
0.3 0.559 -0.155 0.560 -0.308 -3.61 -1.82
05  0.677 -0.206 0.680 -0.436 -329 -1.56

03 0.1 0.0664  -0.0244  0.0668 -0.0320 -2.72  -2.09
03  0.153 -0.0505  0.156 -0.101 -3.03 -1.54
05  0.278 -0.0836  0.287 —0.188 -333  -1.53

05 0.1 00275 -0.0113 0.0259 -0.0207 243 -1.25
0.3 0.0791 -0.0298  0.0823  -0.0589  -2.65 -1.40
05  0.182 -0.0572  0.190 —-0.129 -3.18 -1.47

Composite with the body-centered cubic arrangement of inclusions

0.1 0.1 0.628 -0.232 0.629 -0.434 271 -145

03  0.756 -0.268 0.757 —-0.533 282 -142
0.5 0811 -0.291 0.812 -0.593 =279  -1.37
03 0.1 0.619 -0.248 0.621 —0.455 -2.50 -1.36
03  0.749 -0.266 0.753 -0.512 -2.82  -1.47
05  0.773 -0.289 0.778 —0.584 -2.67 -1.33
05 0.1 0.607 -0.247 0.609 —0.448 246  -1.36
03  0.748 -0.310 0.751 -0.589 -2.41 -1.28
05 0771 -0.309 0.773 -0.612 -2.50 -1.26

Examples of the volume-fraction dependence of the piezoelectric coefficients,
ECFs and anisotropy factors, which are related to the aforementioned arrangements,
are given in Fig.5.7 and Table 5.4. To describe the anisotropy of ECFs (Table5.4),
we use two factors, ¢ from (4.24) and

Gy =k /k, (5.8)

where the thickness ECF k7 and the planar ECF k), are given by (4.12).

The transition from the simple-cubic arrangement of inclusions to the body-
centered cubic arrangement leads to an increase of |e3 f [, |d§j |, [k3 j|, kf, and k; at
fixed values of m and p. A more dense packing of the highly piezo-active inclusions
in the 0-3 composite (i.e., the case of the body-centered cubic arrangement) leads
to a more intensive electromechanical interaction between them even when they
are embedded in the piezo-passive matrix. As a consequence, a higher piezoelec-
tric performance is obtained (see Fig.5.7c, d and Table 5.4) and a more pronounced
transverse piezoelectric effect. The last circumstance gives rise to a decreasing |/ |
and | p| inawide volume-fraction range. At the same time, the condition g > 1
is valid (see, e.g., data in Fig.5.7a, ¢), and the composite with a body-centered cubic
arrangement of inclusions at 0.1 < p < 0.5 remains similar to a 1-3 composite with
the same components. An additional and essential argument for this analogy is that
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the condition (5.7) related to 1-3 composites [32] is valid at various m and p values
(see Table5.4).

5.3 Single Crystal/Ceramic Composites

In the last decades, novel ferroelectric SC/FC ceramic composites have attracted
the attention of researchers for several reasons. First, features of the synthesis
and microstructure of such composites based on perovskite-type FCs have been
studied [4, 5] to optimise the conditions for obtaining monolithic bulk samples
with predictable properties. Second, in contrast to the well-known FC/polymer and
SC/polymer composites, the SC/FC composite system contains components with
comparable electromechanical properties. Third, there are restricted experimental
data (see, for instance, work [5]) on the performance of the SC/FC composites that
could be of importance for piezo-technical applications.

In Sect.5.3 we discuss some examples of the electromechanical properties and
anisotropy factors of the 0-3 SC/ FC composites with spheroidal inclusions. Follow-
ing the model of the 0-3 composite (Fig.5.1), we regard component 1 as a SC and
component 2 as a poled FC medium surrounding the SC inclusions. It is assumed that
a body-centered cubic arrangement of the SC inclusions takes place therein, and the
SC and FC components have the spontaneous polarisation vector Pﬁl) M 0X3and
the remanent polarisation vector Pﬁz) M O X3, respectively. Hereafter we follow
the FEM approach to calculate a full set of effective electromechanical constants and
a series of effective parameters of the composite when varying the volume fraction
m and aspect ratio p. The electromechanical constants of the components of the 0-3
composites to be considered are shown in Tables 5.1 and 5.2. Combining the proper-
ties of the components with equal or opposite signs of the piezoelectric coefficients
eé';) and with various anisotropy factors eg) / eé’{), we obtain a series of important
volume-fraction dependences of the effective piezoelectric properties, which are now
discussed.

