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Abstract Porous ceramics are of interest for ultrasonic
transducer applications. Porosity allows to decrease acous-
tical impedance, thus improving transfer of acoustical energy
to water or biological tissues. For underwater applications,
the dhgh figure of merit can also be improved as compared
to dense materials. In the case of high frequency trans-
ducers, namely for high resolution medical imaging, thick
film technology can be used. The active films are generally
porous and this porosity must be controlled. An unpoled
porous PZT substrate is also shown to be an interesting
solution since it can be used in a screen-printing process
and as a backing for the transducer. This paper describes the
fabrication process to obtain such materials, presents
microstructure analysis as well as functional properties of
materials. Modelling is also performed and results are
compared to measurements. Finally, transducer issues are
addressed through modelling and design of several config-
urations. The key parameters are identified and their effect
on transducer performance is discussed. A comparison with
dense materials is performed and results are discussed to
highlight in which cases porous piezoceramics can improve
transducer performance, and improvements are quantified.

Keywords Porous ceramic . Piezoelectricity . Modelling .

Ultrasonic transducer

1 Introduction

The combination of two materials having different properties
(such as elastic or dielectric) allows to deliver several
advantages that one of the materials cannot offer alone. This
principle has been applied with a piezoelectric phase and an
inert phase at the end of the 1970s. The spatial distribution
between the two phases is of great importance since it is the
main point which determines the effective properties of the
piezocomposite. For this, the concept of connectivity has
been defined to classify the different possibilities [1, 2].
Many studies and publications have been performed to
optimise the choice of the connectivity and the properties of
each phase. Recently, a description of fabricated piezoelec-
tric composites has been given in a review article for
actuators and sensors [3]. Among all these possibilities, this
paper is focused on porous piezoelectric ceramics which can
be considered as a biphasic ceramic-air (or polymer) com-
posite and the highlighted applications concern ultrasonic
transducers. In this context, a large variety of processing
techniques have been used to deliver porous ceramics with
large ranges of pore volumes, pore size distributions, pore
shapes, and also thickness of the sample [4].

Two main applications are studied here. The first is the
development of an integrated structure including several
porous ceramic materials for high frequency medical
imaging. For this, porous piezoelectric thick film is
fabricated with a screen-printed process. The thick film is
deposited on an unpoled porous PZT substrate. For
transducer applications, such a substrate has several
advantages and can be used as a backing. The first is the
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high temperature stability during the sintering of the
piezoelectric thick film. Also, the similar composition of
the two elements limits the chemical diffusion and avoids a
decrease of the piezoelectric performance of the thick film.
The porosity allows to control the acoustical impedance in
the substrate and to increase the attenuation, allowing to
minimise the thickness to assume for which it can be
considered as a semi-infinite medium.

The second application is the development of bulk
porous ceramics for medical, industrial and underwater
applications. For these applications, modelling is per-
formed, namely homogenisation of the porous ceramics
and then prediction of transducer properties to evaluate the
improvement brought by porous ceramics in comparison
with standard dense ceramics.

The next section briefly describes the different fabrica-
tion processes used for the applications described above
(i.e. porous unpoled PZT substrate, piezoelectric thick
film and bulk porous PZT ceramics). Section 3 first reports
the characterisation of functional properties of piezoelectric
elements in thickness mode. The specific behaviour of bulk
porous ceramics has particularly been investigated as a
function of frequency. Secondly, the modelling of a porous
ceramic is described. The model is based on a generalisation
of series and parallel connections to deduce the effective
electro-elastic moduli of the material. The model results are
compared to several experimental values of bulk porous
ceramic. This model is also exploited to simulate the
behaviour of the hydrostatic strain coefficient (dh) and
corresponding figure of merit (dh×gh). In Section 4, proper-
ties of simulated transducers based on bulk porous ceramics
are first calculated and compared to those using dense
ceramics. The improvement of transducer properties are then
quantified in terms of sensitivity and bandwidth. Finally, the
description and discussion of the use of an integrated structure
for high frequency applications are presented. The importance
of the control of the volume fraction of porosity between the
different layers is highlighted and it is shown how the
properties of the corresponding high frequency transducers
can be optimised.

