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Abstract This paper is concerned with the study of effective
piezoelectric properties of 1-3 ferroelectric ceramic / polymer
composites. The aim of this paper is to show the role of a
combination of the electromechanical properties of compo-
nents and microgeometry of the 1-3 composite in determining
its anisotropic piezoelectric response. The system of ceramic
rods in the form of elliptic cylinders is an important micro-
geometric factor that influences the piezoelectric coefficients
and their anisotropy. Examples of the piezoelectric response
and anisotropy are analysed for the 1-3 composites based on
either “soft” or “hard” ceramic and having either piezo-active
or piezo-passive matrix. Combinations of the ceramic and
polymer components are found that provide different volume-
fraction dependences of the piezoelectric coefficients d3; and
g3;+ both monotonic, both non-monotonic, monotonic d3; and
non-monotonic g3, and vice versa. Examples of volume-
fraction dependences of electromechanical coupling factors
ky; are also considered. A comparison of the effective
piezoelectric coefficients calculated by the effective field
method and the finite element method is carried out for
different compositions in wide ranges of the ratio of
semiaxes of the ellipse and of volume fractions of the
components. Good agreement between data calculated by
means of the aforementioned methods is obtained for the 1-3
structure comprising the elliptic cylinders.
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1 Introduction

Piezo-active composites based on ferroelectric ceramics (FCs)
are of practical interest due to various effective electrome-
chanical properties, considerable electromechanical coupling
factors, figures of merit, and other parameters [1-5].
Composites with connectivity 1-3 (in terms of the wide-
spread classification by Newnham et al. [6]) represent the
vast group of advanced materials [1-3] that contain a system
of long FC rods, connected in one direction and surrounded
by a continuous polymer matrix (connected in three
directions). As a consequence, the effective parameters of
the 1-3 FC / polymer composite considerably depend
[2-5, 7] on microgeometric features, electromechanical
properties and volume fractions of the components, poling
conditions, efc. The effective electromechanical properties
were predicted and analysed for the 1-3 composites with the
FC rods having the following cross section: circle [2, 8—12],
square [7, 13-16], rectangle [17], ellipse [14, 18], octagon
[14], and cross [14]. Among FC components in the 1-3
composites one can mention compositions based on Pb(Zr,
Ti)O; (PZT-type) [2-5, 711, 14-16] or Pb(Ca, Ti)O5 [7, 12,
15]. A transition from a transversely isotropic composite to
an anisotropic one was considered in paper [11] where 36
classes of the piezo-active 1-3 composites were introduced.
Very recently, the effect of the rod shape on the effective
electromechanical properties was studied for the 1-3
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“longitudinal” and “transverse” composites with elastically
anisotropic and piezoelectrically active components [14].
However, the anisotropic piezo-active composites comprising
rods with elliptic cross section were not yet considered in
detail, especially for different combinations of the FC and
polymer components. Our present work is devoted to the
study on the 1-3 FC / polymer composites in which the FC
rods in the form of an elliptic cylinder influence the
piezoelectric properties and their anisotropy in different ways.
The aim of this paper is to show the role of a combination of
the electromechanical properties of components and micro-
geometry of the 1-3 composite in determining its anisotropic
piezoelectric response and electromechanical coupling.

2 Modelling of effective electromechanical properties
of composites

According to our model, the 1-3 composite has a cellular
structure and a regular distribution of the FC rods in the
polymer matrix. Cross sections of these rods by the X;0X,
plane of the rectangular co-ordinate system (X X>X3)
(Fig. 1) are described by

(x1/a1)*+(x2/az)= 1. (1)

Equation (1) is relative to the axes of the co-ordinate
system (X X>X3). Semi-axes of the ellipse ar (f=1 and 2)
from Eq. (1) are constant in the whole composite sample.
Centres of symmetry of these ellipses are arranged
periodically on the OX; and OX, directions (Fig. 1). It is
assumed that all the rods are aligned along the OXj axis and
the height of each rod obeys condition #>>a, Manufactur-
ing the studied FC / polymer composite with the appointed
microgeometry can be based on the rapid prototyping
method that provides the fabrication flexibility in achieving
the structural complexity and hierarchy in piezo-active
composites [19].

Fig. 1 Cross section of the 1-3 FC / polymer composite by the X;0X,
plane. (X1X>X3) is the rectangular co-ordinate system, a; and a, are
semiaxes of the ellipse, m is the volume fraction of FC, and 1 — m is
the volume fraction of polymer

The remanent polarisation vector of each FC rod is
P,V 11 OX;. The polymer matrix can be either ferroelectric
(piezo-active in the poled state) with the remanent polar-
isation vector P,® or simply dielectric (piezo-passive) with
P,®=0. Taking into account considerable difference be-
tween coercive fields of the FC and ferroelectric polymer
components (see, e.g., Refs. 20, 21), one can manufacture
composites with P,¥ 11 0X5, P,¥) 1| OX; or other P,®
orientations in the polymer matrix.

