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This paper is devoted to the problem of the electromechanical coupling of advanced
composites based on relaxor-ferroelectric single crystals with large piezoelectric activ-
ity. A novel 0-3—-0 PMN-0.33PT single crystal/porous araldite composite is considered
as a material with large values of electromechanical coupling factors with a variable
anisotropy. The role of physical and microstructural factors in achieving the consider-
able electromechanical coupling is discussed for 0-3-0 connectivity.
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Single crystals (SCs) of relaxor-ferroelectric solid solutions of
(1 — x)Pb(Mg, ;5Nbs/3)03 — xPbTiO3(PMN — xPT)

with perovskite-type structure are of interest as highly effective components of advanced
piezo-active composites. Electromechanical coupling is one of the main characteristics of
any piezoelectric media, including composites with the piezo-active components. Recent
results on the laminar [1, 2], matrix cellular [3] and fibrous [4] composites based on
PMN-0.33PT SCs demonstrate the key role of the piezoelectric coefficients dj; of SC in
achieving considerable electromechanical coupling in these composites. Particular features
of the behaviour of the electromechanical coupling factors (ECFs) in the 0-3 PMN—xPT
SC/polymer composites were discussed in work [3], although the influence of the physical
properties of the polymer matrix on different ECFs has not been considered in detail. The
aim of the present study is to analyse ECFs in PMN—xPT/porous polymer composites with
0-3-0 connectivity.

The determination of the effective electromechanical properties of the 0-3—-0 composite
(Fig. 1) is carried out within the framework of the model of the piezo-active spheroidal
inclusion in the matrix [3, 4]. It is assumed that the SC inclusions are characterised by equal
sizes and a regular distribution in the matrix. The shape of each SC inclusion is described
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0-3 structure

Figure 1. Schematic of the 0-3-0 SC/porous polymer composite. (X;X,X3) is the rectangular co-
ordinate system. m and 1 — m are volume fractions of SC and porous polymer, respectively, and the
spontaneous polarisation vector of SC is shown by arrow. In the porous polymer matrix, m, and 1 —
m,, are volume fractions of air pores and surrounding polymer, respectively. ¢; and a;" are semi-axes
(i =1 and 3) of the SC inclusion and pore, respectively.

by the equation (x,/a;)> + (x»/a;)*> + (x3/a3)*> = 1 relative to the axes of the rectangular
co-ordinate system (X;X»X3), where the semi-axes of the spheroid are a; = a, and a3, and
p = ai/a3 is the aspect ratio. The main crystallographic axes (X, y, z) in each SC inclusion
are oriented as follows: x Il OX, y Il OX, and z Il OX3, and the spontaneous polarisation
vector is oriented along the OX3 axis (Fig. 1). It is assumed that the centres of symmetry
of the inclusions occupy sites of a simple lattice with unit-cell vectors parallel to the OX;
axes. The matrix surrounding the inclusions contains spheroidal air pores (3—0 connectivity,
Fig. 1) with an aspect ratio p, = a,'/a3’ and semi-axes a;". The pores are considered to be
regularly distributed in the polymer medium and the linear dimensions of each pore are
much less than those of the SC inclusion. The effective electromechanical properties of
the 0—3-0 composite are determined by means of the finite element method (FEM) [5] and
effective medium method (EMM) [4]. The FEM and EMM are often used to predict the
effective electromechanical properties and related parameters of piezo-active composites
with appointed microgeometry.

A 9 x 9 matrix characterising the effective properties of the 0-3—0 composite studied
is determined within the framework of the long-wave approximation [4] and given by

. . Bl He* I )
C*|l = IC*(m, m,, p, = , 1

where the superscript “#” denotes the transposition, lic*Ell, lle*Il and lle*Il are matrices