2 Fabrication process and microstructure
characterisation

Porous ceramics can be produced by adding pore formers
with different contents and size. The pore former burns out
during sintering process forming cavities which increase the
porosity of sintered material. Pore fraction, size and
distribution of pore size as well as morphology are controlled
by the amount of added pore former. Pore formers are mainly
organic or fugitive inorganic compounds which decompose
and/or burn out at relatively low temperature such as starch

[5], PVA [6], graphite [7], β-dextrin [8]. This method is
used for the substrate fabrication.

2.1 Substrate

Pb(Zr0.53Ti047)O3-PZT powder was prepared by mixed-
oxide synthesis at 900 °C for 2 h using PbO (Aldrich,
99.9%), ZrO2 (Tosoh, 99%) and TiO2 (Fluka, 99%) as
starting materials. Synthesised powder was ball milled in
zirconia planetary mill in acetone for 2 h. A fine particle
size powder of a mean particle size of 1.88 μm as measured
by granulometry (Cilas) was obtained.

Pore formers were added into PZT to obtain the porous
structure. Three different chemicals were used as pore
formers, polyethylene glycol-PEG (molar mass 4,000),
saccharose (common sugar) and ammonium oxalate (Riedel-
de Haen). Powder mixtures with 15 and 20 vol.% of pore
former were prepared by homogenisation in zirconia ball
mill in acetone. After drying, the powders were pressed in a
steel die into the test pellets with a pressure of 100 MPa.
Pellets were presintered at 600 °Cwith heating rate of 1 K/min
and sintered at 1,200 °C for 2 h with heating rate of 5 K/min in
PbZrO3 packing powder. Samples were also tested by
applying subsequent sintering at 1,200 °C for 2 h. This
procedure simulates the firing processes of electrode and
thick film material during thick film structure preparation.
Samples were characterised by microstructural and stereo-
logical analysis. The average pore size was determined from
thermally etched cross sections. In the first step of analysis,
the pores from each image were redrawn on a transparent
foil. The redrawn images of grains were then scanned. Such
digitised images were further analysed by an image process-
ing software. The surface of each pore was measured and its
size was calculated as a diameter for circular geometry.
Geometrical density of pellets was calculated from dimen-
sions and mass. Relative density (RD) defined as percentage
of theoretical value for pore-free PZT (8,000 kg/m3) was
then calculated from geometrical density.

Substrates for fabrication of transducers were prepared
by pressing PZT powder with addition of 15 vol.% of
ammonium oxalate with pressure of 100 MPa into pellets
with 8 mm diameter and 14 mm height. Pellets were
sintered at same sintering conditions as test samples. After
the sintering process, the substrates were lapped in to final
dimensions: diameter 5 mm and height 10 mm.

Relative density of samples with addition of 15 and
20 vol.% of ammonium oxalate, PEG and saccharose after
sintering at 1,200 °C for 2 h are shown in Fig. 1. For
comparison, the density of PZT sintered at same conditions
is added. With addition of 15 vol.% of pore formers, the
relative density drops from 97% TD for pure PZT to around
88% TD for ammonium oxalate, 93% TD for PEG and 90%
TD for saccharose, respectively. With addition of 20 vol.%
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of pore formers to PZT the density sees a further decrease
of 3% for PEG, 5% for saccharose, but remains nearly the
same as for addition of 15 vol.% for ammonium oxalate.
The microstructures of polished and thermally etched

samples of PZT with addition of 15 vol.% of pore formers
are shown in Fig. 2. In the samples with addition of
ammonium oxalate and saccharose, the pores are equally
distributed over the cross section. In the sample with
addition of PEG, both small pores are visible on the etched
sample and very large pores up to 100 μm visible on
polished cross section sample. The mean pore size for all
samples measured from the etched samples are given in
Table 1. The presence of small and large pores in the
sample with addition of PEG is evident and due to the non-
uniform pore size distribution obtained, PEG is not an
optimum pore former. The pore size for samples with
addition of ammonium oxalate and saccharose are similar
and are comparable to grain size (Fig. 2).