The effective electromechanical properties of the 1-3
composite are determined in a long-wave approximation. It
means that sizes of FC grains are much smaller than the
shorter axis 2a, of the ellipse from Eq. (1). Moreover,
wavelengths of waves being propagated from acoustic
radiators are assumed to be much longer than the height
h of the rod and the composite sample as a whole. The
following constants X of the components are used for
calculations: elastic moduli ci';)'E measured at electric field
E = const, piezoelectric coefficients el(j”) and dielectric
permittivities 61(,'},)"5 measured at strain £ = const, where n=1
is related to FC and n=2 is related to polymer. Calculations
of the effective electromechanical properties of the 1-3
composite are carried out within the framework of either the
effective field method (EFM) or the finite element method
(FEM), and some results are compared in this paper.

Based on the EFM concepts [5, 12, 18], one can describe
an electromechanical interaction in the system “rods—
matrix” (Fig. 1) using a local field that acts on each rod.
This effective field is determined taking into account a
system of the interacting piezo-active rods and boundary
conditions concerned with the rod shape. The boundary
conditions involve components of electric and mechanical
fields at the rod—matrix interface. The 9x9 matrix
characterising the electromechanical properties of each
component (z=1 or 2) is written in the form [12, 18]

cME e ]
o] = <||W H ||) )

where the superscript ¢ denotes the transposition. The
effective electromechanical properties of the 1-3 composite
are described by the 9x9 matrix

lc*( = {|c@ || + m([|cO | - lc®])) i
(21l + (= mlisi e[ (Je®]| = [l
(3)
In Eq. (3), the matrices of the electromechanical
constants ||C(V|| and ||C® || have a form that is shown in
Eq. (2), m is the volume fraction of FC, ||/|] is the identity

matrix, and ||S|| is the matrix that contains the Eshelby
tensor components [22] depending on the elements of
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HC(Z) || and the rod shape [12, 18]. In our study, the ratio n=
a, / a; of semiaxes of the ellipse in the rod cross section
(see Fig. 1 and Eq. (1)) and the volume fraction m of FC are
regarded as two independent parameters to be varied in
ranges 0<n<1 and 0<m < 7t / 4, respectively. The limiting
case of =0 corresponds to the 2-2 parallel-connected
composite, and the limiting case of n=1 is relevant to
circular rod cross section of the 1-3 composite. The upper
limit m=7t / 4 corresponds to the ratio of the area of the
ellipse to the area of the rectangle on condition that this
ellipse has been inscribed into the rectangle. This rectangle
is regarded as a base of a representative unit cell [10, 14—16]
of the 1-3 composite.

The prediction of the effective electromechanical prop-
erties in our work is also carried out using the FEM. It
should be mentioned that in the last decades, the FEM has
been applied to 1-3 FC / polymer composites with a
periodic arrangement of the rods (see, e.g., papers [10, 12,
14-16]). Following the FEM, the unit-cell model of the 1-3
composite with the regular arrangement of the rods (Fig. 1)
is put forward, and periodic boundary conditions for the
representative unit cell are considered. In the present work,
the COMSOL package [23] is applied to obtain the volume-
fraction dependence of the effective electromechanical
properties. The rectangular unit cell, containing the FC
rod in the form of the elliptic cylinder with semiaxes a,
(Fig. 1) adjusted to yield the appropriate volume fraction of
FC, 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 to 200,000 degrees of freedom.
The number of the degrees of freedom depends on the ratio
of semiaxes 7.

Periodicity is enforced at the boundary of the rectangular
unit cell of the composite studied. The ||C*|| matrix of the
effective electromechanical properties of the composite is

(n).E

Table 1 Room-temperature elastic moduli ¢,

and polymer components.

computed column-wise, performing calculations for diverse
average strain and electric fields imposed to the 1-3
structure with elliptic cylinders. The ||C*|| matrix has the
form coinciding with that shown in Eq. (2). After solving
the equilibrium problem, the effective elastic moduli
c:¥(m,n), piezoelectric coefficients e;(m,n) and dielectric
permittivities s;g(m,n) of the composite studied are
computed by means of averaging the resulting local stress
and electric-displacement fields over the unit cell.

