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Three-dimensional modelling of a 3-3 piezoelectric
structure was carried out using finite element modelling
software. Hydrostatic figures of merit were calculated
for structures with increasing amounts of intercon-
necting porosity. In addition to using air as the second
phase, polymer fillers were added to the three-
dimensional model in order to observe the effect of
polymer Young's modulus on the piezoelectric properties
of the bulk material. Results show that increasing the
porosity has the effect of improving the hydrostatic
piezoelectric properties for applications such as low
frequency hydrophones BCT/527
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THEORETICAL BACKGROUND
Traditionally, research into piezoelectric devices has concen-
trated on producing materials with high density. However
for certain applications it can be shown that ceramic
piczoelectrics with low density. i.e. a high amount of open
porosity, can have superior hydrostatic properties. One
area of particular interest is low frequency hydrophones.
At low [requencies (<100 kHz), the wavelength dimen-
sions are greater than those of the hydrophone and the
stress on the device due to the acoustic wave is effectively
hydrostatic. For piezoelectric devices in active (driven)
applications it is advantageous for the material to have a
high dyy (strain per unit electric field in the direction of
polarisation). Unfortunately, dense materials usually also
have high dy, (contraction normal to the direction of
polarisation). A figure of merit, which represents the hydro-
static strain per unit electric field. is used to assess the
performance of materials in the active mode and is known
as the hydrostatic strain constant d,

di=dsat2da(m V=) o oo o s L L)

For piezoelectric devices in passive (listening) applications,
the figure of merit g, is used. This is defined as the electric
field generated per unit hydrostatic pressure and is known
as the hydrostatic voltage constant

gv=dyfely (Vm~'Pa~t) . . | R

The two figures of merit, dy, and g,. are thus related by the
permittivity at constant stress

A third figure of merit is used in the case of materials
being used in both passive and active modes. This is simply
the product of the two figures of merit dy, and g, and is
termed the hydrostatic figure of merit dyg,.
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For dense materials the hydrostatic figure of merit d, is
low because both dyy and dy; are large but of opposite sign
It is possible to increase the value of d, by reducing the
absolute value of dy,. This can be achieved by manufactur-
ing a porous piezoelectric structure.>* The mechanism by
which dy, is reduced is explained in subsequent sections of
the present paper.

The research reported here is concerned with 3-3 piezo-
composites. These are matrixes of two materials (one an
active, piezoelectric phase. the other a passive. polymeric
phase) that are completely interpenetrating. so that each
phase forms a three-dimensional network around the other,
as shown in Fig. 1

In addition to increasing d,. the inclusion of a second
phase (air or polymer) reduces the overall permittivity of
the device &i;. thereby increasing the value of the piezo-
electric voltage constant g,. Further gains in performance
can be achieved by considering the density of the composite.
A decrease in the density of the device will result in lower
acoustic impedance, leading to improved impedance
matching between the acoustic medium (water or air) and
the piezocomposite. Processing costs for open porosity
piezocomposites can be considerably lower than for dense
materials or other types of composites such as 1-3 struc
tures. In addition. near net shape forming is possible and
any post-sintering machining costs will be small.

A number of manufacturing methods can be used to
produce a variety of porous structures at relatively low
cost.* However, little work been done to optimise the
performance of 3-3 piezocomposites with respect to pore
content, pore morphology. or the properties of the passive
phase. Whilst models, including finite element models. have
been developed 1o optimise other piczocomposites (such as
1-3 structures), no such model exists for 3-3 type piezocom-
posites. The research reported here was therefore aimed at
optimising the properties of 3-3 piczocomposites using
finite element modelling.

MODELLIN
There are numerous physical propertics which affect the
final performance of a hydrophone device. The propertics
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2 Sample unit cell used for finite element modelling

that have been examined are the volume fraction of
porosity/polymer and the Young’s modulus of the passive
(polymer) phase. The effects of changing these variables on
the figures of merit dy,, g, and dyg, will be discussed.

In order to model a porous structure, a unit cell was
chosen to represent part of the structure which would be
characteristic of the whole system. One such unit cell is
shown in Fig. 2. In order to vary the porosity the model
was changed by increasing and decreasing the effective wall
thickness of the unit cell. This enabled the model to be
recalculated for any porosity from 0 to 100%, however for
practical reasons only porosities from 10 to 90% were
calculated.

The model material chosen was PZT-5H. a commercially
available soft PZT, and all piczoelectric data relevant to
this material® were entered into a commercial finite element
analysis software package. Electrodes were applied to the
top and bottom of the unit cell and symmetry was applied
10 three of the six faces. This symmetry allowed the results
from the unit cell to be calculated as i the cell was part of
a larger array.

To caleulate dy. a potential difference was applied to the
electrodes on the unit cell. The subsequent displacement
and strain per unit field in the = direction (ds3) and the
strain in the x or y (dy, or d,) direction were measured, as
shown in Fig. These two values were used to calculate
dy. as in equation (1).

In order to calculate g, one electrode was set to 0V
while the other was left free to attain an equilibrium
potential (Fig.4). A hydrostatic pressure was applied on
the three surfaces of the unit cell, acting to compress the
structure. After the finite element model solution had hm\
calculated the voltage generated in the free electrode
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5 Influence of polymer volume fraction on d, for varying
Young’s modulus

measured, allowing the calculation of the electric field
generated per unit hydrostatic pressure. The values of dj,
and g, produced were then used to calculate the hydrostatic
figure of merit dyg,.