However, contrary to saccharose, ammonium oxalate
decomposes into gas products e.g. water, ammonia and
carbon dioxide without any solid residuals. From the
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Fig. 1 Relative density of PZT samples with addition of 15 and
20 vol.% of pore former after sintering at 1,200 °C for 2 h

Fig. 2 Microstructure of the PZT
samples with addition of 15 vol.%
of pore formers after sintering
at 1,200 °C for 2 h (First row-
ammonium oxalate, second row-
PEG and third row-saccharose)
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obtained results, ammonium oxalate was chosen as material
to make porous substrate for transducer.

Samples with ammonium oxalate addition were also
tested by subsequent sintering at 1,200 °C for 2 h. The
results are shown in Table 2. This procedure simulates the
firing processes of electrode and thick film material during
thick film structure preparation. The results show that the
porous PZT produced by addition of ammonium oxalate
pore former is stable as the density remains practically the
same after subsequent sintering procedure.

2.2 Thick films

PZT 53/47 powder (PbZr0.53Ti0.47O3) with an excess of
6 mol% of PbO was prepared by mixed-oxide synthesis at
900 °C for 1 h from high-purity PbO, ZrO2, and TiO2. To
this was added 2 wt.% of lead germanate, with the
composition Pb5Ge3O11 as a sintering aid. Lead germanate
(PGO) was also prepared by mixed-oxide synthesis from PbO
and GeO2 (Ventron, 99%) at 700 °C. After synthesis, both
compositions were ball milled in acetone for 1 h and dried.

Thick film ink was prepared from the mixed PZT and
PGO powder (PZT/PGO) and an organic vehicle (!-
terpineol, butyl carbitol, and ethyl cellulose) by mixing
them in a roll-mill. Viscosity of the paste was optimized by
changing mass ratio of powder and organic vehicle. Pastes
with viscosity around 20 Pa.s were used for printing.

The thick-film structure was prepared by first printing two
barrier layers of PZT/PGOwith intermediate drying at 150 °C
on the porous PZT substrate described in the previous
paragraph. This structure was over-printed with gold thick
film conductor (Ferro, type 3,261) and was fired at 800 °C for
8 h. Over this, PZT active films were printed six times with
intermediate drying. Samples were sintered in closed alumina
container at 800 °C for 8 h. Dense PZT thick film was

obtained with firing of samples at the same temperature in
closed alumina container with small amount PbZrO3 to
provide lead oxide rich atmosphere. Upper gold electrode
was produced by magnetron sputtering at room temperature
through metallic mask. PZT/PGO film was polarised with
electric field of 10–12 kV/mm at 160 °C in oil bath.

2.3 Bulk ceramics

Ferroperm Piezoceramics A/S have three commercial types
of piezoceramics based on porous PZT, namely a standard
soft-doped composition (Pz37), a hard-doped composition
(Pz36) and a high-permittivity composition (Pz39). Table 3
gives an overview of key properties. These ceramics are
manufactured using a specialised process allowing to
introduce highly controlled porosity both in terms of
volume fraction and size by means of an organic pore
former. The relative porosity has been optimised by
adjusting the amount of pore former in order to obtain
desired acoustic properties (for example, in Table 3, the
volume fraction of porosity in Pz37 is 20%).

3 Functional characterisation and modelling

3.1 Characterisation

For the experimental functional characterisation, a HP4395A
network analyser and corresponding impedance test-kit were
used to measure electrical impedance as a function of
frequency of the porous piezoelectric element. An electrical
equivalent circuit model (KLM) [9, 10] was used to fit the
electrical impedance and allowed the thickness mode
characteristics in free mechanical resonator conditions to be
deduced.

First, two batches of bulk ceramics composed of porous
PZT (Pz37) and dense soft-PZT have been characterised.
The dense soft-PZT ceramic corresponds to the matrix of
the porous PZT ceramic. Seven samples of Pz37 have been
characterised and their corresponding antiresonance fre-
quencies are between 1.1 to 8.4 MHz. Their silver electro-
des have a thickness of around 5 μm. Their effects on the
electrical impedance spectra are not negligible. These
electrodes are taken into account in the KLM model to
deduce the properties of the piezoelectric material. The
volume fraction of porosity for these samples (vp=25±
1.5%) is slightly higher than those presented in Table 3.
Eight samples of dense soft-PZT that have comparable
resonance frequencies are also characterised for comparison.