5.3.1 Two Components with a Large Anisotropy of Piezoelectric
Coefficients eg';.) >0

We consider here a composite that consists of two components with related chemical
compositions. Single-domain (Pbg 76Cag24)TiO3 SC and modified PbTiO3 FC are
characterised by a large anisotropy of the piezoelectric coefficients eé’}) and sgn eé".) >
0 (see Tables 5.1, 5.2) and by moderate piezoelectric activity [21, 30]. Moreover, the
anisotropy of the elastic moduli of the modified PbTiO3 FC cézb)’E strongly differs

from the elastic anisotropy of the conventional PZT-type FCs [3, 13, 28]. Such
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a combination of piezo-active components enables us to obtain a unique volume-
fraction dependence in terms of the piezoelectric properties (Fig.5.8) of the 0-3
SC/FC composite. These properties are characterised by the following features:

(i) inequalities ¢
range,

> 10 and 5 < [¢7] < 10 hold in the wide volume-fraction

(i) a combination of components leads to the conditions sgn e}, = sgnej; > 0 and
sgnds; = —sgndy; < 0, and these signs coincide with those of the piezoelectric

coefficients of the interacting components, and

(iii) minor changes in the volume-fraction dependences e3 ; (m) and d;‘j (m) are
observed at variations of the aspect ratio p of the prolate SC inclusion, i.e.,
the shape of the inclusion does not play a key role in forming the piezoelectric

properties of the composite.
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Fig.5.9 Piezoelectric coefficients e ; (a,in C/m?) and d3 ! (b, in pC/N) which have been calculated
for the 0-3 PMN-0.33PT SC/PMN-0.35PT FC composite by means of FEM

5.3.2 Two Components with Piezoelectric Coefficients Obeying

Conditions sgn eg';) = —sgn eg'i) >0

It is now assumed that the 0—3 composite consists of a system of PMN-0.33PT
SC inclusions and a PMN-0.35PT FC matrix. The relative chemical compositions
and high piezoelectric activity of the chosen SC and FC components along with the
moderate ratios of the piezoelectric coefficients dé’;) /dér]l) of the components [29,
31] predetermine the volume-fraction dependence of the effective properties in the
composite. Examples of the piezoelectric properties of the studied SC/FC composite

at variations of m and p are shown in Fig.5.9.
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Because of very minor changes in the volume-fraction dependence of e} ; (m)
at aspect ratios of p from 0.1 to 0.5, we have omitted the eg‘ ; curves related to
0.1 < p < 0.5 (see Fig.5.9a). The reason for such behaviour of eg‘j (m) is due to the
electromechanical interaction of the components with the piezoelectric coefficients
eé’;) that obey a condition e(l) /e(l) ~ 6323) /e(z) As an important consequence, a

relation ¢ ~ 83? /6(2) is valid in a wide range of both m and p. The relatively

minor changes in d3; 3 (m) at0.1 < p < 0.5 (Fig.5.9b) are mainly accounted for by a
difference between the elastic anisotropy of the SC and FC components (compare data
on elastic moduli cfb in Tables 5.1 and 5.2). As in the case considered in Sect.5.3.1,
we state that the shape of the SC inclusion plays no major role in forming the
piezoelectric properties of the composite studied.

5.3.3 Components with Piezoelectric Coefficients Obeying
a ) )]

Conditions sgn ez; = —sgn ey, > 0 and
son e? (2) 0
gnes; =sgnesy; >

A combination of a highly piezo-active PMN-0.33PT SC[29] and a highly anisotropic
FC of modified PbTiO3 with moderate piezoelectric activity [21] provides us with a
new example of the effective properties of 0—3 composites. The different signs of the
piezoelectric coefficients e(") for the SC and FC components (see Tables5.1, 5.2)
lead to validity of the COIldlthIl €3, (m) = 0 and to very large values of |£| in a spe-
cific m range. At the same time, the anisotropy factor ¢; affected by the piezoelectric

properties of the SC and FC components with sgndég) = —sgndé’ll) > (O changesina
restricted range. Some results of FEM modelling of the piezoelectric response of the
0-3 composites are shown in Fig. 5.10. As in Sect. 5.2.4, for comparison we consider
two versions of the arrangement of the SC inclusions in the FC matrix, namely, a
simple-cubic and body-centered cubic arrangements.

The graphsin Fig. 5.10 suggest that the piezoelectric performance of the composite
does not undergo large changes at the transition from a simple-cubic arrangement
of the SC inclusions to a body-centered cubic arrangement. It is seen that e3 j (m)
(Fig.5.10a, ¢) and d3 ; (m) (Fig.5.10b, d) vary in ranges that are weakly dependent on
the aspect ratio p and features of the arrangement of the inclusions. The difference
between the curves becomes negligible (see Fig.5.10c, d) at the body-centered cubic

arrangement, i.e., at the denser packing of the inclusions in the composite sample.

