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Abstract

A piezoelectric composite of the ‘3—3’ type consists of an active piezoceramic phase and passive polymer phase that are interpenetrating
Previous research on analytical modelling 3—3 material has considered equiaxed open pores in a piezoelectric ceramic and has assume
complete stress transfer of an applied load into the stiffer ceramic matrix. This research examines the influence of pore anisotropy on
the hydrostatic properties. The model developed and results are a useful aid to fabricate and optimise piezocomposite 3-3 structures for
specific applications. © 2002 Published by Elsevier Science B.V.
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1. Introduction the electric field generated per unit hydrostatic stress [6],
which is calculated from Eq. (1).
Piezoelectric composites have been developed in an at-
tempt to improve on the properties of monolithic piezoelec- gn = Th vVm~tpPal Q)
tric materials, such as lead zirconate titanate (PZT). They €33
are of interest for applications such as acoustic transducers
SONAR applications, medical imaging and non-destructive
evaluation [1]. Generally, these materials consist of an active
piezoelectric phase and a passive phase, usually a polyme
or air. A two-figure number describes the architecture of a
piezoelectric composite [2], which designates the connec-
tivity of the piezoelectric material and the polymer phase
respectively. A ‘0-3’ piezocomposite consists of individual
piezoelectric particles distributed in a continuous polymer gy, = daz +2dz; (mV - torCN1) (2)
matrix and a ‘1-3' represents single pillars of piezoelec-
tric phase in a continuous polymer matrix. The composites Wheredss is the charge per unit force parallel applied parallel
investigated in this paper are the ‘3—3’ variety where both to the poling direction (3-direction), ari}; the charge per
the piezoelectric and polymer are connected in three dimen-Uunit force applied perpendicular to the poling direction.
sions. In simple terms, this can be regarded as an open poros- Bothdn andgn values are used to calculate thyelrostatic
ity piezoelectric material that has been impregnated with a figure of merit (dngn), which describes the device both as a
polymer phase [3,4]. hydrophone and an actuator (active—passive transducer) and
To examine the properties of 3—-3 piezocomposites, the iS reported to indicate the signal to noise ratio [6,7].
figures of merit that describe the performance of the ma-  While many papers are concerned with modelling the be-
terial must be described. If the material is to be used as ahaviour and manufacture of 0-3 and 1-3 composites, there
hydrophone to detect a low frequency signalL00 kHz), has been less research in the area 3-3 composites. Levas-
the acoustic wavelength dimension is greater than that of Sort et al. [8] developed models to determine the effective
the hydrophone and the stress on the device/composite dudroperties of composites with both a 0-3 and 3-3 structure
to the acoustic wave is hydrostatic [5]. Under these condi- @hd Dunn and Taya [9] have presented models based on the
tions, passive hydrophone sensitivity is characterised by the effective medium approach (up to 50% porous). The most

hydrostatic piezoelectric voltage constant (gp), defined as useful models developed by Rittenmyer et al. [10] and Banno
[11] have equiaxed pores and assume that the polymer phase
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E-mail address: c.r.bowen@bath.ac.uk (C.R. Bowen). the stiffer piezoelectric phase. Previous work by the authors

Wwhere 8-3'-3 is the permittivity at constant stress of the
composite (Fm?') and d, the hydrostatic strain constant
(m v-h.

The hydrostatic strain constant (d,) describes the perfor-
mance of the material as an active transducer and is defined
as the hydrostatic strain per unit electric field [6] or charge
" developed per unit hydrostatic force
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has extended the model to examine the influence of loadof the piezoelectric phase is significantly greater than that
transfer into the passive polymer phase. This becomes in-of the polymer it will dominate the effective permittivity of
creasingly significant as the volume fraction of the polymer the composite. For example, for PZT-5H, a commercially
and polymer elastic modulus increases [12]. The aim of this available soft lead zirconate titanate (PZI}F3 = 340Q(
paper is to use the analytical model to investigate anisotropicwhile for many po|ymer$g3 ~ 10gg (Whereeg is permit-
pores to examine how the hydrostatic properties of thesetivity of free space). By examination of Fig. 1b, the vertical
piezocomposites are affected by elongation of pores parallelcolumn parallel to the poling direction can be considered to
and perpendicular to the poling direction. Pore elongation contribute toel, of the composite. The other volumes con-
has been readily achieved using polymer foams which aretribute little to the effective permittivity of the composite
stretched in a particular direction [13]. It has been observed as they consist of either purely polymer or a piezoelectric
that 3—3 piezocomposites also have cracks elongated in ahase in series with the low permittivity polymer phase. For
particular direction within their structure [10], which can be the model cube, the dielectric constant can be approximated