In both the aforementioned methods, other types of the
piezoelectric coefficients (d};, g; and /) are determined in the
matrix form according to formulac [24] ld*|| = |le*|| x
wﬂwwa\ﬂnmmww:M%xww

where ||S*EH = ||exf ||71 is the matrix of elastic compliances
at electric field E = const, ||%°|| = ||ex°| " and Hﬁ*‘fH =
He*§||71 are the matrices of dielectric impermeabilities at
mechanical stress o = const and strain £ = const, respectively.
In addition, electromechanical coupling factors
~1/2
E
ky = dy (=35 @)
are calculated on the basis of effective constants from
E
[d*]], [lex|, and ||S*7].

3 Piezoelectric response and anisotropy

Calculations are carried out using experimental room-
temperature electromechanical constants of the FC and
polymer components (Table 1). To show different variants
of behaviour of the effective parameters of the 1-3
composite and variations of anisotropy of its piezoelectric
properties, we consider the following examples of FC: the
“soft” PCR-7 M composition based on Pb(Zr, Ti)O; with
high piezoelectric and dielectric properties [25] and the

(in 10'°Pa), piezoelectric coefficients eg;) (in C / m?) and dielectric permittivities eg';)"f / go of FC

Components c(l’;)’E c(l';)'E Cg’?»E cg';)‘E eg'? egg) gg»;),é / c
Poled FCs
PCR-7M [25] 13.3 9.2 9.1 12.5 -9.5 31.1 1810
Modified PbTiO; [26] 14.33 3.221 2417 13.16 0.459 6.50 133
Polymers
75 /25 mol. % copolymer of vinylidene fluoride 0.85 0.36 0.36 0.99 0.008 -0.29 6.0
and trifluoroethylene (VDF-TrFE) [3]
Araldite [29] 0.78 0.44 0.44 0.78 0 0 4.0

1. PCR is the abbreviation for the group “piezoelectric ceramics from Rostov-on-Don”, Russia [25]. The PCR-7 M FC has been manufactured by

means of hot pressing. According to data from paper [30], this FC composition is characterised by the largest 6(3]3)

0(3]3)‘5 ratio that promotes high

piezoelectric sensitivity and large figures of merit of the 1-3 PCR-7M / polymer composites.
2. Modified PbTiOj is the (Pbg os25La0.025)(Tig.99Mng 01)O3 FC [26] manufactured by the conventional method.
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“hard” modified PbTiO; composition with large anisotropy
of the piezoelectric coefficients dg;) d§1 and moderate
piezoelectric and dielectric gropertles 26]. The importance
of the anisotropy factor d3 dy,’ in the PbTiOs-type FCs
and their advantages concerned with sensor, hydrophone
and other piezotechnical applications were discussed in
many papers (see, e,g., Refs. 27, 28). The FC components
listed in Table 1 are also distinguished by signs and
anisotropy of the piezoelectric coefficients eg ). The follow-
ing polymer components have been chosen: 75/25 mol. %
copolymer of vinylidene fluoride and trifluoroethylene
(VDF-TrFE) with considerable piezoelectric anisotropy
[3], and araldite that is a piezo-passive material [29] with
elastic properties that are not strongly different from those
of VDF-TrFE (see Table 1).

As follows from an analysis of the ||C*(m, n)|| matrix of
the effective electromechanical properties determined using
Eq. (3), the 1-3 composite studied is characterised by mm?2
symmetry. The corresponding matrix of the effective
piezoelectric properties determined on the basis of Eq. (3) is

0 0 0 0 5 0
if=f{0 0 0 yy 0 0],
yii Y oy 00 0

where y = d, e, g, or h. Below we show some examples of
behaviour of the piezoelectric coefficients y3; relevant to the
response of the composite along the axis OXj; (i.e., the poling
axis of FC) or along the directions perpendicular to OXj.

Due to the system of the long FC rods parallel to the OX;
axis, the piezoelectric coefficients e3; and /3, show large
anisotropy in wide m and 7 ranges. It means that inequal-
ities e;/}e;’ >> l,e;/‘e;
h;: >>1 hold for different combinations of the
components listed in Table 1 and—mainly—irrespectively
of signs of the piezoelectric coefficients efj") of these
components.

A comparison of the EFM calculation results with those
obtained using the FEM is carried out for the piezoelectric
coefficients d3; of a series of composites with 0.01<n<1
(Table 2). It is seen that the piezoelectric coefficients dg‘j
calculated by these methods are in good agreement in wide
m and 7 ranges. Some deviations of results for d3, and d3,,
especially at small n values (see Table 2), may be explained
by an approximate character of averaging in the EFM. It
seems to be probable that the effective field acting along the
OX; and OX; axes (Fig. 1) at n<<1 is affected by curvature
of rods more considerably than that accounted in the
averaging procedure and Eq. (3). At the same t1me values
of the hydrostatlc piezoelectric coefficient dh = d31 +
d32 + d33 of the 1-3 composite agree in wide m and 7
ranges very well (see Table 2).