In order to increase the frequency range of the study and
deduce the behaviour of several parameters as a function of
frequency, the overtones of the thickness mode are also
fitted up to 36 MHz. Thickness coupling factors and

Table 1 Mean pore diameter for PZT samples with addition of 15 vol.
% pore formers after sintering at 1,200 °C for 2 h.

Pore former (15 vol.%) Mean pore diameter (μm)

Ammonium oxalate 4.0
PEG 2.7
Saccharose 4.1

Table 2 Relative density of PZT samples with addition of 15 vol.% of
ammonium oxalate after sintering at 1,200 °C for 2 h and subsequent
sintering at same temperature for 2 h.

Ammonium
oxalate (vol%)

1,200 °C, 2 h relative
density (%)

1,200 °C, 2+2 h
relative density (%)

15 88.1 88.6
20 87.7 88.8
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mechanical losses results are shown in Fig. 3. Points
corresponding to porous PZT are in black while those
corresponding to dense soft-PZT are in gray. Linear
regressions analysis has been performed on the parameters
(thickness coupling factor and mechanical losses) to
quantify the frequency dependence. Significant differences
are observed. For the mechanical losses, a value of −1.5
10−3 MHz−1 for dense soft-PZT is measured while for the
porous PZT, the corresponding value is an order of
magnitude higher (−19.6 10−3 MHz−1). The porosity is
mainly responsible for this increase of mechanical losses.
Moreover, an analysis of the microstructure and in
particular the grain size distribution shows that the mean
grain size is two times higher in the dense soft-PZT than in
the porous PZT ceramic [11]. This result contributes to
differentiate the behaviour of the mechanical losses. This
high frequency dependence observed for the porous ceramic
leads to a limited frequency range (up to around 8.5 MHz)
since the high order overtones are not observed. A variation
of the thickness coupling factor is also measured. In Table 4,
the thickness mode characteristics (fundamental) of four
representative samples (two dense soft-PZT and two porous
PZT) are summarised. For the fundamental mode, the
corresponding value is slightly higher for porous PZT than
for dense PZT, but the frequency dependence is different
(Fig. 3). The consequence is that under 8 MHz, the
tendency is reversed as also noticed in Table 4.

For the screen-printed thick film, which has been
deposited on a gold plated substrate, the determination of
thickness mode parameters is more difficult than for a free
resonator. In this case, the thick film can be considered as
one of the constitutive layers of a multilayer structure.
Several authors have calculated the electrical impedance for
several layers [12]. Here, an electrical KLM circuit is again
used to simulate the electrical impedance of the structure
(between the two electrodes of the thick film) composed of

five layers (porous unpoled PZT substrate, porous barrier
layer, bottom electrode, screen-printed thick film and front
electrode). Knowing the thickness of each layer and their
acoustical properties (except the thick film), the electrome-
chanical properties of this thick film can be deduced [13, 14].
Two examples of properties of PZT/PGO thick film obtained
by the fabrication process described in Section 2.2 are
summarised in Table 5. These properties will be discussed in
terms of high frequency transducer applications in Section 4.

3.2 Modelling

To calculate the effective parameters of composites with
different connectivities, many approaches and theories have
been investigated. Several theories have been extended to
piezoelectric materials [15, 16] and applied to piezocom-
posites such as Eshelby’s theory (inclusion and inhomoge-
neity problems) [17–19] and in particular to porous
piezoelectric ceramics [20]. Other authors have used dif-
ferent effective medium theories to calculate effective
electro-elastic moduli of piezocomposites including porous
piezoelectric ceramics (3–0 or 3–1 connectivity) [21–25].
Finite element method has also been used to study the
properties of 3–3 connectivity materials [26]. The model-
ling used in this paper is based on a method developed in
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Fig. 3 (a) Thickness coupling factor (kt) and (b) mechanical losses
(δm) as a function of frequency for dense soft PZT (gray points) and
Pz37 (black points)

Table 3 Selected properties of three commercial porous piezoceramic
materials from Ferroperm Piezoceramics A/S, all based on PZT.

