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Abstract

The acoustic characteristics of dense and porous piezoceramic disc hydrophones have been studied by finite element modelling

(FEM). The FEM results are validated initially by an analytical model for a simple disc of dense piezoceramic material and then it is

extended to a porous piezoceramic disc replicating a foam-reticulated sample. Axisymmetric model was used for dense piezoceramic

hydrophone due its regular geometric shape. 3-dimensional model was used for the porous piezoceramics, since the unit cell model is

inadequate to fully represent transducers of finite lateral dimensions. The porous PZT discs have been synthesised by foam-retic-

ulation technique. The electrical impedance and the receiving sensitivity of the hydrophones in water are evaluated in the frequency

range 10–100 kHz. The model results are compared with the experimental data. The receiving sensitivity of piezocomposite hy-

drophones is found to be reasonably constant over the frequency range studied. The sharp resonance peaks observed for the dense

piezoceramic hydrophone has broadened to a large extent for porous piezoceramic hydrophones, indicating higher losses. The flat

frequency response suggests that the 3–3 piezocomposites are useful for wide-band hydrophone applications.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Piezocomposite materials have drawn considerable

attention in recent years due to their application in

ultrasonic and underwater transducers [1,2]. Piezocom-

posites have higher electromechanical coupling coeffi-

cient, lower acoustic impedance and higher hydrostatic

coefficients compared to the conventional Lead Zirco-

nate Titanate (PZT) materials. Further, by changing the

ceramic/polymer volume fractions, the material param-
eters of a composite transducer can be altered to meet

specific requirements [3]. Although piezocomposite of

various connectivities do exist [4], only composites with

1–3, 2–2 and 3–3 connectivities have been found to be

more useful for transducer applications [5–7].

1–3 piezocomposites have been studied extensively

and various modelling and experimental studies have
*Corresponding author. NPOL, Thrikkakara, Cochin 682 021,

India.

E-mail address: ramesh_rmani@hotmail.com (R. Ramesh).

0041-624X/$ - see front matter � 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.ultras.2004.05.001
been reported in literature [8,9]. Although, 1–3 com-

posites are highly useful for transducer applications,
their production is tedious and expensive [5]. 3–3 pi-

ezocomposites prove to be an alternative, with compa-

rable material properties and relatively simpler method

of synthesis [10]. 3–3 piezocomposites in the form of

porous PZT materials show considerably improved

transducer characteristics. Experimental studies on

porous piezoelectric structures indicate that they have

high hydrostatic figure-of-merit [10] and high receiving
sensitivity [11,12]. However, their depth-handling capa-

bility and the stability to hydrostatic pressure have yet

to be proved. The mechanical strength of the transducer

can be improved by filling with a polymer as second

phase.

In certain cases, depending on the method of syn-

thesis, the 3–3 piezocomposites are found to coexist with

0–3 composites for intermediate ceramic volume frac-
tions. The material properties of these composites with

mixed connectivities can be evaluated using theoretical

models [13,14]. Some theoretical models have been
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Fig. 1. Schematic diagram and the coordinates of an axially polarised

piezoelectric disc transducer. Top and bottom surfaces are fully

electroded. F1, F2 and F3 are the forces acting on the surfaces.
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proposed to study the material properties of ideal 3–3

piezocomposites [15–17]. However, the transducer

characteristics of these materials have not been studied

extensively, for which finite element modelling (FEM)

would be a simple and effective tool. FEM studies on
1–3 piezocomposite transducers have been reported [18].

In these studies, only one unit cell of the composite block

has been modelled, assuming that it represents the entire

piezocomposite structure. Although these models can

give material parameters like piezoelectric coefficients,

to considerable accuracy, they are inadequate to predict

the lateral-mode resonance of a transducer of finite

dimensions. Hence, real-size 3-dimensional FEM studies
are necessary to evaluate the device characteristics of

piezocomposite hydrophones.