*
h3]

1733

Approaching  — | makes the aforementioned devia-
tions (concerned with the OX; and OX, directions) slighter,
as is shown in Table 2. In the limiting case of =1, results
of both EFM and FEM calculations agree with data
obtained using formulae [5] for the 1-3 composite with
rods in the form of the circular cylinder: differences
between the effective piezoelectric coefficients y3; (y=d,
e, g, or h) calculated for 0<m<0.7 do not exceed 1%.
Table 3 contains data on the effective piezoelectric
coefficients d3; and e3; of the composite with n<<I. In a
limiting case of 7=0 (i.e., a,=0, see Fig. 1), this
composite becomes laminar with 2-2 connectivity and
interfaces x,=const. The effective electromechanical
properties of the 2—2 composite are determined using the
matrix method [29, 31] that allows for the electromechanical
interaction between the piezo-active layers distributed regu-
larly. Dependences of 45, d3,, €3, and €3, on 7 at m = const
(Table 3) suggest that only slight differences between the
similar parameters take place at n<10: at these aspect
ratios the shape of the cross section of each rod (Fig. 1)
changes insignificantly and there is no significant difference
between the anisotropic piezoelectric properties of the 2-2
and 1-3 composites. Moreover, at  — 0 results of EFM
calculations correlate with evaluations performed on the
basis of formulae [32] for the 2-2 parallel-connected
composite. For example, differences between the effective
electromechanical properties of the 1-3 composite at n=0.01
and the related 2-2 composite are less than 5 %. The
piezoelectric coefficients d3; and e, which characterise the
piezoelectric properties along the OX; axis remain almost
constant in the whole range 0<7<1 because the interfaces in
the composite are parallel to the OX; axis irrespectively of
the curvature of the rod base. This constancy is in agreement
with recent data from work [14] on the longitudinal 1-3
composite poled along the OX;3 axis.

We note that the 1-3 composite at n<<1 and m>0.5 shows
an unusual piezoelectric anisotropy: according to data from

Table 3, 3, /|d | ~ 10 and o, /|d) ~34...4.7. sur
prisingly, such behaviour is observed in the presence of the

modified PbTiOs FC component with d\.) / \dgpj ~ 12. The

variations of the d; / ’d;’ and d; / ’d;;’ ratios are mainly
connected with elliptic cross section of the rod. Contrary to
this microgeometric factor, the piezo—passive matrix sur-
roundmg the FC rods slightly influences the dj;, / ‘dm‘ and
dyy / )dn’ ratlos Furthermore, at 0.1<m<0.4 in this com-
posite, a ratio d5, / dg 1) ~ 4 is also explained by the presence
of the cylindrical FC rods with 7<<1. It should be added for
comparison, that the related PbTiOs-based composite with
the FC rods in the form of circular cylinders [12] is
characterised by a non-monotonic volume-fraction depen-
dence of dy, with mind,, /d\}) = min dy, /d\}) ~ 2.
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Table 2 Effective piezoelectric coefficients d3; and dj, (in pC / N) of 1-3 PCR-7 M / polymer composites with 7 = const. Calculations have been
made using either the EFM or the FEM.