Material Pz36 Pz37 Pz39

ρ (kg/m3) 5.7 6.5 5.8
Za (MRa) 14 19 14
(33,r 610 1,200 1,750
tan δ 0.003 0.017 0.019
TC (°C) 350 350 220
kp (%) 26 38 18
kt (%) 52 52 53
d33 (pC/N) 230 380 480
Nt (Hz m) 1,270 1,470 1,190

ρ: density; Z: acoustic impedance; (33,r: Relative permittivity; tan δ:
dielectric loss tangent; Tc: Curie temperature; kp: planar coupling
factor; kt: thickness coupling factor; d33: piezoelectric charge
coefficient; Nt: thickness frequency constant.
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previous work, and adapted to porous piezoelectric materi-
als [27–29]. Here, the method is based on the generalisation
of series and parallel connections (corresponding to 2–2
connectivity) [30] and modified cubes model [31].

In a porous ceramic, the spatial arrangement between the
pores and the dense phase can be defined according to the
fabrication process and the volume fraction of porosity in
the material. Two possible connectivities can be formed (i.e.
3–0 and 3–3) and can be present jointly in the material as
shown on the schematic representation in Fig. 4. Several of
the models recalled at the beginning of this paragraph are
limited in the number of possible connectivities since the
inhomogeneity shape is often considered as ellipsoidal (3–0
connectivity). For this shape, extreme cases can be obtained
when one or two of the axes of the ellipsoidal inhomogeneity
tend towards infinity (which corresponds to 3–1 and 2–2
connectivities). The 3–3 connectivity cannot be obtained with
these models, even if for high volume fractions, interaction
between inhomogeneities can be taken into account.

The representative unit cubic cell used in this paper
contains the two phases where the inhomogeneity shape (i.e.
pore shape) is directly related to the connectivity (Fig. 5). In
this way, large varieties of connectivities are possible and in
particular the 3–3 connectivity [32–34]. For the 3–0
connectivity [35], the cubic shape inhomogeneity in a corner
is isolated (closed porosity) and characterised by the
dimension parameter b. For 3–3 connectivity, the inhomo-
geneity is assumed to be in contact in the three directions
corresponding to an open porosity, and is placed in the
opposite corner. This inhomogeneity is represented with
three branches where each length is unit and a is the
characteristic parameter (Fig. 5). The total porosity volume
fraction vp is obtained using the two independent variables a
and b to calculate the volume of the two inhomogeneities

knowing that the volume of the cell is unit. Moreover, a
proportion of 3–0 connectivity, noted p, can be defined in the
whole cell. This proportion is expressed as a ratio between
the porosity volume fraction in 3–0 connectivity to the total
porosity volume fraction in the cell:

p ¼ b3

3a2 � 2a3 þ b3
ð1Þ

Finally, the total porosity volume fraction can be
expressed as a function of p and a by eliminating the
variable b:

vp ¼ 3a2 � 2a3 þ p 2a3 � 3a2ð Þ
p� 1ð Þ ð2Þ

For the calculation of effective properties, only the
principle is recalled here, detailed description can be found
in [29]. The basis of this matrix method is to define two
vectors (G) and (H) which each contain nine components.
These components are obtained with 18 boundary con-
ditions on the stress and strain tensors as well as electrical
field and electrical displacement vectors. The vector (G)
gathers all the nine constant parameters through the two
phases material while (H) contains the nine other spatially
averaged quantities. For these definitions, the two phase
material must be in 2–2 (series or parallel) or 1–3
connectivities. These two vectors depend only on the position
of the interfacial layers along the third axis (Fig. 5, i.e. poling
direction), consequently they describe the connectivity of the
two-phase material. To homogenise the unit cell of Fig. 5
and deduce the effective electro-elastic moduli of the
considered material, it must be decomposed into six blocks
(where each constitutive block is in 2–2 connectivity). Each
block is first homogenised separately and then the cell is re-