regarded as elongated pores. to Eq. (3) [10].
ggéCOmposite: Eél'éPZTvgggT 3)
2. Modelling of 3-3 piezocompistes ;
g P P where s1,°°"P*"is the effective permittivity at constant

Rittenmyer et al. [10] reported an analytical model des- S{ress of the composneg;ZT the permittivity at constant
cribing the physical properties of 3-3 piezocomposites. The Stréss of the piezoelectric phases the volume frac-
model consists of three intersecting rectangular columns oftion of piezoelectric phase contributing to the composite
piezoelectric embedded in a polymer matrix, as shown in PErMittivity.

Fig. 1 This model assumes that the piezoelectric material is
fully poled parallel to the poling direction (3-direction). 2.3. Piezoelectric strain constant (ds3)

2.1. Pore anisotropy In order to calculate thelzz piezoelectric charge co-
efficient of the composite material, the fraction of force
The pore height in the 3-directiomy] is different to the experienced by both the active piezoelectric material and
pore width in the 1 and 2 directionsy). By examining the passive polymer must be calculated. If a fofegis ap-
various l1/l> ratios, the effect of pore elongation on the plied in the 3-direction, the total force is distributed through
hydrostatic parameters of the material is to be investigated. volumes indicated in Fig. 1b. The polymer phase will
experience less force, being of significantly higher compli-
2.2. Permittivity ance than the piezoceramic phase (elastic modulus of PZT
is ~50 GPa and for polymers is less than 10 GPa). This has
The permittivity at constant stress in the 3-direction led to the assumption in some models of complete stress
(e33) is of importance in calculating the hydrostatic voltage transfer into the active ceramic phase [10]. However, the
constanigh = dh/sgg) of the composite. As the permittivity ~ actual distribution of the force will depend on the respective
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Fig. 1. (a) Model representing an interpenetrating 3—3 piezocomposite structure. (b) TheRgree distributed through the volumes shown. (c) The
force (1) is distributed through the volumes shown.
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compliances of the volumes and the cross-sectional area of Piezoelectric  Pore/Polymer
each volume, very much similar to that of composite fibre
reinforced systems. Thdzz of the 3-3 piezocomposites  Poling /
structure can therefore be calculated from [12], Direction
. l] II
Composite PZT
d33 =d33 T i
x fraction of load experienced active volumes 7 7, i
2 2
-1
et L2 [ L2 Dl 2Lp(L+ly) (@ (b) ©
— "33 PZT | PZT " Poly 7T Poly
N S
33 33 533 LS§3 +l1s33 Fig. 2. Typical pore geometry analysed. (a) Equiaxed p@res: [2). (b)

(4) Pores aligned parallel to the direction of politly = 0.5/1). (c) Pores
P7T : ) . o aligned perpendicular to the direction of politg = 2/1).
where s;5 ' is the compliance of the piezoelectric in the

3-direction andsgg'y the compliance of the polymer in the

3-direction. (iii) pores aligned perpendicular to the direction of poling

. . . I» = 2I1 andl, = 4i1) as shown in Fig. 2c.
2.4. Piezoelectric strain constant (ds;) & ! 2 ) 9

Fig. 3 shows that the permittivity in the 3-direction of the
The same procedure is undertaken to calculatedie composite is increased at a specific polymer volume frac-
piezoelectric charge coefficient of the composite. If a force, tion by having the pores aligned in the direction of poling.
F1 is applied in the 1-direction; the total force is distributed This is as would be expected due to the increased volume
through the volumes indicated in Fig. 1c. fraction of piezoelectric contributing to the permittivity of
Thedsz of the unit cell is [12] the composite, i.e. the vertical column of piezoelectric in
Fig. 1b is effectively increased.