The relatively small values of | ¥ /| of the composite (in comparison to d; 2 3 /1d; 2 [~
11.6 in the PbTiO3-type FC component [21]) over a wide m range 1mphes that the
highly piezo-active SC component plays a key role in forming the piezoelectric
properties for this 0—3 SC/FC composite. It should be added that a similar situation,
however with other values of ||, has been observed in ferroelectric SC/polymer
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Fig. 5.10 Piezoelectric coefficients e3 i (aand ¢, in C/m?) and d;‘j (b and d, in pC / N) which have
been calculated for the 0-3 PMN-0.33PT SC/modified PbTiO3 FC composite by means of FEM.
Graphs a and b are related to the simple-cubic arrangement of the spheroidal SC inclusions in the
FC matrix, graphs ¢ and d are related to the body-centered cubic arrangement of the spheroidal SC
inclusions in the FC matrix

and FC / polymer composites (see Sects. 5.1 and 5.2). The key role of the SC compo-
nent is also shown in Table 5.5: minor differences between the similar ECFs, related
to the simple-cubic and body-centered cubic arrangement of the prolate inclusions,
are achieved in a wide volume-fraction range. Otherwise, the FC matrix could not
strongly affect the volume-fraction dependence of ECFs and anisotropy factors, and
values of || and |/ | rapidly decrease on increasing m at any type of the SC-
inclusion arrangement. It is seen that the inequality || > 5 holds at m < 0.15,
i.e., at small volume fractions of the highly piezo-active SC component. Moreover,
Eq. (5.7) holds in almost the whole volume-fraction range (see Table 5.5), and this cir-
cumstance resembles the relation between ECFs in the conventional 1-3 FC/polymer
composite [32].
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Table 5.5 ECFs k3;, k/ and kj, and anisotropy factors ¢ and ¢, of the 0-3 PMN-0.33PT
SC/modified PbTiO3 FC composite at p = 0.1 (FEM calculations)

m k3 k3, ki kp & &y
Composite with the simple-cubic arrangement of inclusions

0.05 0.470 -0.0795 0.493 -0.131 =591 -3.76
0.10 0.511 -0.0988 0.512 -0.165 -5.17 -3.10
0.15 0.531 -0.118 0.531 —-0.200 -4.50 -2.66
0.20 0.550 -0.136 0.551 -0.243 -4.04 -2.27
0.25 0.571 -0.154 0.572 -0.271 -3.71 -2.11
0.30 0.592 -0.171 0.593 -0.307 -3.46 -1.93
0.35 0.613 -0.189 0.615 -0.343 -3.24 -1.79
0.40 0.635 -0.207 0.637 -0.381 -3.07 -1.67
0.45 0.657 -0.225 0,660 -0.420 -2.92 -1.57
0.50 0.680 -0.243 0.683 -0.443 -2.80 -1.54
Composite with the body-centered cubic arrangement of inclusions

0.05 0.492 -0.0799 0.492 -0.131 —-6.16 -3.76
0.10 0.511 -0.0992 0.511 -0.166 -5.15 -3.08
0.15 0.530 -0.118 0.630 -0.200 -4.49 -3.15
0.20 0.550 -0.135 0.551 -0.235 -4.07 -2.34
0.25 0.571 -0.153 0.574 -0.271 -3.73 -2.12
0.30 0.593 -0.169 0.595 -0.307 -3.51 -1.94
0.35 0.615 -0.186 0.617 -0.344 -3.31 -1.78
0.40 0.638 -0.202 0.640 -0.382 -3.16 -1.68
0.45 0.661 -0.219 0.664 -0.421 -3.02 -1.58
0.50 0.685 -0.235 0.688 -0.462 -2.91 -1.49
5.4 Conclusion

Chapter 5 has been devoted to the piezoelectric performance and anisotropy of var-
ious matrix composites with 0-3 connectivity. Our modelling and property predic-
tions have been carried out within the framework of the model of a 0-3 piezo-active
composite with spheroidal inclusions distributed regularly in a large matrix (see a
fragment in Fig.5.1). The model concepts and methods for averaging the electro-
mechanical properties (EMM, EFM and FEM) have been applied to 0-3 composites
based on either FE or relaxor-ferroelectric SCs. The following combinations of com-
ponents have been analysed in the context of the effective properties:

()
(ii)
(iii)
(iv)
(v)