Table 4 Characteristics of four dense soft-PZT and porous Pz37 samples.

t (μm) ρ (kg/m3) fa (MHz) vl (m/s) Z (MRa) kt (%) ( S
33

�
(0 δm (%)

1-Soft-PZT 505 7,680 4.3 4,410 33.9 47.9 790 1.0
2-Pz37(porous) 328 5,680 4.2 2,775 15.7 49.8 550 2.4
3-Soft-PZT 315 7,750 7.2 4,540 35.4 45.8 850 1.1
4-Pz37 (Porous) 173 5,710 8.4 2,910 16.6 42.1 600 3.5

t: thickness; ρ: density, fa: antiresonant frequency; vl: longitudinal wave velocity; Z: acoustical impedance; kt: thickness coupling factor; ( S
33

�
(0:

dielectric constant at constant strain; δm: mechanical losses.

Table 5 Characteristics of two screen-printed piezoelectric thick films on porous PZT substrate.

Piezoelectric material R (mm) t (μm) vl (m/s) fa (MHz) f0 (MHz) ( S
33

�
(0 kt (%) δe (%) δm (%) Z (MRa)

(a) PZT/PGO 1.06 43 3,300 38.3 24.0 370 48.5 0.05 9.8 17.9
(b) PZT/PGO 2.02 32 4,300 67 42 510 41 0.5 20 29.8

R: radius of the upper electrode; t: thickness; vl: longitudinal wave velocity; fa: antiresonant frequency; ( S
33

�
(0: dielectric constant at constant

strain; kt: thickness coupling factor; δe: dielectric losses; δm: mechanical losses; Z: acoustical impedance.
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assembled successively in 2–2 or 1–3 connectivities. At each
of these steps, the corresponding volume fraction is re-
calculated. With this method, as we can easily notice in the
unit cell (Fig. 5), a compactness limit is reached before a
complete unit fraction of porosity (if b=1−a). Therefore, an
alternative solution can be used which consists in a description
of “composite of composite.” First, the dense ceramic phase
can be homogenised considering only the isolated inhomoge-
neity (3–0). Then a 3–3 composite can be defined where the
matrix is now the homogenised 3–0 composite as schemati-
cally described in Fig. 6. The second step is to homogenise a
“standard” 3–3 composite [28]. The corresponding connec-
tivity of such a material can be noted 3–3(3–0). The porosity

volume fraction in 3–0 connectivity, noted p, can varied
between 0 to 1 to calculate the two pure connectivities (p=0
for 3–3 connectivity and 1 for 3–0 connectivity).

The main advantage of this simple matrix method is that all
the effective components of the elastic, dielectric and
piezoelectric tensors are simultaneously obtained as a function
of the porosity volume fraction. All this data allows
parameters such as the coupling factors to be easily calculated.
Moreover, the transversely isotropic symmetry of the dense
ceramic is kept for the effective electro-elastic moduli.

Material data used for simulations is that of the dense
soft-PZT (the matrix), given in Table 6. In this material, a
porosity volume fraction around 2–3% is generally observed,
but it is neglected here. Thus, a small error is induced in the
calculation. For the porosity phase, air characteristics are used.

The acoustical impedance (Fig. 7) is deduced from the
effective elastic constant cD33 and the density ρ as a function
of the porosity volume fraction. The mean value of all
experimental results on Pz37 samples in paragraph 3.1 is
also added (black point). This result confirms that the
experimental acoustical impedance is between those of the

Fig. 6 (a) Unit cell of the representation of the composite of
composite 3–3(3–0). (b) 3–3 connectivity unit cell where the
homogenized 3–0 composite is considered as the matrix

Fig. 5 Definition of the unit cell for 3–3 and 3–0 connectivities
representing a porous piezoelectric ceramic, with the coordinate system

open porosity 
(3-3 connectivity) 

electrodes 

closed porosity 
(3-0 connectivity) 

ceramic phase

P
_

Fig. 4 Schematic representation of porous piezoelectric ceramic
containing both 3–0 (with black porosity) and 3–3 connectivities (with
white porosity)
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two pure 3–0 (black solid line) and 3–3 connectivities (grey
solid line). For the dielectric constant (Fig. 8), experimental
results are close to those of pure 3–0 connectivity
(variations are shown through a vertical bar).