We have developed axisymmetric and 3-dimensional

finite element models for dense PZT and porous PZT

hydrophones, respectively. The axisymmetric FEM

model is validated by a simple 3-dimensional analytical

model. The model results of dense and porous piezoce-

ramic hydrophones are compared with the experimental
data and presented in this paper.
2. Finite element model

The hydrophones are modelled by using the finite

element modelling package, ANSYS. We have followed

two different approaches for modelling the hydrophones
with dense PZT and porous PZT discs as active ele-

ments. Because of the regular geometric shape of dense

PZT disc, a 2-dimensional axisymmetric model is suffi-

cient. However, a real-size 3-dimensional model is nee-

ded for the porous PZT disc of finite size. The free-field

voltage sensitivity and the electrical impedance of the

hydrophones are of interest.

2.1. Hydrophones with dense PZT discs

Due to the simplicity in geometry, the dense PZT disc

hydrophones are modelled by using 2-dimensional axi-

symmetric harmonic analysis. Consider a PZT solid

cylinder (disc) of length L and radius a as shown in Fig.

1. Uniform electrodes are coated on the top and bottom

flat surfaces and it is poled in the axial direction. The
hydrophone is encapsulated by an acoustically trans-

parent rubber and is surrounded by water medium.

The details of the axisymmetric model and the finite

element mesh are shown in Fig. 2. Axisymmetric cou-

pled-field elements are used for the active material. The

model includes the PZT hydrophone and the sur-

rounding fluid (water) medium. A small section of the

fluid medium, which is in contact with the solid elements
is assigned with acoustic elements capable of handling

fluid-structure interactions. In all other fluid elements,

the displacement degree of freedom (d.o.f) has been
suppressed. This significantly reduces the memory

requirement and the computing time. The outer

boundary of the fluid mesh contains infinite acoustic

damping elements. This ensures that the acoustic waves
are not reflected at the boundary, simulating the infinite

extent of the fluid medium. In order to obtain better

numerical accuracy, the size of the mesh has been kept

small compared to the dominant wavelength of the

sound waves in PZT as well as in water in the vicinity of

the hydrophone. That means, the mesh size has been

maintained to be less than or equal to k=5 of the highest

frequency (100 kHz) studied.
The nodes lying on the top and bottom electrode

surfaces of the PZT disc are coupled individually and

voltage d.o.f is activated. Nodes on all outer surfaces are

coupled and pressure d.o.f is activated. Two different

boundary conditions are applied for the present studies.

In the case of the receiving sensitivity measurement, an

acoustic wave of known pressure P excites the transducer

from the fluid medium and the voltage generated at the
electrodes is determined. For electrical impedance mea-

surement, the outer surfaces of the transducer are

stress-free and a known voltage is applied between the

electrodes. Impedance is calculated from the charge col-

lected at the electrodes. Harmonic analysis with no

damping is performed in the frequency range 10–100 kHz.

2.2. Hydrophones with porous PZT discs

The porous PZT has an intricate structure that can-

not be analysed using a 2-dimensional model. Hence, we

have used a 3-dimensional model to characterise hy-

drophones with porous structures of 3–3 piezocompos-

ites with finite dimensions.

In modelling piezocomposites, it has been a general

practice to model only an unit cell of the structure,
assuming that it is representative of the entire piezo-

composite structure [18]. However in certain cases, the

results of the unit cell model deviate from the actual

values, especially in the determination of resonance



Fig. 3. Structure of a porous PZT disc. 1/4th of the model is shown.

Fig. 2. (a) The axisymmetric finite element model of a dense PZT hydrophone and (b) the enlarged view of the model.
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frequencies [19]. The unit cell model can correctly pre-

dict the resonance frequencies corresponding to the

thickness-mode vibrations, whereas it cannot predict
the lateral-mode (radial-mode) resonance frequencies if

the lateral dimensions of the transducers are finite and

comparable to the thickness. Even, the application of

periodic boundary conditions can only simulate the

infinite extent of the lateral dimensions (x–y plane).