PbTiO3-type FC with a large ratio dé;) / |d§}) |/piezo-passive polymer,

PZT-type FC with a moderate ratio déé) / |d3(}) |/clay (piezo-passive component),
relaxor-ferroelectric SC with high piezoelectric activity/piezo-passive polymer,
relaxor-ferroelectric SC with high piezoelectric activity/piezo-active polymer,

relaxor-ferroelectric SC with high piezoelectric activity/PbTiO3-type FC with a
i 12 ) 4(2)
large ratio ds3’ /1d57 |,
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(vi) relaxor-ferroelectric SC with high piezoelectric activity/PZT-type FC with a

moderate ratio dg) / |d§? |, and

(vii) ferroelectric SC with a large ratio egg) / |e§11) |/PbTiO3-type FC with a large ratio
d(2) /] d(2)|
33 /143y 1

For the combinations (i)—(vii) examples of the volume-fraction dependence of
the piezoelectric coefficients, ECFs and anisotropy factors have been considered
under the condition that the composite contains prolate spheroidal inclusions with
a fixed aspect ratio p from a range 0.1 < p < 0.5. Orientation effects caused
by the poling direction of the ferroelectric polymer matrix and the arrangement of
the SC inclusions in the polymer (or FC) matrix have been considered, and the
role of these effects in forming the piezoelectric properties and their anisotropy in
the 0-3 composites has been analysed. Examples of behaviour of ECFs and their
anisotropy at different arrangements of the SC inclusions in the matrix (Tables 5.4,
5.5) have been discussed. It has been shown that the highly piezo-active SC inclusion
influences the electromechanical properties and ECFs of the composite in different
ways, depending on the piezoelectric properties and their anisotropy in the matrix of
the 0-3 composite.

The four ratios (5.4) describing the interconnections between the effective electro-
mechanical properties in 0—3 composites have been introduced to interpret features
of the longitudinal dielectric and piezoelectric response of composite structures with
prolate SC inclusions that exhibit high piezoelectric activity. Hereby the important
role of piezoelectric anisotropy and activity of the composite components in the lon-
gitudinal piezoelectric effect has been analysed for 0-3 composites with a variety of
combinations of components [see items (i)—(vii)].

Results of the study on the piezoelectric performance, anisotropy and orienta-
tion effects can be of value for piezo-technical, acoustic and other applications of
modern piezo-active 0-3 composites as materials whose piezoelectric properties and
anisotropy factors vary in wide ranges.
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Chapter 6
Conclusions

Science is an edged tool, with which men play like children, and
cut their own fingers.

A. Eddington

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.

G. H. Haertling

6.1 From Orientation Effects to a Large
Anisotropy of Properties

Current challenges in the research field of composite materials are associated with the
extension of the field of these materials from structural composites to functional and
multifunctional composites [1] with the effective properties that depend on a large
number of factors. The development of the composites for piezoelectric, pyroelectric
and other functional applications can stimulate the manufacture of highly effective
composites with tailored and predictable performance. In this context the orientation
effects discussed in the present monograph broaden our outlook when studying the
well-known composition—structure—properties relations [2, 3] in the piezo-active
composites. Examination of the orientation effects has to lead to an improvement
of the performance of the piezo-active composites, the anisotropy of their piezo-
electric coefficients and ECFs, the hydrostatic piezoelectric response, etc. It is obvi-
ous that fundamental links between the domain orientations and electromechanical
properties in modern relaxor-ferroelectric SCs with high piezoelectric activity rep-
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Fig. 6.1 Interconnections between the orientation effects, anisotropy factors and hydrostatic para-
meters in composites based on ferroelectric SCs

resent a considerable opportunity for improving the performance of the SC/polymer
and SC/porous polymer composites. We have obtained new “freedom degrees” that
enable us to have control over the piezoelectric performance and anisotropy of the
novel composites. The orientation effects in the FC-based composites studied in the
monograph are less pronounced, but are also important and should be taken into
account when predicting performance and for future applications.

In Chap. 3-5 we have considered three main examples of the connectivity patterns,
namely, 2-2, 1-3 and 0-3, and on their basis we have additionally analysed some
modified composite architectures, for instance, 1-3—0 with a porous polymer matrix.
As follows from our results, in the composites with porous polymers there are more
opportunities to vary the piezoelectric coefficients, anisotropy factors and hydrostatic
parameters in wide ranges. The additional “freedom degrees” associated with the
porous structure (features of microgeometry, volume fraction, spatial distribution
of pores, etc.) in the composite systems studied are of value for a variety of piezo-
technical, hydroacoustic and other applications.

