
Chapter 2
Effective Piezoelectric Coefficients
d�ij: From Microgeometry to Anisotropy

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

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

2.1 2–2-Type Composites

2.1.1 2–2 Ceramic/Polymer Composites

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

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

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

The simplicity of the 2–2 structure, as shown in Figs. 2.1 and 2.2, and the
possibility of varying and tailoring the volume fractions of the components in a
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wide range [10, 11, 17, 18] enable the manufacture and design of materials with
extreme values of a variety of effective parameters concerned with the piezoelectric
effect. For example, in the case of 2–2 series-connected FC/polymer composites
based on PZT-type FCs, the non-monotonic volume-fraction dependence of the

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

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

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

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

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

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

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

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

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

and squared hydrostatic figure of merit

ðQ�
hÞ2 ¼ d�hg

�
h ð2:2Þ

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

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

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

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

C nð Þ�� �� ¼ jjsðnÞ;Ejj
jjdðnÞjj

 
jjdðnÞjjt

jjeðnÞ;rjj

!
ð2:3Þ

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

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

Mj jj jmþ Ij jj j 1�mð Þ½ ��1 ð2:4Þ

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

Mj jj j ¼ p1j jj j�1jjp2jj; ð2:5Þ

where the matrix

jjpnjj ¼

1 0 0 0 0 0 0 0 0

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

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

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

0 0 0 0 1 0 0 0 0

0 0 0 0 0 1 0 0 0

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

0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 1

0
BBBBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCCCA
ð2:6Þ

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

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

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

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

Polymers s11 s12 epp/e0

Araldite [22] 216 −78 4.0

Polyurethane [23] 405 −151 3.5

Elastomer [24] 3300 −1480 5.0

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

1540 −517 2.3

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

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

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

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

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

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

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

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

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

0 0 0 0 0 0 0

0.01 –0.0593 0.0701 16.3 –0.155 –0.136 17.0

0.02 –0.0996 0.120 32.2 –0.160 –0.135 33.7

0.05 –0.171 0.211 78.6 –0.168 –0.127 82.1

0.10 –0.232 0.297 151 –0.178 –0.107 157

0.20 –0.304 0.419 280 –0.201 –0.0589 289

0.30 –0.367 0.544 391 –0.230 0.00337 401

0.50 –0.539 0.904 573 –0.322 0.203 583

0.70 –0.917 1.72 716 –0.536 0.669 723

0.90 –2.77 5.74 832 –1.60 2.99 834

0.95 –5.51 11.7 857 –3.19 6.44 858

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

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

d�15 ¼ d�24 � d�3j
��� ��� ð2:7Þ

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

2.1.2 2–2 Single Crystal/Polymer Composites

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

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

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

�
24(m) (curves

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

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

Electromechanical
constants

Single-domain PMN–0.28PT
SC [32]

Single-domain PMN–0.33PT
SC [30]

sE11 8.78 62.16

sE12 −4.90 −53.85

sE13 −0.93 −5.58

sE14 16.87 −166.24

sE33 6.32 13.34

sE44 138.69 510.98

sE66 27.4 232.02

d15 2382 4100

d22 −312 1340

d31 −43 –90

d33 97 190

er11/e0 4983 3950

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

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

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

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

d�15 � d�24 ð2:8Þ

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

d�31\d�33\ d�32
�� �� ð2:9Þ

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

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

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

0
@

1
A: ð2:10Þ

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

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

�
33 remains

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

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

d�22=d
�
2f

��� ���
 5 ð2:11Þ

and

d�21 mdð Þ ¼ 0 ð2:12Þ

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

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

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

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

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

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

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

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

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

 !
: ð2:14Þ

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

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

C FCð Þ�� ��� C pð Þ�� ��� �h i�1
:

ð2:15Þ

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

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

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

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

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

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

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

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

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

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

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

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

2.2 1–3-Type Composites

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

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

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

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

�
33, g

�
3j, and h�33 [10, 27,

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

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

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

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

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

2.2.1 1–3 Ceramic/Polymer Composites

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

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

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

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

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

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

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

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

x1=a1ð Þ2 þ x2=a2ð Þ2¼ 1 ð2:16Þ

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

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

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

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

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

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

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

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

d�15 � d�3j
��� ��� and d�24 � d�3j

��� ��� at m ¼ const; ð2:17Þ

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

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

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

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

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

2.2.2 1–3 Single Crystal/Polymer Composites

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

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

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

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

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

2.2.3 1–2–2 Composites Based on Single Crystals

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

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

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

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

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

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

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

2.2.4 1–3–0 Composites Based on Single Crystals

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

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

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

x1=a1;p
� �2 þ x2=a2;p

� �2 þ x3=a3;p
� �2¼ 1 ð2:18Þ

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

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

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

Sk k� ��1
h i

ð2:19Þ

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

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

 !
; ð2:20Þ

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

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

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

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

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

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

electric coefficients eð1Þ3j [10, 12] as follows:

sgn eð1Þ33 ¼ �sgn eð1Þ31 [ 0: ð2:21Þ

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

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

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

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

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

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

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

Fig. 2.20 (continued)
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takes into account an interaction between the FC inclusions in the polymer medium.
We characterise the effective properties of the 0–3 composite by a 9 � 9 matrix [10]

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

C FCð Þ�� ��� C pð Þ�� ��� �h i�1
:

ð2:22Þ

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

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

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

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

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

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

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

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

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

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

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

uv

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

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

Table 2.4 Ratios of elastic

compliances sð0�3Þ
11 /sð0�3Þ

uv of
the 0–3 modified PbTiO3

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

qi mi sð0�3Þ
11 /sð0�3Þ

12 sð0�3Þ
11 /sð0�3Þ

13 sð0�3Þ
11 /sð0�3Þ

33

0.01 0.10 −3.95 −69.78 13.5

0.1 0.10 −4.22 −13.2 2.77

1 0.10 −4.86 −4.86 1.00

10 0.10 −5.14 −4.49 0.597

100 0.10 −5.65 −4.54 0.176

100 0.15 −5.67 −4.41 0.126

100 0.20 −5.68 −4.28 0.0998

100 0.25 −5.68 −4.18 0.0831

100 0.30 −5.67 −4.09 0.0709

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

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

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

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

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

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

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

elastic compliances sð0�3Þ
11 /sð0�3Þ

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

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

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

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

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

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

m ¼ ntþ 1�nð Þ 1�tð Þ ð2:23Þ

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

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

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

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

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

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

2.3.2 1–1–0 Ceramic/Porous Polymer Composites

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

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

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

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

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

2.4 0–3-Type Composites

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

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

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

d�ij=d
1ð Þ
ij � 1 ð2:25Þ

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

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

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

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

Fig. 2.28 Schematic of the
0–3 composite. The poling
direction is denoted by an
arrow. a1 and a3 are
semi-axes of the spheroidal
inclusion, m and 1 − m are
volume fractions of
components (reprinted from
Topolov et al. [59], with
permission from Taylor and
Francis)

82 2 Effective Piezoelectric Coefficients d�ij …



(Fig. 2.30a, b) on increasing the aspect ratio q of the SC inclusions. The piezo-
electric coefficient d�15 becomes smaller than that in the 0–3 ZTS-19 FC/clay
composite, see Figs. 2.29c, d and 2.30c. Such behaviour may be accounted for by a
lesser difference between elastic constants of the SC and polymer components in
comparison to the elastic properties of the ZTS-19 FC and clay in the first example.

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

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

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

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

Fig. 2.29 Volume-fraction dependences of piezoelectric coefficients d�ij (in pC/N) of the 0–3
ZTS-19 FC/clay composite. The schematic of the composite is shown in Fig. 2.28
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PMN–0.33PT SC with the high piezoelectric activity (see data in Table 1.3) and the
modified PbTiO3 FC with the large piezoelectric anisotropy and moderate piezo-
electric activity (see data in Table 1.5). As follows from Table 2.5, changes in the
aspect ratio q lead to changes in the piezoelectric coefficients d�ij and piezoelectric
anisotropy. At q = const and m = const, we observe minor changes in d�ij when the

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

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

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

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

2.5 3–b Composites

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

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

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

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

�
31|

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

0.05 −10.2 64.8 69.4 6.35 −10.3 63.8 69.4 6.39

0.10 −14.2 74.6 70.9 5.25 −14.2 72.8 71.0 5.31

0.20 −23.8 97.5 74.5 4.10 −23.9 93.8 74.6 4.13

0.30 −36.3 126 79.0 3.47 −36.5 120 79.1 3.48

0.50 −75.8 212 92.4 2.80 −77.0 201 92.7 2.80

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

0.05 −9.99 63.8 69.4 6.39 −10.2 64.2 70.5 6.29

0.10 −13.7 72.8 71.0 5.31 −14.0 73.5 72.9 5.25

0.20 −22.7 93.8 74.6 4.13 −23.4 95.8 77.8 4.09

0.30 −34.5 120 79.1 3.48 −35.8 124 82.6 3.46

0.50 −71.9 201 92.7 2.80 −75.8 212 93.6 2.80

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

0.05 −9.71 62.9 69.5 6.48 −10.1 63.6 70.6 6.30

0.10 −13.1 70.7 71.0 5.40 −13.8 72.5 72.8 5.25

0.20 −21.3 89.2 74.7 4.19 −22.8 93.5 77.6 4.10

0.30 −31.9 113 79.2 3.54 −34.8 121 82.4 3.48

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

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

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

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

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

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

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

d�33 mð Þ ¼ a0 þ a1mþ a2m
2 þ a3m

3: ð2:26Þ

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

d�33 mpl
� � ¼ a�0 þ a�1mpl þ a�2mpl

2 þ a�3mpl
3 þ a�4mpl

4 ð2:27Þ

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

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

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

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

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

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

composite is shown in Fig. 2.11

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

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

�
31| 
 5

Validity of the
condition k�33/|k

�
31| 
 5

Validity of the
condition k�t /|k

�
p | 
 5

10 0.2 [0.001, 0.048] – –

10 0.3 [0.001, 0.111] – –

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

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

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

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

piezoelectric coefficients dð1Þ3j , see data in Table 1.3.

2.7 Hydrostatic Piezoelectric Response
and Its Relation to d�ij

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

k�h ¼ d�h= e�r33s
�E
h

� �1=2 ð2:28Þ

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

s�Eh ¼
X3
a¼1

X3
b¼1

s�Eab ð2:29Þ

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

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

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

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

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

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

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

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

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

h)
2 (in 10−12 Pa−1)

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

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

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

porous araldite composite

qp Max d�h Max [(Q�
h)
2] Max k�h

Composite at mp = 0.1

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

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

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

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

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

Composite at mp = 0.2

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

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

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

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

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

Composite at mp = 0.3

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

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

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

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

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

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

2.8 Conclusion

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

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

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

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

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

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

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

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

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

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

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