Further, in the case of transducers with finite dimen-

sions, the resonance frequency corresponding to the

dimension in the z-direction depends also on the
dimensions in the x- and y- directions [19]. It is therefore
necessary to use a real-dimensional model. Hence, we

have performed finite element analysis of a real-size 3-

dimensional model of the porous PZT hydrophone,

despite the requirement of large computer memory size

and a prolonged computing time involved.

The porous piezoceramic structure used in the finite

element model of a 3–3 piezocomposite hydrophone is
shown in Fig. 3. This is chosen to be as close to the
practical structure of a foam-reticulated sample de-

scribed in the following section. The complete 3-D

model along with the surrounding fluid medium is
shown in Fig. 4. One fourth of the geometry is modelled

due to symmetry and the plane of symmetry boundary



Fig. 4. (a) The 3-dimensional finite element model of a porous PZT hydrophone and (b) the enlarged view of the model.

176 R. Ramesh et al. / Ultrasonics 43 (2005) 173–181
conditions are applied on the xz and yz planes. Although

1/8th model could save considerable computing time,

the non-symmetry of the electric potential along the z-
axis does not allow such possibility in the present model.

The ceramic volume fraction of the piezocomposite

disc is taken as 22%. The receiving sensitivity and elec-
trical impedance are evaluated in two successive analy-

ses imposing appropriate boundary conditions. The

boundary conditions are same as those of the dense PZT

hydrophone explained previously.
Fig. 5. SEM picture of a porous PZT material synthesised by foam-

reticulation technique.

3. Experimental

Dense PZT discs were made by compacting the

PZT5H powder and sintering at 1200 �C for 2 h. Porous

PZT structures were made by replicating polyethylene

foams with PZT slip, followed by polymer removal and

sintering [10]. These structures can be considered as 3–3

piezocomposites with no second phase of polymers. The
scanning electron micrograph (SEM) of the foam-retic-

ulated sample is shown in Fig. 5. The ceramic volume

fraction of the porous structure is found to be 22%. The

thickness and diameter of the discs are 4 and 40 mm,
respectively. The piezoelectric discs were characterised
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by measuring piezoelectric charge coefficient (d33) and

dielectric permittivity (er). The top and bottom surfaces

were fully electroded by applying air-drying silver paint

and the discs were polarised in air along the axial

direction at an electric field of 2 kV/mm at 110 �C.
Hydrophones were assembled and encapsulated with

polyurethane rubber to make it water-worthy. The free-

field voltage sensitivity was measured in a water tank

using impulse technique [20] in the frequency range

10–100 kHz and electrical impedance was measured

using Solartron Impedance Analyser (model 1260).
Fig. 6. Electrical impedance spectrum of dense PZT hydrophone.
4. Results and discussion

Two types of hydrophones, one with dense PZT disc

and another with porous PZT disc are considered for the

present analysis. Both types of hydrophones are studied

by FEM and only the first type was studied by a simple

3D analytical model presented in Appendix A. The

material parameters used for the analytical and the finite
element modelling are given in Table 1. Same boundary

conditions are imposed for the analytical and the finite

element models, i.e. the pressure of the incident sound

waves is 1 Pa for receiving sensitivity calculation and the

potential difference between the electrodes is 1 V for

impedance calculations.
Table 1

Material parameters used in the model calculations. Data for PZT5H

are taken from Ref. [25] and typical values are taken for other mate-

rials

Parameter Value

I. PZT5H

(a) Elastic coefficients (1010 Nm�2)

cD11 13.03

cD12 8.33

cD13 7.33

cD33 15.89

cD44 4.22

cD66 2.4

(b) Piezoelectric coefficients (109 Vm�1)

h31 )0.5
h33 1.8

h15 1.13

(c) Density (kgm�3) 7500

(d) Dielectric constant 1470

II. Electrode

(a) Density (kgm�3) 8250

(b) Young’s modulus (GPa) 110

(c) Poisson’s ratio 3.4

III. Encapsulation

(a) Density (kgm�3) 940

(b) Young’s modulus (MPa) 2.0

(c) Poisson’s ratio 0.45

IV. Water

(a) Density (kgm�3) 1000

(b) Velocity of sound (m s�1) 1460
The electrical impedance spectrum for the dense

piezoceramic hydrophone in the frequency range 10–100

kHz obtained by analytical, FEM and experimental
studies are shown in Fig. 6. The resonance peaks ob-

served at around 50 kHz correspond to the fundamental

radial-mode of vibrations. The analytical model con-

siders only the normal stresses acting on the surfaces.