n m d;,, EFM d3,, EFM di;, EFM di, EFM d;,, FEM d3,, FEM di,, FEM d;, FEM
1-3 PCR-7M / araldite composite
0.01 0.01 -31.8 -25.6 75.9 185 -30.4 —26.4 76.0 19.2
0.05 -120 -93.6 278 64.4 ~111 -98.5 278 68.5
0.10 -183 -141 416 92 -168 -150 417 99
0.15 -222 -172 499 105 —-203 -183 499 113
0.20 -248 -194 554 112 228 207 555 120
0.30 -282 —226 623 115 -260 -241 623 122
0.50 =316 -269 692 107 =300 -285 692 107
0.70 -333 =303 727 91 -326 =317 726 83
0.05 0.01 -30.2 -26.6 76.0 19.2 -29.9 -26.7 76.0 19.4
0.05 ~114 -97.0 278 67.0 -110 -99.0 278 69.0
0.10 -175 -146 416 95 -167 -151 417 99
0.15 214 -176 499 109 -202 -184 499 113
0.20 241 -198 554 115 227 -207 555 121
0.30 -276 -229 623 118 -259 -241 623 123
0.50 =313 -272 692 107 -298 -286 692 108
0.70 -332 =303 725 90 -325 =317 726 84
0.10 0.01 -29.4 -27.1 76.1 19.6 -29.4 -27.1 76.1 19.6
0.05 ~111 -99.0 278 68.0 -109 -99.7 278 69.3
0.10 -170 -149 417 98 -166 -151 417 100
0.15 209 -180 499 110 201 -184 499 114
0.20 -235 -202 554 117 -225 -208 555 122
0.30 -271 -233 623 119 -258 -242 623 123
0.50 =309 —274 692 109 -297 -286 692 109
0.70 =330 =306 727 91 -323 =317 726 86
0.50 0.01 -28.3 -27.8 76.1 20.0 -28.3 —-27.8 76.1 20.0
0.05 -105 -103 278 70 -105 -103 278 70
0.10 -160 -155 417 102 -160 -156 417 101
0.15 -196 -188 500 116 -195 -189 500 116
0.20 -221 -212 555 122 -220 -213 555 122
0.30 -255 —244 623 124 -253 -246 623 124
0.50 -296 —284 692 112 -292 -289 692 111
0.70 -322 -313 727 92 -320 -319 726 87
1 0.01 -28.0 -28.0 76.1 20.1 -28.0 -28.0 76.1 20.1
0.05 -104 -104 278 70 -104 -104 278 70
0.10 -158 -158 417 101 -158 -158 417 101
0.15 -192 -192 500 116 -192 -192 500 116
0.20 -216 -216 555 123 -216 -216 555 123
0.30 -249 —249 623 125 249 -249 623 125
0.50 -290 -290 692 112 -290 -290 692 112
0.70 -317 -317 727 93 -319 -319 726 93
1-3 PCR-7M / VDF-TrFE composite with P,® 1 | OX;
0.01 0 -12.0 -12.0 38.0 14.0 -12.0 -12.0 38.0 14.0
0.01 -29.3 —-24.4 82.6 28.9 -28.0 -24.9 82.7 29.8
0.05 —87.0 —63.3 222 71.7 -78.2 —67.1 223 77.7
0.10 -140 -97.7 340 102 -123 -105 341 113
0.15 -179 -124 422 119 -156 -135 423 132
0.20 -208 -145 483 130 -182 -159 484 143
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Table 2 (continued).
n m d;;, EFM d3,, EFM ds;, EFM d;, EFM d;;, FEM d3,, FEM ds;, FEM d;, FEM
0.30 -250 —-180 566 136 -221 —-197 567 149
0.50 -297 -236 659 126 =275 -256 660 129
0.70 —324 —283 710 103 -314 =301 710 95
0.05 0 -12.0 -12.0 38.0 14.0 -12.0 -12.0 38.0 14.0
0.01 —28.0 —24.9 82.7 29.8 -27.7 -25.0 82.8 30.1
0.05 —82.0 —65.6 222 74.4 =77.6 —67.4 223 78.0
0.10 —132 —101 340 107 -122 -106 341 113
0.15 -170 —-128 422 124 —155 —-135 423 133
0.20 -200 —-149 483 134 —-181 —-159 484 144
0.30 —242 —184 566 140 -220 —-198 567 149
0.50 —293 —238 660 129 —273 -256 660 131
0.70 -322 —284 711 105 -312 -301 710 97
0.10 0 —-12.0 -12.0 38.0 14.0 -12.0 -12.0 38.0 14.0
0.01 —27.4 -25.2 82.8 30.2 —273 -253 82.8 30.2
0.05 -78.9 —67.1 222 76.0 -76.7 —67.9 223 78.4
0.10 -127 -104 341 110 -121 -106 341 114
0.15 -164 —-131 423 128 —154 -136 423 133
0.20 —193 —153 483 137 —-180 -160 484 144
0.30 —236 —188 566 142 -219 —199 567 149
0.50 —288 —241 660 131 —272 —257 660 131
0.70 -319 —286 711 106 —311 -302 710 97
0.50 0 -12.0 -12.0 38.0 14.0 -12.0 -12.0 38.0 14.0
0.01 -26.3 -25.8 82.9 30.8 -26.3 -25.8 82.9 30.8
0.05 -72.9 —=70.2 223 79.9 -72.8 -70.3 223 79.9
0.10 —-116 —-110 341 115 —-115 —-110 341 116
0.15 —148 —140 423 135 —147 —140 423 136
0.20 —-175 —163 484 146 -173 -165 484 146
0.30 —215 —200 567 152 —212 —203 567 152
0.50 -271 —254 660 135 -265 -260 660 135
0.70 =308 —296 711 107 =306 =303 710 101
1 0 -12.0 -12.0 38.0 14.0 -12.0 -12.0 38.0 14.0
0.01 -26.0 -26.0 82.9 30.9 -26.0 -26.0 82.9 30.9
0.05 -71.4 -71.4 223 80.2 -71.4 -71.4 223 80.2
0.10 —-113 113 341 115 —-113 —-113 341 115
0.15 —144 —144 424 136 —144 —144 424 136
0.20 -169 —-169 484 146 -169 —-169 484 146
0.30 -207 -207 567 153 -207 =207 567 153
0.50 —262 —262 660 136 —262 —262 660 136
0.70 -302 =302 711 107 -305 -305 710 100

In the 1-3 PCR-7M / araldite composite d5; = 0 and dj, = 0 at m = 0 irrespectively of 7.