RESULTS

Effect of Young’s modulus and polymer volume
fraction on d,

The following set of calculations was completed to assess
the effect of volume fraction of polymer filled porosity on
dy. In addition, the Young's modulus of the passive poly-
meric second phase was varied from 2 to 10 GPa, a range
which includes typical values for silicone polymers to hard
set epoxie: sults from this s can be
seen in Fig. 5, which shows a maximum value of d, at
around 50% for the low modulus polymers and at around
35% for the high modulus polymers.

The behaviour in Fig. 5 can be explained in terms of
“active volume’, as illustrated in Fig. 6. The term “active
volume’ refers to the volume of piezoelectric ceramic respon-
sible for the strain in a particular direction. In the case of
ly;, the “active volume' is the pillar of ceramic in the =
direction. This volume decreases with increasing polymer
volume content, causing dy; to decrease at higher polymer
volume content (Fig. 6a-c). Similar trends can be observed
for dy,. which rapidly reduces as the polymer volume
fraction increases (Fig. 6d-f).

However, the rate uf reduction in dy, with increasing
polymer content is greater than the rate of reduction in xl,‘
as shown in Fig.7. The dy, ‘active volume' is reduced
because only the volume of ceramic contained within the
pillar in the = direction experiences a significant electric
field. This is a result of the low permittivity of the polymer
compared o the ceramic (écegmic/“potymer = 400). The Tela-
tively slow reduction in dy, and rapid reduction in ds, result
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6 Schematic diagram showing variation of dy, and di, with
polymer volume fraction
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7 Influence of polymer content on dy; and ds,

in an increase in the figure of merit dy with increasing
polymer volume fraction up to polymer volume fractions
of 50%.

At higher polymer volume fractions there is insufficient
piezoceramic for the polymer phase to strain with the
ceramic, leaving a depressed region at the surface (Fig. 6a).
As the value of dyy is calculated by averaging over the
whole upper surface this depression ultimately reduces the
value of dyy and consequently d,.

The value of dy, is also a function of the Young’s modulus
of the polymer phase and incr with decreasing Young’s
modulus. This is simply because a stiffer polymer will inhibit
the movement of the active volume. From Fig. 5 it can be
postulated that to maximise the performance of an active
transducer a polymer volume fraction of around 50% with
a low stiffness polymer should be us

Effect of changing polymer volume fraction on g,
A striking trend can be seen in Fig. 8, where g, increases
with increasing polymer volume fraction and reducing
polymer stiffness. The diagram shown in Fig. 9 helps explain
this behaviour. The high stiffness of the amic relative to
the polymer results in the majority of the applied stress in
any direction being transferred into the ceramic. Thus, load
per unit PZT area will increase with increasing polymer
fraction. This results in high values of g, (electric field per
unit hydrostatic stress). As the polymer volume fraction
increases the g, value will rise. However, there is a limit at
which the ceramic constituent of the composite will fail or
there will be critical stress when domain switching occurs.
Therefore, the continuing increase in g, shown in Fig. 8 is
actually prevented by practical considerations.

The results for g, show that in order to maximise the
properties of a passive hydrophone device it is advantageous
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8 Influence of polymer volume fraction and Young’s
modulus on g,
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to have a high polymer volume content with a low stiffnes
polymer as a second phase. Recent experimental results on
PZT/polymer composites with varying polymer content
have shown similar trends to the FEA results.*”

Effect of changing polymer volume fraction on d,g,
The charts in Figs. 5 and 8 show the effect of polymer
volume fraction and Young's modulus on d, and g, respect-
ively. If a material is to be used in both passive and active
modes, both of the figures of merit are of importance. They
can be combined to give the hydrostatic figure of merit
dygy, with a resulting curve which is simply a combination
of these two curves.

Figure 10 demonstrates that for a passive/active device,
the optimum volume fraction of porosity is around §
for a low Young's modulus polymer filler and slightly lower
a1 75% for a high Young’s modulus polymer filler. Optimum
volume fraction is therefore a function of polymer stiffness.

CONCLUSIONS

There are a number of trends and conclusions that can be
drawn from the finite element modelling results reported
above.

1. The figures of merit dy, gy, and dyg, are enhanced as
the Young's modulus of the second phase decreases for a
fixed polymer volume fraction.

2. The hydrostatic strain constant d, reaches a broad
maximum at around 50% polymer volume fraction.

3. The hydrostatic voltage constant g, increases with
decreasing ceramic volume fraction.

4. The hydrostatic figure of merit dyg,. which des
an active/passive transducer, reaches a maximum at about
80% polymer volume fraction. Practical experiments are
under way to quantify the accuracy of this model, although
the results are in good agreement with results reported in
the literature.®
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Microstructure and performance of joints in high
temperature alloys

20 November 2002 London, UK

Organised by the High Temperature Materials Performance Committee of the
Institute of Materials, Minerals and Mining as part of a series on the Micro-
structure of High Temperature Materials, this international one-day meeting will
focus on the joining of materials for high temperature power plant and aerospace
applications.

Presentations will be given by invited experts from academia and industry, with the aim
of providing a comprehensive review of the subject. They will cover aspects of
microstructure interpretation, and modelling and the relationship with performance in
the context of alloy joints for elevated temperature applications. The emphasis will be
on welding but other methods of joining, including brazing, friction processes, and
diffusion bonding, will also be addressed.

The conference will mainly cover nickel alloys and steels of particular interest to the
power generation and aerospace industries. The emphasis of the meeting is on the
interactions between microstructure and elevated temperature properties of joints made
in these materials.

Further information at www.materials.org.uk or from: Conferences and Events, IoM
Communications Ltd, 1 Carlton House Terrace, London SW1 5DB, UK, tel. +44 (0)
207 451 7303, fax +44 (0)207 839 2289, email conferences @materials.org.uk.
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