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ABSTRACT This paper studies the influence of the mutual orientation of the poling axes
of single-crystal and ceramic components on the hydrostatic piezoelectric performance and
anisotropy of squared figures of merit and electromechanical coupling factors for 1-0-3
composites that comprise two ferroelectric components and a piezo-passive polymer one. We
demonstrate that the elastic and piezoelectric anisotropy of the 0-3 ferroelectric ceramic /

polymer matrix with prolate inclusions leads to large hydrostatic piezoelectric coefficients d,

and g, and squared figure of merit d, g, in a 1-0-3 0.67Pb(Mg1/3Nb2/3)03-0.33PbTiOs single

crystal / (Pb1—«Cax)TiO3 ceramic / araldie composite with x =0.20-0.25. In this composite values

of max g, ~ 10> mV'm/N and max(d, g,) ~10"'! Pa’! are achieved in specific volume-fraction

and rotation-angle ranges due to a new orientation effect in the presence of the highly anisotropic

0-3 matrix.
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1. Introduction

Piezo-active composites are often regarded as heterogeneous materials that consist of two
components, and at least one of them is piezoelectric. This piezoelectric component that is often
selected is a poled ferroelectric ceramic with a relatively high piezoelectric activity, dielectric
permittivity and other characteristics which play the important role in the formation of the
effective electromechanical properties in the composite [a-1, a-2, a-3]. The composites based on
ferroelectrics are the important group of modern smart materials wherein the effective properties
and their anisotropy can be varied across a wide range and are useful for piezoelectric sensor,
actuator, hydrophone and other applications [a-1, a-4, a-5].

An important trend in the study of advanced piezo-active composites in the last decade is a
modification of its structure by introducing a third component that can enhance the piezoelectric
performance, hydrostatic piezoelectric response and related parameters [1]. Among the
composites with a high piezoelectric activity and/or sensitivity [2], of particular interest are those
based on domain-engineered relaxor-ferroelectric single crystals (SC) [3], e.g. (1-
x)Pb(Mg1/3Nb2/3)O3 — xPbTiO3 (PMN—xPT) or (1—x)Pb(Zni/3Nb2/3)O3 — xPbTiOs. Poling these
SCs in different directions lead to a polarisation orientation effect [2] in two-component SC /
polymer composites with 1-3, 2-2 and 03 connectivities. This orientation effect depends not
only on the connectivity of the composite sample, but also on the electromechanical properties of
its SC component. We add that the polarisation orientation effect was studied in ferroelectric
ceramic / polymer composites with 2-2, 3-3, 1-3, and 0-3 [a-1, a-2, a-6, a-7, a-§, a-8prim]|
connectivities. An improvement of the hydrostatic piezoelectric response in a 1-3 composite is
achieved in the presence of a system of ceramic rods that are obliquely embedded into a polymer
matrix [a-8prim]. Moreover, an example where the perforamce a 1-3 composite with ceramic
rods with a preferred orientation was considered in work [a-8duo].

The presence of an anisotropic piezoelectric matrix in a composite sample opens up new
possibilities to vary the effective electromechanical properties of this composite and its

hydrostatic parameters. In this case an important challenge is to explore links between the
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effective properties of the composite as a whole and the anisotropic properties of its components
at variations of the polarisation directions, microgeometric characterisitics, sizes of inclusions,
and poling degree of components. The research problem concerned with such linkages in piezo-
active composites is difficult and has not been discussed in detail. We note that an influence of
the polarisation orientation in the heterogeneous (composite) matrix on the effective properties is
yet to be analysed for three-component composites based on relaxor-ferroelectric SCs, i.e., for
composites with the SC component that exhibits the strong piezoelectric effect in comparison to
the two-component matrix. In this context, three-component composites that consist of two
ferroelectric components (both SC and ceramic) and a polymer have yet to be studied in detail.

In this paper we first demonstrate that the different polarisation directions of the
ferroelectric components with distinct differences in their electromechanical properties lead to an
important 'orientation effect' and improved effective parameters for the three-component
composite system. Undoubtedly, novel piezo-active three-component composites with two
ferroelectric components may be of interest due to the complex inter-relationships in the
fundamental triangle of ‘composition — structure — properties’. The aim of the present paper is to
analyse this orientation effect and some aforementioned relations in the context of the

piezoelectric response of the three-component (SC/ceramic/polymer) composite system.