Now we give four examples of dependences of the
piezoelectric properties on m and 7 at the following
combinations of the components: PCR-7M / araldite
(composite I), modified PbTiO; / araldite (composite II),
PCR-7M / VDF-TrFE with P, 1| OX; (composite III),
and modified PbTiO; / VDF-TrFE with P,® 1| OX;
(composite IV). It is assumed that the FC rods and the

polymer matrix in composites III and IV are poled
antiparallel. Such a variance of poling is possible due to
the considerable difference [20, 21, 25] between the
coercive fields of the FC and polymer components. It is
noteworthy that the opposite poling directions of the
components enable us to attain a more considerable
piezoelectric activity of the 1-3 composite due to the

@ Springer



[95)
[\

J Electroceram (2010) 25:26-37

2
15
's o
72] |
= =)
) —
£ | L
—_— ~
2 -
= %8
Q
~
>
B
2
g |7
=)
=
g N
S =
o o
| *on
—
Z
=)
A
=
5
P ﬁ’
z =
2 o
g | &
[}
=
IS
I}
o
N
, |9
Q =)
S =
I Il
= =
s | &
=z
172]
[}
=
172}
I}
<9
=)
o on
S |t
il —
= I
= =
— -
< I
Ny ¥
o
Q
h
e
~
k=]
5]
3= o
=] I
g =
o
—
N =
=)
~ A
[ORS
EH
=Sl
S n
= =
S Mm s
) =
€| &
~ 8
Q
2 s
a |
S
o
-x-m'o [e)
sTE| =
Lo |7
§S| o
2s| =
25|
2 e| =
Q -
o fut
3 E| am
2%
=
e
o S
=]
OH
N ©
L g
Q= o
o © Il
> en| =
£ 2 -
o @ xon
& 2
.-
D=
=
25
[
=9 S

@ Springer

37.8

37.7

37.2

—-16.1
-17.8
-17.3
-16.0
-14.4
-12.6
-10.6

-16.5
—-18.1
-17.6
-16.2
—14.5
-12.7
-10.7

—-15.9
-17.6
-17.1
-15.8
-14.2
-12.4
-10.5

—6.32
=5.75
-5.33
-5.05
—4.86
—4.72
—4.61

-5.55
-5.20
—4.95
—4.79
—4.67
—4.59
—4.53

-5.39
=5.11
—4.89
—4.75
—4.64
—4.57
—4.51

0.1

44.1

44.1

43.8

0.2
0.3

46.7

46.7

46.5

48.2

48.2

48.0
4

0.4
0.5

49.1

49.1

9.0

49.7

49.7

49.6

0.6
0.7

50.2

50.2

50.1

n=10"3

*
€33,

10°¢

*
€33, 1]

=0

n

*
€33,

1073

10° €3y, 1
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followmg signs of the plezoelectrlc coefficients: sgnegl) =

sgnd31 < 0 and sgne33> = sgnd33 > 0.

Features of behaviour of the piezoelectric coefficients
dy; and g3; in composites I-IV are shown in Figs. 2, 3, 4, 5
and 6"). According to formulae [24], d and g3j of the
composite with mm?2 symmetry are represented as follows:

dy) = €3, S7 + €5,815 + €3Sy, (5)
= €551 + 5,557 + €33555 (6)

x % oxE * *E
33 = €353 €Sy + 33533 ) (7)

and

g3, = 3,/533 (8)

(=1, 2 and 3). In composites I-1V, d5; and e3; mainly show
monotonic behaviour on 7 at m = const. The presence of
interfaces parallel to the poling axis OX; of the 1-3
composite favours monotonic behaviour of the piezoelectric
coefficients ej; linking the piezoelectric polarisation
P*||OX; and the mechanical strain & of the composite.
Moreover, changes in semiaxes ar (Fig. 1) would not give
rise to a considerable change in the balance of items from
Egs. (5-7), and we see that all the piezoelectric coefficients
depend on 7 at m = const almost monotonically (Figs. 2, 3,
4 and 5).