This model can also be used to simulate other parameters
for transducer applications. Optimisation of the thickness
coupling factor is required to deliver transducers with high
performance. Figure 9 shows the behaviour of this para-
meter as a function of the porosity volume fraction for the
two connectivities (3–3 in gray and 3–0 in black). The
fictive constitutive materials of the pores have a Young’s
modulus of 5 and 1 GPa, as mentioned on each curve. The
other pore phase parameters such as Poisson ratio, relative
dielectric constant and density have been kept constant and
the corresponding values are, respectively, 0.37, 3.9 and
1,170 kg/m3. Results show that for the two connectivities,
the thickness coupling factor can be higher that of dense PZT
ceramic. For 3–3 connectivity, highest values are delivered
for relatively low volume fractions of porosity (here between
20 and 40%) while for 3–0 connectivity, the maximum is
found above 40%. The properties of the materials used as the
pores also have an influence on the effective parameters. The
values of the thickness coupling factor increase if Young’s
modulus decreases. This result is consistent if the pore phase
is considered as air. The shape of the pores also has an
influence on the effective parameters. Our model assumes
that porosity shape is cubic for 3–0 and that the lengths of the
three branches for 3–3 connectivities are equal. Several
authors have shown that if the lengths of each of the three
branches are different for 3–3 connectivity, large differences

can be obtained on effective parameters. If the vertical
branch (in the poling direction) is privileged, effective
piezoelectric coefficients and thickness coupling factor can
be increased [26, 36]. This observation is due to the fact that
1–3 connectivity (with the vertical branch) becomes predom-
inant which significantly increase the performance while the
two horizontal branches (in series for the homogenisation)
contribute mainly to increase the porosity volume fraction but
not, for example, the piezoelectric activity. This has also been
studied in the case of reticulated ceramics [37, 38].

Another important application is underwater acoustics
for which hydrostatic properties of the porous piezoelectric
material are the key parameters [39–42]. An active
transducer sensitivity can be characterised by the hydro-
static strain coefficient dh defined by :

dh ¼ d33 þ 2d31 C:N�1
� � ð3Þ

The performance of a hydrophone (passive transducer)
can be evaluated with the hydrostatic piezoelectric voltage
coefficient (gh) defined by:

gh ¼ dh
(T33

ð4Þ

For a transducer alternatively used in transmit and
receive modes, the figure of merit (dhgh) can be used.
Figures 10 and 11 give, respectively, the hydrostatic strain
coefficient (dh) and the figure of merit (dhgh) using the
same data set for simulations as for Fig. 9. Again, the
decrease of the Young’s modulus of the pore phase allows
to increase the effective parameters and the maximum
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Table 6 Elastic, piezoelectric and dielectric characteristics of dense-soft PZT.
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values are always shifted towards a higher porosity volume
fraction [34, 43]. These results show that the configurations
chosen here, the 3–0 connectivity delivers higher perfor-
mance than the 3–3 connectivity. Specific studies have also
been performed on the effect of complex connectivities [44]
or data used (such as the ratio −d33/d31 of the matrix
ceramic) to optimise several effective parameters [45, 46].

4 Applications to transducers

4.1 Performance comparisons

Several simulations have been performed with the KLM
model to evaluate and compare the performance of different
configurations of simple transducers based on dense soft-
PZT or porous PZT (data of Pz37). For this, data from
Table 4 with sample 1 (dense PZT) and 2 (porous PZT)
have been used. All the simulation results are summarised

in Table 7. For these piezoelectric elements, a change in
data from Table 4 has been made concerning the thickness
coupling factor value. Indeed, in order to only take into
account the influence of the porosity (through the acoustical
impedance value), the (kt) value of the dense soft-PZT
(47.9%) is also used for the Pz37 data. Moreover, electrical
conditions are fixed with a generator input impedance of
Zg=0 Ω and a receiver with Zr=1 MΩ. These conditions
allow to avoid taking into account the area of the electrodes
and electrical environment. All the simulations used water
as propagation medium and the backing is considered as a
semi-infinite medium. The centre frequency of all the
corresponding transducers is at 3.9 MHz.