2. Model concepts and effective parameters
2.1. Model of the three-component composite

The composite studied in this paper consists of long SC rods embedded in a heterogeneous
matrix (Fig.1,a). The SC rods are in the form of the rectangular parallelepiped with a square base
and square arrangement in the (X10X2) plane. The main crystallographic axes of each SC rod
with the spontaneous polarisation PV are oriented as follows: X||OX1, Y||OXz and Z||PsV]|0X;.
The ferroelectric ceramic is used as an inclusion in the polymer matrix. The shape of each

ceramic inclusion is spheroidal and obeys the equation (xi'/a1)*+ (x2'/a2)*+ (x3'/az)*= 1 relative to

the axes of the rectangular co-ordinate system (Xi'X2'X3") rotated by an angle o with respect to
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(X1.X2X3) (inset 1 in Fig.1,a). The semi-axes of each ceramic inclusion are a1= a2 and a3, the
aspect ratio is p;= ai/a3, and centres of the inclusions (Fig.1,b) occupy sites of a simple
tetragonal lattice with unit-cell vectors parallel to the OX;' axes. We assume that 0< p;< 1, and
the presence of prolate inclusions facilitates a poling of the ferroelectric ceramic / polymer
matrix due to a weaker depolarisation effect therein. A remanent polarisation vector of each
ceramic inclusion is P,®110X3’, and OX3' is the poling axis of the matrix (inset 2 in Fig.1,a) that
represents a composite with 0-3 connectivity in terms of work [1,2]. The three-component
composite (Fig.1,a) is described by 1-0-3 connectivity. We add that methods to form a 0-3
matrix consisting of ceramic inclusions in a polymer for the 0—3 PbTiOs-type ceramic / epoxy
resin system include electric-field structuring [4], and other methods [3, a-1, a-2, a-5] have been
used to form the 1-3 composite architecture which include a rod placement, dice and fill, etc.
Assuming that the linear sizes of the inclusions in the 0—3 matrix are much smaller than the
length of the side of the square being intersected the rod in the (X10X2) plane, we evaluate the
effective properties of the complete 1-0—3 composite in two stages.
2.2. First stage of averaging
Taking into account the electromechanical interaction between the piezo-active (poled

ferroelectric ceramic) inclusions, the effective properties of the 0-3 composite are determined by
means of the effective field method (EFM) [1,2]. Based on the EFM concepts [1, 2], we describe
an electromechanical interaction in the system of ‘ferroelectric ceramic inclusions — polymer
matrix’ (see inset 2 in Fig.1,a) using a local electric field that acts on each rod. This effective
field is determined by taking into account a system of interacting inclusions and boundary
conditions concerned with the spheroidal shape of each inclusion. The boundary conditions
involve components of electric and mechanical fields at the inclusion — matrix interface.
Following the EFM, we characterise the effective properties of the 0—3 composite by the 9 x 9
matrix [2]

| Cos* |=1| CP ||+ mi(| VN = [P [N+ (L=m)[| ST CP (| VY= [ CPDT

(1)



Matrices of electromechanical constants of components || C™ || from Eq. (1) are

™20 e
¢

represented as follows: HC(I)H:[ 0] e 1|
[le™| e

J (ferroelectric ceramic) and

(2).E @)t
HCO)H - [| |C(2) Il i (|2|)’:|| (polymer). In Eq. (1) m; is the volume fraction of the ceramic
e —lie

component, || /|| is the identity matrix, and || S| is the matrix that contains the Eshelby tensor
components [a-9] depending on the elements of || C® || and the aspect ratio p;. In || C* || from
Eq. (1), || |, |[e™|| and || || comprise of the elastic moduli (at electric field E= const),
piezoelectric coefficients and dielectric permittivities (at mechanical strain &= const),

respectively, and the superscript ¢ denotes the transposition. The effective electromechanical

properties of the 0-3 ceramic / polymer composite are represented according to Eq. (1) in the

leaZs 11 1l egll

matrix form as HC;:BH — J , where ||¢,”; ||, || e, ]| and || &,, || depend on m;

leg sl —llzo]

and p;.

An alternative way to determine the effective properties of the heterogeneous matrix is the

use of the finite element method (FEM) [2] and different meshes of the 0—3 structure, and in this

paper we examine and compare both approaches. The COMSOL package [a-10] is applied to

obtain the volume-fraction dependence of the effective electromechanical properties of the 0—3

composite within the framework of the FEM. A representative unit cell, containing the spheroidal

inclusion with a radius adjusted to yield the appropriate volume fraction m;, is discretised using

tetrahedral elements [2]. Their number, depending on the aspect ratio p; of the spheroidal

inclusion, varies from 320,000 to 1,120,000. [Paolo, please check — maybe these values are not

very correct...] The unknown displacement and electric-potential fields are interpolated using

linear Lagrangian shape functions. The corresponding number of degrees of freedom varies from

200,000 to 800,000%*). [Paolo, please check — maybe these values are not very correct...1