The non-monotonic volume-fraction dependences of d7,
and d3, at np=const are predicted for the PbTiOs-based
composites irrespectively of the polymer matrix (see Fig. 3a
and b as well as Fig. 5a and b). As follows from Table 1,

elastic moduli c\}* of modified PbTiO; FC show an
anisotropy that differs from the elastic anisotropy of

polymers. For example, ratios cm /c<12> =4.4 and

WE [E _ 59 hold for modified PbTiO; FC, but

‘i /i3
elastic moduli c(i)’E of VDF-TrFE obey condition

cgzl)’E / cii)’E ngl) <2) = 2.4. The anisotropy of elas-

tic moduli cfl},)’E of modlﬁed PbTiO3 FC considerably
influence the balance of items that contain elastic com-
pliances S;£, Si¥ and S3% in Egs. (5) and (6). Obviously, the
elastic compliances with such subscripts describe the
response of the composite along the axes of the ellipse
(Fig. 1), and changes in the volume fraction m (i.e., changes

! Volume-fraction dependences of g3; are graphically represented in
the range 0<m<0.2 (Figs. 2, 3, 4, 5, and 6). A further increase of the
volume fraction m at 7 = const leads to monotonic decreasing ‘g3j‘
only. So long as the gg ) values of FCs are much times less than
max|g3;|, we do not show “tails” of the volume-fraction dependences

of g3, at m>0.2.
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Fig. 2 Effective piezoelectric
coefficients d3;(m, n)

(in pC / N) and g3;(m, n)

(in mV'm / N) of the 1-3
PCR-7M / araldite composite.
Calculations have been made
using the FEM

Fig. 3 Effective

piezoelectric coefficients
di;(m,n) (in pC / N) and
g3j(m7 n) (in mV'm / N) of

the 1-3 modified PbTiO5 /
araldite composite. Calculations
have been made using the FEM
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Fig. 4 Effective piezoelectric (a) D Composite 1l
coefficients d;(m, 1) (in pC / N)

and g3;(m, n) (in mV'm / N) of 50

the 1-3 PCR-7M / VDF-TrFE

composite with P, 1| OX. -1004
Calculations have been made
using the FEM
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Fig. 6 Effective
piezoelectric coefficients
d};(m) (in pC / N) and
g33(m) (in mV'm / N)
of the 1-3 FC / polymer
composites at 0<n<1.
Calculations have been
made using the FEM

(b)

composite |
composite Il
composite Il
composite IV

-
N

in the area occupied by the ellipses in the X;0X; plane in
Fig. 1) would lead to changes in elastic and piezoelectric
properties in accordance with Egs. (5) and (6). In contrast
to di; and dj,, the monotonic behaviour of dj; in
composites I — IV (Fig. 6) is accounted for by slight
changes in the balance of items from Eq. (7). These items
contain elastic compliances Si%,S;% and S3¥, which are
related to the OX3 axis being parallel to the rod interfaces in
the 1-3 composite. We add that the piezoelectric response
of the 1-3 composite along the OX; axis on loading in the
same direction does not depend on the on the ratio of
semiaxes 7 (i.e., data from Fig. 7 hold at 0<n<1), and this
performance is agreement with recent results [14].

The piezoelectric coefficients g3; from Eq. (8) show non-
monotonic behaviour in composites I and II (Figs. 2c, d, 3c,
and d) with the piezo-passive polymer matrix. A monotonic
increase in dielectric permittivity €3 of the composite on
increasing m (see Eq. (8)) in combination with an apprecia-
ble increase in |d3;| at m<<1 (see, e.g., Fig. 6a) promotes an
appearance of extreme points of g3; at almost equal volume
fractions m (compare, e.g., data from Fig. 2¢, d and curve 1
in Fig. 6b). Due to the combination of the “soft” FC and the
piezo-passive polymer, composite I shows the largest values

of max |g3; /g§11>: for example, at 0.01<1<0.1 we have

max’g_% ’/g%)f»d 17,max’g§2’/g§;) = max gg‘zﬂ/g;l ~ 14

and max g3, g3§ ~19. We see that 7 influences the
aforementioned ratios slightly, and it may be concerned with
microgeometry of the 1-3 composite as a whole. The
presence of the piezo-active VDF-TrFE matrix with consid-
erable gg? values becomes a factor that strongly influences
the volume-fraction dependence of g3; in composites I1I and
IV (Fig. 4c and d, Fig. 5c and d, and curves 2 and 4 in
Fig. 6). In this connection, the large piezoelectric sensitivity
of composites III and IV might be exploited at the
volume fractions of FC m<0.05, ie., at a moderate
decrease in the ‘gé}’ values. As for the the ratio of
semiaxes 7, it influences the piezoelectric coefficients
g3, and g, because of their link to 45, and d3,,
respectively (see Eq. (8)). For the studied 1-3 composite
with mm2 symmetry, the relation d; / dy, = g3 / i that
characterizes piezoelectric anisotropy, holds at k=1 and 2,
and no additional influence of dielectric permittivity €35 is
to be taken into account.