The continuity of stress at the boundaries is satisfied in

an average sense. With these approximations, the pres-

ent model could predict the fundamental mode of res-

onance. A similar behaviour has been reported for
piezoceramic solid cylinders of arbitrary aspect ratio

[21]. However, only an exact model [22] can precisely

predict all the higher harmonics.

The impedance data for the porous piezoceramic

hydrophone obtained by FEM and experimental studies

are shown in Fig. 7. In this case, the resonance peaks

have almost disappeared, indicating the weak coupling.
Fig. 7. Electrical impedance spectrum of porous PZT hydrophone.



Fig. 8. Receiving sensitivity of dense PZT hydrophone as a function of

frequency. Fig. 9. Receiving sensitivity of porous PZT hydrophone as a function

of frequency.
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Fig. 8 shows the free-field voltage sensitivity in

water for the dense PZT hydrophone obtained by

analytical model, finite element model and experimen-

tal studies. In the analytical model, the effect of

encapsulation and water loading are not considered.

This could lead to a shift in the resonance frequencies

as seen in the figure. The polyurethane rubber used for

encapsulating the hydrophone has acoustic impedance
close to that of water and hence is assumed to be

acoustically transparent. It can be seen from the figure

that the sensitivity curve is flat for frequencies below 50

kHz. The radial mode resonance appearing at around

50 kHz is not generally desirable for hydrophone

applications, since it limits the operating range of fre-

quency. An ideal hydrophone has a constant receiving

sensitivity over a wide frequency range [23]. The reso-
nance peaks can be shifted beyond the operating range

by carefully selecting the dimensions of the active ele-

ments.

Fig. 9 shows the receiving sensitivity of the piezo-

composite hydrophones obtained by FEM and experi-

mental studies. The sensitivity value is found to be

around )210 dB (re. 1 V/lPa) and is fairly constant in

the frequency range studied. These values are compa-
rable to the experimental values of )(200–205) dB re-

ported for single-element hydrophones with 75%

porosity at 100 kHz [12]. A 3 · 3 array of porous piez-

oceramic hydrophone, however, shows a higher sensi-

tivity of )193 dB below resonance [7].

FEM studies were limited to 10 kHz in the low

frequency side in order to compare with the experi-

mental results, which could not be collected for fre-
quencies below 10 kHz due to limitations in the

experimental set up. Ideal porous structures are con-

sidered for the finite element model. However, the

scanning electron micrographs show the presence of

some amount of micro-cracks in the experimentally
synthesised foam-reticulated samples. This could lead a

small difference between the experimental and model
results as seen in Fig. 9.

It can be seen from the figures that the resonance

peaks corresponding to the radial-mode vibrations are

very prominent for dense PZT hydrophone and have

weakened to a large extent for piezocomposites. This

may be due to higher dielectric and mechanical losses of

the composites compared to those of dense piezoceramic

materials. The sensitivity response is found to be rea-
sonably flat over a wide frequency range. This is par-

ticularly advantageous as these hydrophones can be

used for wide-band applications.
5. Conclusions

Axisymmetric and 3-dimensional finite element
models have been developed to characterise dense pie-

zoceramic and 3–3 piezocomposite hydrophones,

respectively. Since the unit cell model is inadequate to

fully evaluate transducers of finite dimensions, a real-

size finite element model has been developed for 3–3

piezocomposites. The electrical impedance and the

receiving sensitivity of the hydrophones in water evalu-

ated by the analytical model and the finite element
model agree reasonably well with the experimental re-

sults. This indicates that the finite element modelling can

be used to design a 3–3 piezocomposite transducer with

desired performance, by altering the design variables

such as ceramic volume fraction, dimensions and ori-

entations of the pores. The broadening of resonance

peaks of porous piezoceramic hydrophones results in a

flat frequency response. This suggests that the 3–3 pie-
zocomposites can be used for wide-band hydrophone

applications.
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Appendix A. Analytical model