For what concerns the conditions at the inclusion — matrix interface
in FEM computations, the following conditions have been assumed: (i) perfect bonding (i.e.,
continuity of the displacement field) and (ii) continuity of the electric potential.
Moreover, the periodic boundary conditions were assumed on the boundary of
the parallelepipedic representative unit cell ‘inclusion — matrix’. The matrix of effective
electromechanical constants of the 0-3 composite is computed column-wise, performing
calculations for diverse average strain and electric fields imposed to the structure. The Geometric
Multigrid [a-11] iterative solver (V-cycle, successive over-relaxation pre- and post-smoother,
direct coarse solver) is employed. After solving the electroelastic equilibrium problem, the
effective electromechanical constants of the 0-3-composite are computed, by averaging the
resulting local stress and electric-displacement fields over the representative unit cell. As in the

EFM, the matrix of the effective electromechanical properties || C; ,|| determined using the FEM is

a function of m; and p..
Using either the EFM or FEM and taking into account the rotation (X1'X>'X3")—>(X1.X2X3),

we find the matrix of effective electromechanical properties || C,_, || =|| C;_; (mi, pi, )| in the

co-ordinate system (X1.X2X3). As is seen from inset 1 in Fig.1,a, the rotation is carried out around

. e 1 0 0
the (OX1) axis, and the matrix is given by .
H r H: 0 cosa sing
0 —-sina cosa

*) For instance, the mesh (Fig.1,c) used for FEM computations of the effective properties of the
0-3 composite at p; = 0.3 and m; = 0.1 comprises 1,118,006 tetrahedral elements, and the number
of degrees of freedom solved for these computations is 775,604.
2.3. Second stage of averaging

The effective properties of the 1-3-type composite with planar interfaces (i.e., the system
of the long SC parallelepiped-shaped rods in the 0—3 matrix) are evaluated using the matrix

method [2]. Hereby we average the electromechanical properties of the SC rod and 0-3

composite matrix in the OX; and OX> directions, in which the periodic structure of the composite
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(Fig.1,a) is observed, and take into account electromechanical interactions in a system of ‘piezo-
active rods — piezo-active matrix’.

The matrix of the effective properties || C* || is determined by averaging the
electromechanical properties of the components (SC and 0-3 composite) on the volume fraction
m and is given by

1 =Tl Csc M M |[m + ]| Coy 11 =m)[I M |lm + |1 ]| (1= m)], 2)
where || Csc || and || C, , || are matrices of the electromechanical properties of the SC and 0-3

composite, respectively, || M || is used to take into account the electric and mechanical boundary
conditions [2] at interfaces x; = const and x> = const (Fig. 1,a), and || /|| is the identity matrix. For

example, the boundary conditions at x; = const imply a continuity of components of mechanical
stress o11 = G1, 12 = O and G613 = G5, strain & = &, 23 = E4/ 2 and &33 = &3, electric

displacement D1, and electric field E> and E3. We add that || Csc || and || C, , || are written as

E t *E * 0t
Il Csc || =[“SSC I Il dge |l ] and || C,, || = [HS 1111l ],Where sf, d and €° are elastic
* *
lds Il llese |l d I [le”|l

compliance at £ = const, piezoelectric coefficient and dielectric permittivity at ¢ = const,

respectively. A transition from ||c,”; |, [|¢,_,|| and || &,%, || (the matrices determined for the 0-3
composite in Section 2.2) to ||s,%, ||, || d,_;|| and || &,% || is carried out taking into consideration

conventional formulae [a-12] for a piezoelectric medium. Thus, based on Eq. (2), we finally

represent the effective properties of the 1-0-3 composite in the co-ordinate system (X1.X2.X3) as

| C* 1=l C¥m,mi i) | =[”S e j &)
1"l e

2.4. Components and effective parameters

Among the potential active components of interest, we choose a [001]-poled domain-
engineered PMN—0.33PT SC (main component in a 1-3 composite [3]), poled (Pbi_.Ca,)TiO3
ceramic and piezo-passive araldite polymer (Table 1). The PMN—0.33PT SC with a composition

near the morphotropic phase boundary is chosen since it exhibits a very high piezoelectric
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activity and moderate piezoelectric anisotropy [5], while the (Pb;—«Ca,)TiO3 ceramic with 0.20<
x< 0.25 has been selected for its contrasting properties, since it exhibits only a moderate

piezoelectric activity, but has a large piezoelectric anisotropy [6]. As is known from
experimental data [5,8], the coercive fields £ of the PMN—xPT SC (n= 1) and (Pb;.Ca,)TiO3
ceramic (n= 2) satisfy the condition £"'<<E£®. This condition enables initial poling of the 0-3
matrix under a strong electric field with a subsequent poling of the SC rods in the composite
(Fig.1,a) under a less intensive electric field. It should be added that (Pb;_.Ca,)TiO3 and related
highly anisotropic ceramics were used to form 0-3 ceramic / polymer composites, and some
parameters of these composites are given in Refs.a-13, a-14.