i L . . .
MRSt gPZT Fig. 4 shows that the hydrostatic strain constai,

31 7
@"'ZZ) ) ] reaches a maximum at approximately 50-70% polymer
xfraction of force experienced active volumes  \glume fraction and it can be seen that the maximum is
_pzt L LIi(L + 1) L? a function of pore anisotropy. As pores are elongated in
= db? J . . )
(L + 1) LS'flzT-l—leflOIy slPlZT the direction of poling the volume fraction of material

1 contributing todss increases, which leads to an increase
|:1112 Ly + L)L +1p) L2 :| in dn (again this is effectively due to the increase in the

Poly LPZT o POy T (PZT vertical column in Fig. 1b). This has been examined by
11 1 ti2sy 1 Creedon and Schulze [13] who produced polymer foams
() with elongated pores which were coated with a PZT slurry

where sPZT is the compliance of the piezoelectric in the and sintered. It was found that by producing a distorted
1-direction ands'2” the compliance of the polymer in the

1-direction.

For examination of model results of the properties of 3—3 3500
piezocomposites, the piezoelectric phase was chosen to be
PZT-5H, with ds3 = 593pCNL, d3; = —274pCNL, 3000
eds = 340Q0, sPZT = 20.8 andsP?T = 16.4pPal. The 2500
polymer was considered to be isotropi¢ 2" = s79%) and -
a polymer elastic modquGL/sflo'y) of 6 GPa. }“,’, 2000 +

=, 1500 -

3. Results 1000 -
3.1. Porosity anisotropy 500 - e

The results presented here are for a polymer infiltrated 0 , : %
3-3 piezocomposite with a variety of different pores shapes 0 0.2 0.4 0.6 0.8 1
(shown in Fig. 2), namely: Polymer volume fraction

(I) eql’"axeq poreslz = [1) as Shov_vn m_ Fig. 2a, . Fig. 3. Relative permittivity at constant stress as a function of polymer
(i) pores aligned parallel to the d“’_eCU_On of poling & volume fraction for pore geometries of different morpholody) (1> = /1,
0.5/; andlo = 0.25/1) as shown in Fig. 2b, (A) 1 = 21, (@) 1, = 0.5;.
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Fig. 6. Graph of hydrostatic figure of meritlign) versus polymer vol-
Fig. 4. Graph of hydrostatic strain constad) versus polymer volume ume fraction for a 3-3 piezocomposite with equiaxed and elongated
traction for a 3—-3 piezocomposite. Results are shown for equiaxed and POres:
elongated pores.

4. Conclusions
structure and aligning porosity in the poling direction, the

hydrostatic propertiesdg and dhgn) could be improved Alignment of pores in the direction of poling results in an
[14]. increase irx§3, dn anddhgp, due to an increase in the volume
From Fig. 5, it is interesting to note that the valueggfis fraction of active material connected in the 3-direction. Pores

not sensitive to pore shape. In this case, while alignment of shape did not greatly affegk as bothe]; anddh increased by
pores para||e| to the direction of po||ng leads to an increase similar amounts. The model is a useful tool for examination
in dy, there is also a similar increase in the values§§. of microstructural and materials properties on the behaviour
As gn = dh/ggg, there is no overall change in the hydro- of 3—3 pie_zocomposit_es and can also be used to explain
static voltage constant for elongated porosity. Finally Fig. 6, Variations in hydrostatic behaviour due to the presence of
the hydrostatic figure of merilng, reaches a maximum at  directional cracking in these materials. The limitations of the
~80% polymer volume fraction and is increased by elon- Model are the idealised structure of the model unit cell which
gating pores in the direction of poling due to the increase May not fully represent manufactured 3-3 piezocomposites
in dn. (the foams used to produce these composites are pentagonal
dodecahedra [13]) and the assumption of the piezoelectric
material being fully poled.
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