An axisymmetric analytical model is presented for a

dense piezoelectric disc of arbitrary aspect ratio. Con-

sider a piezoceramic disc of radius a and thickness L, as
shown in Fig. 1. The top and bottom surfaces are fully

electroded and the piezoceramic disc is polarised in the

axial direction. Cylindrical coordinate system (r; h; z) is
considered. The excitation and response of the disc are
considered to be axisymmetric and hence all the

parameters are independent of h. The electrical imped-

ance and the open-circuit voltage sensitivity are of

interest.

The piezoelectric constitutive equations are written as

[24],

Trr ¼ cD11Srr þ cD12Shh þ cD13Szz � h31Dz ðA:1aÞ

Thh ¼ cD12Srr þ cD11Shh þ cD13Szz � h31Dz ðA:1bÞ

Tzz ¼ cD13 Srrð þ ShhÞ þ cD33Szz � h33Dz ðA:1cÞ

Ez ¼ �h31 Srrð þ ShhÞ � h33Szz þ bS
33Dz ðA:1dÞ

where T ’s are the components of stress, S’s are the

components of strain, h’s are the piezoelectric coeffi-

cients, bS
33 is the dielectric impermittivity, Dz is the

charge density, cD’s are the elastic stiffness coefficients at

constant D and Ez is the electric field given by,

Ez ¼ � ou
oz

ðA:2Þ

where u is the electric potential. The components of

strain are written as,

Srr; Shh; Szz½ � ¼ oW
or ;

W
r ;

oU
oz

� �
ðA:3Þ

where W and U are the displacements in the radial and

axial directions, respectively.

Using the non-vanishing components of the elastic,

piezoelectric and dielectric matrices of a transversely

isotropic piezoelectric material belonging to the crystal
class 1mm, the equilibrium equations are written as,

oTzz
oz

¼ �qx2U ðA:4aÞ
oTrr
or

þ 1

r
Trrð � ThhÞ ¼ �qx2W ðA:4bÞ

where q is the density and x is the angular frequency.
The term ejxt has been suppressed in all equations for

convenience. The components of shear stress are as-

sumed to be zero.

The axisymmetric equations of motion can be written

in terms of the components of displacements by substi-

tuting Eqs. (A.1) and (A.3) in Eq. (A.4) as follows,

cD33
o2U
oz2

¼ �qx2U ðA:5aÞ

and

cD11
o2W
or2

�
þ 1

r
oW
or

� W
r2

�
¼ �qx2W ðA:5bÞ

Solutions to these equations can be written in the form,

U ¼ A sinðkzzÞ þ B cosðkzzÞ ðA:6aÞ
and

W ¼ CJ1ðkrrÞ ðA:6bÞ
where A, B and C are the constants to be determined

using a given boundary conditions, kz and kr are the

wave numbers in the axial and radial directions,

respectively as given by,

kz ¼ x
ffiffiffiffiffiffi
q
cD33

r
and kr ¼ x

ffiffiffiffiffiffi
q
cD11

r
ðA:7Þ

and J1 is the first order Bessel function of the first kind.

In order to satisfy the finiteness condition at the origin

of the disc (r ¼ 0), the Bessel function of the second kind
Y1ðkr; rÞ has been excluded in the solution (A.6b). It has

to be included for a hollow cylinder.