Based on the full set of electromechanical constants from Egs. (2) and (3), we determine

the following effective parameters of the 1-0-3 composite: piezoelectric coefficients g7, from

equation || d* ||=|&" ||| g* ||, squared strain—voltage figures of merit

* *

(0L)=dy; g5 (03,)=ds, g5, and (05))=d;, g5, (4)
electromechanical coupling factors

k= dys/(eg 55 )% ky= dyy /(e 5) "2 and k= dy /(e 5) 1, (5)
hydrostatic piezoelectric coefficients

d,= dytd,td; and g, = g +gytg, (6)
and squared hydrostatic figure of merit

(0,)=d, g, (7)
It is assumed that electrodes applied to a composite sample are perpendicular to the OX3 axis.

Squared figures of merit (Q;7 )? from Egs.(4) are an indicator of the sensor signal-to-noise ratio of
the composite and its piezoelectric sensitivity. Electromechanical coupling factors £, from

Egs.(5) describe the effectiveness of the energy conversion from the mechanical form into the
electric one and vice versa along the co-ordinate axes and is of interest for energy harvesting

applications. Hydrostatic piezoelectric coefficients d, and g, from Eqs.(6) describe the
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piezoelectric activity and sensitivity under hydrostatic loading of the composite sample for
SONAR and hydrophone applications. The parameter ( Q; )* from Eq.(7) serves as a hydrostatic
analog of (Q;,)* from Eqgs.(4) and is used [1,2] to characterise the piezoelectric sensitivity under
hydrostatic loading. Due to the variable anisotropy of piezoelectric coefficients in the 0—3 matrix
at changing the rotation angle o, we distinguish the piezoelectric response of the 1-0-3

composite along the OX; and OX; axes. As a consequence, in a general case, expressions (Q;,)* #

* *

(0,)% ky # ky, dy,# dy,, and g, # g;, hold. We remind the reader that for a conventional 1-3

* *

ceramic / polymer composite poled along the OX; axis, relations (0}, )*= (Q5,)% k, = k,, ds,=
dy,,and g, = g, are valid [a-3, a-4, 2] because of the transverse isotropy.
3. Results and discussion

The piezoelectric properties of the 1-3—-0 composite (Fig. 1,a) at o= 0°, a= 180° and 0<m<

) 0 0 0 O pl*s pl*() .
1 are represented by a matrix ||p*|| = , where p=d, e, g, or h. This
Po P Pz P 0 0

p; p; p; P;x 00

composite belongs to the m symmetry class at the mirror plane perpendicular to OX1. Taking into
account the rotation mode and symmetry of the components, we find that the effective properties
and parameters from Egs.(2)—(5) obey the condition IT*(m, m;, pi, a)= I1*(m, m;, pi;, 360°—av).
Hereafter we consider examples of orientation (o) and volume-fraction (m or m;) dependences of
the effective parameters of the 1-3—0 composite at p; = const in its 0—3 matrix.

3.1. Volume-fraction dependence of the hydrostatic piezoelectric coefficient g, at various o
The graphs in Fig. 2 show that local max g, is observed at relatively small volume
fractions of the SC component (0.01 <m < 0.05). The g, (m) dependence is typical of 1-3

composites irrespective of the main piezoelectric component [a-4, 2]. This behaviour stems from

rapid increase in | d;,| and relatively slow increase of &;; at m <<1 in the 1-3 composite where



the system of aligned piezoelectric rods plays a key role in his behaviour. Comparing graphs in

Fig. 2, a, b and c, it can be seen that the local max g, is related to o ~ 90°, and the value of

max g, considerably depends on the volume fraction of the ceramic inclusions m; in the 0-3
matrix. This means that changes in m; influence the dielectric permittivity ¢,;, , of the 0-3 matrix
and, therefore, ¢, of the composite as a whole. Increasing ¢,; with increasing m;leads to a
decrease in both | g; | and g, » and this trend can be seen when comparing maximum points of g,
in Fig. 2,a—c.

We underline that when the volume fraction of the SC component is near m = 0.05, values
of g, ~(120-140) mV'm / N are achieved (Fig. 2, a—c), and at m > 0.05 the orientation effect
becomes less pronounced at various volume fractions m;, even in the presence of the highly
prolate ceramic inclusions (p; << 1) in the 0—3 matrix. This behaviour a result of the important
role of the dielectric properties of the 0—3 matrix: it is seen that the influence of g3§’ s on g7 and
g, of the composite remains strong with changes in both m; and o.. An additional reason of this
behaviour may be associated with changes in an elastic anisotropy of the 0-3 matrix at changes
in m; and o.