of elastic moduli (at electric field E = const), piezoelectric coefficients and dielectric
permittivities (at mechanical strain & = const), respectively. Based on the full set of
electromechanical constants from Eq. (1) and taking into account conventional formu-
lae for the piezoelectric medium [4, 6], we calculate the following ECFs of the com-
posite: k3; = di; /(39 53F)71/? (longitudinal ECF), k3, = d3, /(€33 s7F)~!/? (lateral ECF),
ki = et /(e ¢xP)~172 (thickness ECF), ki = k3 [2s7F /G5t 451317/ (planar ECF), and
ki = d; /(59 5;5)7"/? (hydrostatic ECF), where s*F is elastic compliance at E = const and
siE = 2(si + 575 +257F) + 535 is hydrostatic elastic compliance at E = const. The ECFs
characterise an effectiveness of the conversion of mechanical energy into electric one and
vice versa at different oscillation modes of a piezoelectric element [6].
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To calculate || C* Il from Eq. (1) and subsequently the ECFs of the composite, we
use experimental room-temperature electromechanical constants of [001]-poled domain-
engineered PMN-0.33PT SC (macroscopic 4mm symmetry) [7] and araldite [8]. In an
attempt to attain large absolute values of the piezoelectric coefficients of the composite
and to weaken the depolarising electric field in the presence of SC inclusions, we consider
composite structures with the prolate SC inclusions (0 < p < 1, see Fig. 1). In addition,
the oblate shape of the polymer pores (p, > 1) leads to considerable elastic anisotropy
of the polymer matrix and a favourable re-distribution of internal electric and mechanical
fields in the composite structure. Results on ECFs predicted at p = 0.1 and p, = 100 are
shown in Fig. 2. Graphs in Fig. 2 demonstrate the potential advantages concerned with large
values of ECFs and their anisotropy in the wide volume-fraction (m) range. The increase in
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Figure 2. Volume-fraction (/) dependence of ECFs and their anisotropy in the 0-3-0 PMN-0.33PT
SC/porous araldite composite at p = 0.1, p, = 100 and m, = 0.1-0.2. Calculations were made by
means of the FEM (graphs a, b and e) and EFM (graphs c, d and e).
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the porosity m, of the matrix surrounding the piezo-active inclusions leads to an increase
in the anisotropy of ECFs k3y/k3, and k;/k), (Fig. 2a—d) due to an increase in the elastic
anisotropy of the porous matrix. The non-monotonic volume-fraction dependence of kj;
(Fig. 2e) is accounted for by max d; (due to the presence of the prolate SC inclusions and
sgn d3; = —sgn d3,> 0 in the composite), relatively slow increasing €35 and decreasing
sy" with an increase of the volume fraction m. The ratios of k3;/kj, and k;'/k’ near the
minimum points (Fig. 2a—d) are comparable to those in anisotropic ferroelectric ceramics
of modified PbTiOs (see, e.g., data in Ref.9), however, in the wide m range, the values of
ECFs k3, and k; remain considerably larger than those of the aforementioned ceramics. As
for the PMIN-0.33PT SC, its ECFs k33 and k; equal 0.94 and 0.64, respectively, and ratios of
k3s/k3; = —1.59 and ky/k, = —0.674 are achieved [7]. The maximum values of hydrostatic
ECF £k} at different values of m,, (Fig. 2e) are approximately 1.3—1.5 times larger than the
value of the same ECF of PMN-0.33PT SC (k, = 0.167, as follows from experimental
data [7]). In general, we note the good agreement between the volume fractions of ECFs
calculated by means of the EMM and FEM (Fig. 2).

The prediction of the most extreme values and anisotropy of ECFs (Fig. 2) can aid
the design and manufacture of advanced 0-3-0 composites based on PMN-0.33PT and
related SCs with high piezoelectric activity. The composite architecture plays an important
role in forming the piezoelectric response and ECFs, especially in the presence of the SC
component with the large piezoelectric coefficients d3;. The large anisotropy of ECFs of
the studied composite is of significance for applications in medical devices with ultrasonic
pulse —echo antennae. The large values of hydrostatic ECF are important for hydroacoustic
applications. The results discussed in the present paper are of interest for specialists working
in the field of modern piezoelectric sensors, transducers and hydrophones.

References

1. V. Yu. Topolov, C. R. Bowen, S. V. Glushanin, and A. E. Panich, Electromechanical coupling
in the novel 2-2 parallel-connected PMN-0.33PT single-domain crystal/polymer composite.
Ferroelectrics 393, 27-37 (2009).

2. V. Yu. Topolov and S. V. Glushanin, Features of the hydrostatic piezoelectric response of a novel
2-2-0 composite based on single-domain 0.67Pb(Mg;,3Nb,,3)03—0.33PbTiO; crystal. Compos.
Sci. Technol. 69, 2532-2537 (2009).

3. V. Yu. Topolov, A. V. Krivoruchko, and C. R. Bowen, Maxima of effective parameters of novel
piezo-composites based on relaxor-ferroelectric single crystals. Ferroelectrics 351, 145-152
(2007).

4. V. Yu. Topolov and C. R. Bowen, Electromechanical Properties in Composites Based on Ferro-
electrics (London, Springer, 2009).

5. V. Yu. Topolov, A. V. Krivoruchko, P. Bisegna, and C. R. Bowen, Orientation effects in 1-3
composites based on 0.93Pb(Zn;;3Nb,/3)O3 — 0.07PbTiO; single crystals. Ferroelectrics 376,
140-152 (2008).

6. lkeda T, Fundamentals of Piezoelectricity (Oxford, New York, Toronto, Oxford University Press,
1990).

7. R.Zhang, B. Jiang, and W. Cao, Elastic, piezoelectric, and dielectric properties of multidomain
0.67Pb(Mg; 3Nb,3)O3 — 0.33PbTiOs; single crystals. J. Appl. Phys. 90, 3471-3475 (2001).

8. F. Levassort, M. Lethiecq, D. Certon, and F. Patat, A matrix method for modeling electroelastic
moduli of 0-3 piezo-composites. IEEE Trans. Ultrason., Ferroelec., Freq. Contr. 44, 445-452
(1997).

9. S.Ikegami, I. Ueda, and T. Nagata, Electromechanical properties of PbTiO; ceramics containing
La and Mn. J. Acoust. Soc. Am. 50, 1060-1066 (1971).