From these equations, the other parameters of

interest, such as the stress acting on the surfaces and the

charge developed on the electrodes can be easily deter-

mined. The radial and axial components of the normal

stress can be obtained by substituting Eqs. (A.3) and

(A.6) in (A.1) as given by,

Trr ¼ AcD13kz cosðkzzÞ � BcD13kz sinðkzzÞ

þ C cD11krJ0 krrð Þ
�

þ cD12
�

� cD11
� 1
r
J1 krrð Þ

�
� h31Dz

ðA:8Þ
and

Tzz ¼ AcD33kz cosðkzzÞ � BcD33kz sinðkzzÞ
þ CcD13krJ0ðkrrÞ � h33Dz ðA:9Þ

Similarly, the charge density can be written as,

Ez ¼ �Ah33kz cosðkzzÞ þ Bh33kz sinðkzzÞ
� Ch31krJ0ðkrrÞ þ bS

33Dz ðA:10Þ

where Dz ¼ Iz=jxpa2.
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In order to evaluate the transducer characteristics, it

is convenient to use force instead of stress. The radial

and axial components of force are obtained by inte-

grating Eq. (A.8) over the curved surface at r ¼ a and

Eq. (A.9) over the flat surface at z ¼ L, respectively.
Therefore we get,

Frr ¼ 2pa
Z L

0

Trr dz

¼ AcD13kz2pa sinðkzLÞ þ BcD13kz2pa cosðkzLÞ½ � 1�

þ C2paL cD11krJ0 krað Þ
�

þ cD12
�

� cD11
� 1
r
J1 krað Þ

�

� Izh312L
jxa

ðA:11Þ

Fzz ¼ 2p
Z a

0

Tzzrdr

¼ AcD33kzpa
2 cosðkzLÞ � BcD33kzpa

2 sinðkzLÞ

þ CcD132paJ1ðkraÞ �
Izh33
jx

ðA:12Þ

The voltage is obtained by integrating Ez in Eq. (A.10)
with respect to r over the electrode surface and using the

relation, V ¼ �
R L
0
Ez dz as given by,

V ¼ Ah33 sinðkzLÞ þ Bh33 cosðkzLÞ½ � 1�

� Ch31J1ðkraÞ2L=a�
Izb

S
33L

jxpa2
ðA:13Þ
A.1. Receiving sensitivity

The hydrophone is excited by a pressure wave prop-

agating from the +ve z-direction. The potential differ-

ence developed across the electrodes is of interest. The

mechanical and electrical boundary conditions are (i)

the continuity of forces on the outer surfaces and (ii) the

open-circuit, respectively as given by,

Frr ¼ F1 on 06 z6L at r ¼ a ðA:14aÞ

Fzz ¼ F2 on 06 r6 a at z ¼ L ðA:14bÞ

Fzz ¼ F3 on 06 r6 a at z ¼ 0 ðA:14cÞ
and

Iz ¼ 0 on 06 r6 a at z ¼ L ðA:14dÞ
where F1; F2 and F3 are the forces acting on the curved

surface, top surface and bottom surface, respectively as

shown in Fig. 1. By applying these boundary conditions

in Eqs. (A.11)–(A.13), we get four simultaneous equa-

tion with four unknowns A, B, C and Iz as written in a

matrix form,

M½ �

A
B
C
V

8>><
>>:

9>>=
>>;

¼

F1
F2
F3
0

8>><
>>:

9>>=
>>;

ðA:15Þ
where [M ] is the 4 · 4 coefficient matrix. The receiving

voltage sensitivity can be obtained by using the relation,

FFVS ¼ V
F

ðA:16Þ
A.2. Electrical impedance

The electrical impedance of the transducer can be

determined by imposing a stress-free boundary condi-

tion on all the surfaces (F ¼ 0) and a known voltage (V0)
across the electrodes.

By applying the boundary conditions in Eqs. (A.11)–
(A.13) and re-arranging the equations, we get,

N½ �

A
B
C
Iz

8>><
>>:

9>>=
>>;

¼

0

0
0

V0

8>><
>>:

9>>=
>>;

ðA:17Þ

where [N ] is the 4 · 4 coefficient matrix. The electrical

impedance can be obtained by using the relation,

Z ¼ V0
Iz

ðA:18Þ
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