Comparing Fig. 2,b and 2,d, we state that a transition from a highly prolate inclusion (at p;

=0.1) to a less prolate inclusion (at p; = 0.3) in the 0—3 matrix leads to a distinct decrease in g,

near its local maximum at 80° < a < 100°, see curves 2—4 in Fig. 2,b,d. This means that with
increasing p;, a significant orientation effect is detected in a more narrow a range, and this
feature is accounted for by the less pronounced anisotropy of the piezoelectric properties in the
0-3 matrix at larger values of p..

3.2. Orientation dependence of the hydrostatic piezoelectric response

The orientation dependence of the hydrostatic parameters (Fig.3,a,b) suggests that max g,

and max[( Q; )*] are achieved at a rotation angle a~ 90° with a volume fraction of ceramic
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inclusions m= 0.12. Local max g, may be found at the volume fraction of SC 0.01< m< 0.12,
however the fabrication at the volume fractions m< 0.03 may be problematic in terms of the
manufacturing tolerance [2]. The largest value of g, at 0.1< pi< 0.5 is related to m= 0.12 and
0.01< m<0.03, and in this m range local max g, is observed at various values of m;, pr and o
(Fig. 2). Our evaluations based on the EFM (0-3 matrix) and matrix method (1-3-type
composite) lead to absolute max d,= 305 pC/N at m= 0.532, m=0.12, p/= 0.1, and a= 90°.
Using the matrix method, for the 1-3 PMN-0.33PT SC / araldite composite we find
absolute max g, = 158 mV-m/N, max[( Q, )*]= 8.27-10!2 Pa'! and max d,= 274 pC/N at m= 0.016,

0.103 and 0.509, respectively. At m= 0.05 for the 1-3 PMN—-0.33PT SC / araldite composite we

obtain g, =115 mV-m/N, and this value is considerably smaller than g, near maxima in Figs.2

and 3,a.

The large values of (Q, )* (Fig.3,b) and 4, in the 1-0-3 composite are due to the presence
of the 0—3 matrix based on the ceramic with the piezoelectric coefficients 4|7 that obey the
condition [6] d3/|d3|>>1. At a= 90°, the remanent polarisation vector P.® of each ceramic

inclusion (inset 2 in Fig.1,a) is parallel to OX>, and this P,® orientation leads to a decrease in

|d;,| with minor changes in d,, and d,, (or g, and g;,, respectively) as a result of the weak
lateral piezoelectric effect in the 0—3 matrix. As a consequence of the reduced | d;, |, we observe
an increase in both d; and g, .

The elastic anisotropy of the 0—3 matrix with highly prolate inclusions is an additional
factor in increasing the hydrostatic parameters (6) and (7). For example, ratios of the elastic

compliances of the 0-3 (Pbo.75Ca025)TiO3 ceramic / araldite composite are s/, /s, ,=—2.21,
Stos/ Sises= —0.52 and s /555, = 1.95 at p= 0.1 and m;= 0.10. At p;/= 0.3 and m;= 0.10 in the
same composite there are s/}, /s, ;= —2.52, s/, /s5,,= 3.5l and s} /55, = 1.25, 1€, a

significant decrease of | s, , /s, ,|and |s[, , /s, ;| is observed with a weakening of the
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piezoelectric activity. This orientation effect in the 1-0-3 composite favours an increase in ( Q] )?
and d, near its maxima by approximately 29% and 11%, respectively, in comparison to a
‘traditional’ two-component 1-3 PMN-0.33PT SC / araldite composite. The studied 1-0-3
composite is also attractive due to large values of local maxima of d,, g, and (Q,)* at m= const,
especially at m; <0.15.

3.3. Anisotropy of figures of merit and electromechanical coupling factors

The inequality
(03,)% (05?2 10 (=1 and 2) (8)

holds at volume fractions of SC mg1< m< mg> which depend on the rotation angle o (Fig.3,c).
The validity of condition (8) is due to the presence of the 0—3 matrix which has a significant
elastic and piezoelectric anisotropy at m;= 0.50 and p;= 0.1. In this case the prolate ceramic

inclusions have a significant influence on the electromechanical properties of the 0—3 matrix, and
the anisotropy of these properties is very favourable to detect the orientation effect in the 1-0-3

composite. Values of mg>< 0.1 may be a result of the high piezoelectric activity of the SC while
d)/d? = 100. We note that (Q9))/ (4= (O (OL)=(d%)/d{))’~ 4.5 is related to the

PMN-0.33PT SC (see Table 1).