We represent the main trends in the current study by means of two diagrams
(Figs. 6.1 and 6.2). These diagrams enable us to emphasise the role of various fac-
tors and interconnections which are concerned with the orientation effects, micro-
geometric and anisotropic characteristics of the composites discussed. It is clear
that the issue of the large piezoelectric anisotropy, discussed mainly in papers on
the PbTiO3-type FCs [4-6] in the 1980-1990s, can be solved in different ways, for
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instance, by creating highly anisotropic composites containing a SC component with
considerable piezoelectric activity and a porous polymer matrix; along with taking
into account features of the orientation dependence of the electromechanical prop-
erties of the SC component and forming a specific porous structure in the polymer
medium. Solving this problem in the composite (not FC) field, we find new important
relations between microgeometry and electromechanical properties of the composite
(Fig. 6.2), and these findings are to be taken into consideration in manufacturing new
composites and further applications.

Knowledge of the aforementioned interconnections (see Figs. 6.1 and 6.2) can lead
to an improvement of the piezoelectric performance and anisotropy factors of the
composites based on ferroelectrics. Undoubtedly, the diagrams shown in Figs. 6.1
and 6.2 may be reinforced in future studies devoted to the advanced composites
based on ferroelectrics or related materials. It is clear, that due to many additional
microgeometric, technological and other factors, it is impossible to draw a universal
picture of methods of improving the performance of the piezo-active composite or
controlling its anisotropy factors even in a restricted range. In this case we would like
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to finish with the following words by P. Valéry: “Science means simply the aggregate
of all the recipes that are always successful. The rest is literature”.
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Appendix A
Abbreviations

ECF

Electromechanical coupling factor

EFM Effective field method

EMM Effective medium method

FC Ferroelectric ceramic

FEM Finite element method

MPB Morphotropic phase boundary

PCR Piezoelectric ceramic from Rostov-on-Don (Russia)

PE Polyethylene

PIN—x—y Relaxor-ferroelectric solid solutions of xPb(In; ,Nby,2)03—
yPb(Mg/3Nb3/3)03 — (1 — x — y)PbTiO;3

PMN-xPT Relaxor-ferroelectric solid solutions of (1 — x)Pb(Mg;/3Nb2,3)O03—
xPbTiO3

PVDF Polyvinylidene fluoride

PZN—xPT Relaxor-ferroelectric solid solutions of (1 — x)Pb(Zn;;3Nb;;3)03—
xPbTiO3

PZT Piezoelectric ceramic of the Pb(Zr, Ti)O3 type

SC Single crystal

VDFE-TrFE  75/25mol.% copolymer of vinylidene fluoride and trifluoroethylene
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Appendix B
Electromechanical Constants of Components

To predict the effective properties and related parameters of a piezo-active composite,
we have used full sets of electromechanical constants of components such as ferro-
electric and relaxor-ferroelectric SCs (either single-domain or domain-engineered),
FCs and polymers. The constants involved in (1.4)—(1.7) were measured at room
temperature. A systematisation of data on the components is given in Table B.1.
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Table B.1 Electromechanical constants of components at room temperature

Component Composition Set of constants Table number
Ne PMN-0.33PT? Say» dij and €9, 1.1
PMN-0.33PT? sk, dijand g, 2.1
PMN-0.33PT? cfb, e;j and £ 5.2
PMN-0.30PT? Sty dij and €9, 1.1
PMN-0.28PT? L. djande 1.1
PMN-0.28PT#?:¢ b dij and 3.2
PZN-0.12PT® sk, dij and € 2.2
PZN-0.08PT* sk, dij and &9 1.1
PZN-0.07PT* sky» dij and &9, L1
PZN-0.07PT® sE. d;j and €9 o 3.6
PZN-0.045PT? sk, d;j and €9 o 1.1
PIN-0.24-0.49° sty dij and €5 2.3
PIN-0.27-0.40° Sey» dij and 5 23
PIN-x—yP sk, dij and £ 2.3
PbTiO} sE. dij ands 1.1
FC Compositions with
perovskite-type structure
(BaTiOs, PZT, PCR, ZTS,
modified PbTiO3, PMN-0.35PT, etc.) sE . d;j and & 1.2
Modified PbTiO3 cfb, ejj and € 5.1
ZTS-19 kL ejandes, 5.1
PMN-0.35PT k. ejande;, 52
Polymer Araldite Sap and &p), 3.1
Araldite cap and €pp 5.2
Polyurethane Sap and &p) 3.1
Elastomer Sap and &p), 3.1
PVDF sfb, d;j and e”p 33
VDE-TrFE L ejj and &), 5.2

2 [001].-poled domain-engineered SC
b Single-domain SC
¢ [011].-poled domain-engineered SC
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