We also consider the volume-fraction dependence of
electromechanical coupling factors k3; from Eq. (4) at n =
const (Fig. 7). Calculations were made for composites III
and IV with the piezo-active polymer matrix. Monotonic
behaviour of k3*j(m) takes place in both cases, irrespectively

Fig. 7 Electromechanical (a) Composite 11l 5 (b)
coupling factors k3;(m) of the Pt CE—— el
) 0.74 =2 .
1-3 PCR-7M / VDF-TrFE o e 1k, aln=001
composite with P, 1| OX; at 0'5_ / 2K *atn=001 044
1n=0.01 and 7=0.1. Calculations =] 3.k, atn=0.1
have been made using the EFM Ok 4 Yy A=) 042
0,154 L) '
. _ A 3
X" 52 ] 7 -004]
025 -0.06 1
03 4 008
035 -01 4
04 —— s — 0121 — —— ————s
0 01 02 03 04 05 06 07 0 01 02 03 04 05 08 07
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of peculiarities of dg‘j(m) (cf. Figs. 7a and 4a, b or Figs. 7b
and 5a, b) and changes in the aspect ratio 7. Dielectric
permittivity 39 (m) increases monotonically at various 7, It
seems reasonable to assume that changes in elastic
compliances S/’;E(m) strongly influence the balance of
electromechanical constants in Eq. (4) and promote the
monotonic dependence of &3;(m) in the composites based
on FC with various piezoelectric anisotropy. In composite
IV conditions &35 /|k3,| > 5 and k33 /|3, | > 5 are satisfied
in wide volume-fraction ranges (Fig. 7b) due to the
presence of the FC and polymer components with large
anisotropy of the piezoelectric coefficients dg).

4 Conclusions

In this paper, we have predicted and analysed the effective
piezoelectric properties of the 1-3 FC / polymer composites
with rods in the form of elliptic cylinders. In contrast to the
well-known transversely isotropic 1-3 composites [2-5,
8-10], the composites studied in this work are characterised
by mm?2 symmetry and certain anisotropy of the effective
electromechanical properties. In this connection, the aspect
ratio 77 is to be regarded as an important factor that
influences the anisotropy of the piezoelectric coefficients
of the studied composites. The presence of the elliptic
configuration of cross section of the rod (Fig. 1) and
components with various piezoelectric activity enables to
vary the piezoelectric anisotropy in such a way that has no
analogs among the piezo-active composites studied earlier.
The effective piezoelectric coefficients calculated within the
framework of the EFM are in good agreement with the
similar piezoelectric coefficients predicted using the FEM.

The results of the present study can be taken into
account for the manufacture and design of the novel
anisotropic 1-3 composites. Describing the role of the FC
rod shape factor (aspect ratio 7) in influencing the
piezoelectric anisotropy of the studied composites, we
conclude that the piezoelectric coefficient d3; is not
influenced, but d3, and d3, are significantly influenced by
the factor 7, at least for composites Il and IV (see Figs. 3a, b
and 5Sa, b). It is clear that due to the microgeometric feature
of the 1-3 composite (Fig. 1), the influence of 7 on dj, is
opposite to the one on d5,, so that in applications involving
one of these piezoelectric coefficients (either d3, or d3,), the
orientation of the FC rods in the composite sample can be
suitably arranged.

The 1-3 composites considered in the present paper

show good performance. For example, ’dg}‘ > 100pC/N

(Table 2, Figs. 2a, b, 4a, b, and 6a), d; > 100pC/N
(Table 2) are important parameters for actuators and
hydrophones. The anisotropy factor dj;/|d; |~ 10

(Table 3, Figs. 3a, b, 5a, b, and 6a) is to be taken into

@ Springer

account when creating sensors and acoustic antennae.
Values of |g3;| > 100 mV - m/N (Figs. 2c, d, 3¢, d, 4c, d,
5c, d, and 6b) are of interest for sensor and hydrophone
applications. The large values of the electromechanical
coupling factors k3; (Fig. 7a) are important for transducer
applications. The presence of the extreme points of the
piezoelectric coefficients d3;, dj and g5; and the information
on the location of these extreme points (volume fraction m,
aspect ratio 7 etc.) are of benefit for the optimisation and
exploitation of the effective properties of the composites
studied in this work.
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