The electromechanical properties of the 0—3 matrix favour the inequality

by /| ks; 125 (€))

that is valid at mu< m< mpo (Fig. 3, d). Taking into account Egs. (5), we state that the ratio (9)

depends strongly on the piezoelectric and elastic anisotropy of the SC and ceramic, and this

anisotropy remains distinct at relatively small values of m. Our evaluations at fixed values of m

and o from Fig.3,d show that the longitudinal electromechanical coupling factor &,

monotonically decreases from 0.507 (a= 0°) to 0.292 (o= 21°). Based on data from Table 1, we

highlight for comparison that k%'=0.290 for the (Pbo75Ca.5)TiO3 ceramic.
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3.4. g, versus ds,
Examples of a dependence of the piezoelectric coefficients d;/ and g, ; on the rotation

angle a at relatively small SC volume fractions m are shown in Fig.3,e,f. A comparison of the

graphs in Fig.3,e and f suggests that the orientation effect is inseparably linked with the lateral

piezoelectric response of the 1-0-3 composite. This means that the effect of the anisotropic 0-3
matrix on d; ; and <, ; 1s more pronounced near o= 90°, i.e. in a case when the piezoelectric

anisotropy of the ceramic inclusions promotes a large contribution from the piezoelectric

coefficient of the 0—3 matrix a’;’o_?, >0 into d,, <0 of the 1-0-3 composite. As a result, we see
a large difference between d,, and d, (cf. curves 7-9 and 10-12 in Fig.3,e), and |d;,| > | ds, |

because of lack of the aforementioned contribution into d;, < 0 due to the rotation axis OX; (see
inset 1 in Fig.1,a).

Increasing the aspect ratio p; of the ceramic inclusion in the polymer medium leads to a
weaker piezoelectric effect in the 0-3 matrix, lower values of |/, ,/s/, ;[ and |/ ,/s, |, and
a decrease of the hydrostatic parameters (6) and (7). For example, the 1-0—3 PMN-0.33PT SC/
(Pbo.75Ca0.25) TiO3 ceramic / araldite composite at p;= 0.3 is characterised by local max d,= 279
pC/N and 278 pC/N at m=0.10 and 0.15, respectively, as well as by local max[(Q;)*]=8.47-10"12
Pa!and 7.98'10'2 Pa! at m=0.10 and 0.15, respectively. This means that the anisotropy of the

piezoelectric coefficients d, ; remains important with changes in the microgeometry of the 0-3

matrix and influences behaviour of g5, d;, g; and (Q;)* Replacing the (Pbo.75Ca025)TiO3

ceramic with (Pbi_,Ca,)TiO3 at x= 0.20—0.24 leads to changes in the parameters (4)—(7) of the 1—
0-3 composite by 1-3%. As is known from Ref. 6, the (Pb;_«Ca,)TiO3 ceramics at x= 0.20-0.24
are characterised by piezoelectric coefficients d3; that obey conditions for the large piezoelectric
anisotropy: e.g., d’/ |d{}’| = 18.7, 30.3 and 39.8 at x= 0.20, 0.23 and 0.24, respectively.

Moreover, these ceramics exhibit an appreciable elastic anisotropy that is typical of modified
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lead titanate compositions [8]. In our opinion, the large piezoelectric anisotropy of the (Pbi-
+Ca,)TiO3 ceramics leads to the large piezoelectric anisotropy of the 0—3 composite and favours
a stable behaviour of effective parameters from Eqgs. (4)—(7) and the orientation effect in the 1—
0-3 composite.

3.5. Comparison of effective parameters of composites

The effective parameters obtained using different methods applied to the 0—3 matrix (see
Section 2.2) are compared in Table 2. In addition to the EFM approach, two FEM models are
considered. Either Dirichlet (FEM-1) or periodic (FEM-2) boundary conditions are enforced on
the boundary of the representative unit cell, and the matrix of effective constants of the 0—3
ceramic-polymer matrix (inset 2 in Fig.1,a) is computed column-wise, performing calculations
for diverse average strain and electric fields imposed to the structure. The use of Dirichlet
boundary conditions gives rise to a higher piezoelectric activity of the 0—3 matrix, whereas
periodic boundary conditions lead to a lower piezoelectric activity than that obtained using the
EFM method. The EFM results are close to average values obtained from the FEM models.
Relatively small differences between the parameters obtained using the EFM, FEM-1 and FEM-
2 (Table 2) are due to the very high piezoelectric activity of the SC rod in comparison to the 0-3
matrix surrounding it.

Since this is the first study of the performance of the novel 1-0-3 composite (Fig. 1,a) and
the orientation effect therein, it is impossible to compare the predicted effective parameters
(Figs.2 and 3 and Table 2) directly to those known from literature experimental data for this
composite. Nevertheless, we now compare some effective parameters of this novel composite to
those related to some well known two-component composites. For example, a 1-3 PMN-0.30PT

SC / epoxy composite is characterised by experimentally determined values of the piezoelectric

coefficient g,; ~ (90-130) mV.m/N at volume fractions of the SC component m = 0.26-0.70 [a-

5]. A predicted value of max g5, ~ 400 mV.m/N (at m <0.05) [a-5] is comparable to values

typical of the 1-0-3 composite at m = 0.05 and m; = 0.10-0.15 (Fig.3,f). Ina 1-3 PZT ceramic /
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epoxy composite with a preferred orientation of ceramic rods [a-8duo], values of max d; ~ 110

pC /N and max[(Q; )*]= 6.0-10"'2 Pa"! are considerably less than the maximum values of these

parameters of the 1-0—3 composite (see, for instance, Fig.3, b and Table 2). In a
(Pbo.75Ca0.25)Ti03 ceramic / copolymer vinylidene fluoride-trifluorethylene composite with

elements of 0-3 and 1-3 connectivity patterns, the piezoelectric coefficient g, decreases from

161 to 106 mV m/N with increasing the volume fraction of ceramic from 0.20 to 0.60 [a-14]. The

presence of two piezoelectric components, namely, ferroelectric ceramic and polymer, do not

lead to a considerable increase of g; in the composite [a-14] based on (Pbo.75Cao.25)Ti0s.
According to data [a-15], a 1-3 PMN-0.33PT SC / araldite composite is characterised by max d,

=274 pC/N (at m = 0.509), max g, = 130 mV.m/N (at m = 0.016) and max[( Q] )*] = 7.4510'?
Pa’! (at m = 0.115). The 1-3 composite from work [a-15] is to be regarded as a limiting case of
the 1-0-3 composite studied in this work (Fig. 1,a) at m;= 0. Graphs in Fig. 3.a,b show that the
increase of max g, and max]( 0,)*] in the 1-0-3 composite is achieved due to the orientation
effect in the 0—3 matrix based on the highly anisotropic ceramic. Finally, a 0-3 Sn2P2S¢ SC /
epoxy composite [a-16] is of interest for a further comparison. According to Ref.a-16, values of

max g, ~ (150-155) mV.m/N and max d, ~ 55 pC/ N were experimentally determined for 0-3
composite samples. With an increasing in the size of the SC inclusions in this composite both g,

and d, increase, so that values of g, ~ 500 mV.m/N and max d, ~ 150 pC/ N are acheived in

specific ranges of the sizes of the Sn2P2Se SC inclusions. The corresponding composite exhibits
predominantly the 1-3-type connectivity that leads to an improved hydrostatic piezoelectric
response due to a continuous distribution of the piezoelectric SnoP2Se inclusions along the poling
axis.

Thus, we have observed advantages of the piezoelectric performance of the novel 1-0-3

composite based on the relaxor-ferroelectric SC over the performance of the two-component
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ceramic / polymer and SC / polymer composites, and these advantages are achieved due to the

strong longitudinal piezoelectric effect and the considerable hydrostatic piezoelectric response.

4. Conclusions

A new orientation effect has been first studied in novel three-component 1-0—3 composites
(Fig. 1,a) with two contrasting ferroelectric components, namely, the highly piezo-active relaxor-
ferroelectric PMN—0.33PT SC (rods) and highly anisotropic (Pbi_«Ca,)TiO3 ceramic (inclusions,
x=0.20-0.25). The effective electromechanical properties (3) and related parameters (4)—(7) of
this composite are functions of four variables, m, m;, p;, o, and this circumstance makes a
problem of optimisation of the properties a difficult task.

Changes in the rotation angle a= (P;V"P,?) give rise to changes in the elastic and
piezoelectric anisotropy of the 0—3 matrix. The (Pbi—Ca,)TiO3 ceramic plays an important role in

the orientation effect due to the very large anisotropy of the piezoelectric coefficients d{? in
comparison to the anisotropy of ;) of the PMN-0.33PT SC (see Table 1) and due to the high

elastic anisotropy. Ceramic inclusions with a prolate shape promote considerable elastic and
piezoelectric anisotropy of the 0—3 matrix and an appreciable orientation effect in the 1-0-3
composite. A comparison of the effective parameters (6) and (7) of this composite due to the
parameters of the related 1-3 SC / polymer composite enables us to emphasise the high

performance of the 1-0—-3 PMN-0.33PT SC / (Pb;«Ca,)TiO3 ceramic / araldite composite (x=
0.20-0.25). It worth noting that maxima of its three hydrostatic parameters, d,, g, and (Q, ), are
achieved at a volume fraction of the ceramic inclusions m;= const, and a good correlation

between results obtained using the EFM and two versions of the FEM (Table 2) is observed. As

follows from Table 2, changes in the mesh of the 0—3 matrix with spheroidal ceramic inclusions
does not give rise to significant changes in g, and (Q, )* which are predicted using the FEM.
The orientation effect studied in this 1-0-3 composite leads to a considerable anisotropy of

squared figures of merit (8) and electromechanical coupling factors (9) at the relatively high
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piezoelectric activity, and such characteristics when combined with large parameters (6) and (7)

are of value for hydroacoustic, piezoelectric energy harvesting and transducer applications.
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Table 1. Elastic compliances s (in 10712 Pa!), piezoelectric coefficients dy (in pC/N) and

relative dielectric permittivities ¢/ & of components at room temperature

E E E E E
Component st s 513 S5 Sy 856 d31 d dis  ela  &la

PMN-0.33PT SC,
4mm symmetry [5]

69.0 -11.1 557 119.6 145 152 1330 2820 146 1600 8200

(Pbo.80Ca0.20)TiO3

ceramic [6]

6.04 -124 -125 621 147 146 -133 246 26.1 131 135

(Pbo.75Ca0.25)TiO3

ceramic [6]

6.00 -1.30 -130 6.18 148 146 -0364 28.0 289 158 163

Araldite [7] 216 78 78 216 588 588 0 0 0 4.0 4.0

Table 2. Hydrostatic piezoelectric coefficient g, (in mV'm/N) and squared hydrostatic figure of
merit (Q; )* (in 1072 Pa!) of the 1-0-3 PMN-0.33PT SC / (Pbo.s0Cao.20) TiO3 ceramic / araldite

composite at p; = 0.1 and a = 90°. Methods for prediction of properties of the 0—3 matrix are

listed in the 1st column

Methods gz at g; at gZ at g;: at g;: at gZ at (Q;lk Y at (Q; Y at (Q; Y at
m=0.10, m=0.10, m~0.10, m=0.15, m=0.15, m~=0.15, m~=0.10, m=0.10, m=0.10,
m=0.05 m=006 m=010 m=0.05 m=0.06 m=010 m=0.10 m=0.12 m=0.15

EFM 133 121 86.6 133 122 89.1 10.2 10.3 10.0

FEM-12 139 128 92.2 139 129 95.5 11.1 11.2 11.0

FEM-2b 128 117 84.3 127 118 86.5 9.53 9.59 9.40

Methods (0" pat  (Q) Pat  (Q, Pat
m=0.15, m=0.15, m~=0.15,
m=010 m=0.12 m=0.15

EFM 10.3 10.4 10.2
FEM-1# 11.0 11.2 1.1
FEM-2° 9.32 9.46 9.36

®With a coarse mesh and higher piezoelectric activity of the 0—3 matrix

®With a fine mesh and lower piezoelectric activity of the 0-3 matrix
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Fig. 1. Schematic of the 1-0-3 SC / ceramic / polymer composite (a), regular arrangement of

spheroidal ceramic inclusions in the 0—3 matrix along the co-ordinate axes OX}' (b) and mesh (c)
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used in finite element modeling for the 0—3 matrix. m and 1 — m are volume fractions of the SC
and surrounding 0—3 matrix, respectively. Rotation of co-ordinate axes (Xi'X2'X3') = (X1X2X3) is
shown in inset 1 of Fig.1,a, the 0—3 matrix is shown in inset 2 of Fig.l,a. In the 0—3 matrix, m;

and 1 — m; are volume fractions of the ceramic and polymer, respectively.
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Fig. 2. Examples of local max g, (m, m;, pi, o) of the 1-0-3 PMN-0.33PT SC / (Pbo.75Ca0.25) TiO3

ceramic / araldite composite at p/~= 0.1 (a—c) and p= 0.3 (d). Values of g, are given in mV-m/N.

Electromechanical properties of the 0—3 matrix at the first stage of averaging were determined by

means of the EFM.
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Fig. 3. Examples of the high piezoelectric performance of the 1-0-3 PMN-0.33PT SC/

(Pbo.75Ca0.25)TiO3 ceramic / araldite composite at p;= 0.1: (a) near local max g, (0.05, m;, 0.1, @),

(b) near absolute max{[ Q, (m, 0.12,0.1, a)]*}, (c) region of validity of condition (8) (hatched

area) at m;= 0.50, (d) region of validity of condition (9) (hatched area) at m;= 0.50, (e) and (f)

a’:_,. (0.05,m;,0.1, ) and g, ;(0.05,m;,0.1, c) near local extreme points. Electromechanical

properties of the 0—3 matrix at the first stage of averaging were determined by means of the

EFM.

24



m=0.05

1,9,7atm =0.10
2, 931* at mi=0.12
3,9,7atm=0.15
4,9, atm=0.10
5, g32* at m|=0.12
6, 932* at mi=0.15

7,d,*atm =0.10
8,d *atm =0.12
9,d,*atm=0.15
10,d,* atm = 0.10
11,d,* atm = 0.12
12,d_*atm =0.15

e 7

11
10

m =0.05

1,9, atm =010 4,d_*atm =010
2,9, atm=012 5d _*atm =012

405 3,9, am=015 6,d_*atm=015

400 L

395 2

390

385

380 1 — — 3

3754

200

195 4

190 5

185

180 6

175 T T T T
80 85 90 95 100

o, deg

Fig. 3 (continued)
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