The two first simulated transducer configurations are
composed only of a backing and the piezoelectric elements
(dense soft-PZT and Pz37). A backing with an acoustical
impedance of 9.5 MRa is chosen to deliver a relative
bandwidth at −6 dB of 30% for the transducer integrating
the dense soft PZT element. For an easier comparison, the
acoustical impedance of the backing has been adjusted for
the transducer based on Pz37 to keep the same bandwidth. In
this case, comparison between the two simulations can be
directly observed on the sensitivity, calculated in dB. Results
show an increase of sensitivity of 6 dB with the porous PZT
ceramic. Electroacoustic responses are shown in Fig. 12.

If a matching layer is added, the sensitivity is logically
increased for both materials, but the difference is lower than
in the previous set of simulations (0.5 dB) (Fig. 12). This
small improvement is associated with a significant increase
of bandwidth at −20 dB (10%). The characteristics of the
matching layer (thickness typically around a quarter wave-
length and acoustical impedance) have been optimised with a
performance index. This performance index is composed of
three characteristics of the electroacoustic response of the
transducer. The characteristics are related to the duration at
−6 and −30 dB and the amplitude of the pulse-echo response.
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These three parameters are weighted for medical applica-
tions through an adequate trade-off found between band-
width and sensitivity of the transducer [47].

Finally, with two matching layers and a fixed bandwidth
at −6 dB of 58% the sensitivity is 3 dB higher with Pz37
(Fig. 12). All the calculated sensitivities have been normal-
ised with this last configuration (considered at 0 dB). In these
three sets of simulations (0, 1 and 2 matching layers), the
Pz37 porous piezoceramic allows to increase the perfor-
mance of transducers, in particular when no matching layer
is used. If the measured value of kt is used for the Pz37
sample (i.e. 49.8%), the sensitivity is further increased by
1 dB with a configuration using two matching layers.

4.2 High frequency transducer applications

The structures described in Section 2 of passive porous
PZT substrate and PZT/PGO thick film are used to fabricate
high frequency transducers. The electromechanical proper-
ties of two thick films have been recalled in Table 5.
Photographs of one of the samples obtained and a cross
section observed by SEM of the integrated structure with
the thick film (b) in Table 5 are, respectively, shown on
Figs. 13 and 14. The layers contain different volume
fractions of porosity and the corresponding values have a
significant influence on the final properties of high fre-
quency transducers integrating these structures.

The volume fraction of porosity in the substrate has been
measured (14%, see paragraph 2.1) and an evaluation of the
acoustical properties can be made (including longitudinal
wave velocity) using the matrix method described in
paragraph 3.2. This can be performed assuming that all
the piezoelectric coefficients are null for this unpoled
ceramic. As observed on Fig. 2, the connectivity of the
microstructure can be considered as 3–0 (closed porosity).
The effective longitudinal wave velocity and the acoustical
impedance as a function of volume fraction of porosity are
calculated (Fig. 15). For our case (vp=14%), they are,
respectively, 2,730 m/s and 18.2 MRa. These parameters
have been used as fixed data to evaluate the properties of
piezoelectric thick film [14] as explained in paragraph 3.1.

The importance of the difference of porosity contents
between the piezoelectric thick film and the substrate are
clearly shown in Fig. 16. On this figure are represented the
complex electrical impedance spectra of the two thick films
in the multilayer structures. For the first one (a) the thick
film corresponds to reference (a) from Table 5. In this
configuration, the volume fraction of porosity in the thick
film (around 30%) is higher than in the porous PZT
substrate. This result has been obtained on several samples
of a same batch where the porosity has been determined by
stereological analysis of the polished microstructures through
measurement of the pore areas using image analysis. This
observation implies that the resonant frequency of the thick

Table 7 Characteristics and performance of three simulated transducers.

Transducer characteristics Transducer performance

Zb (MRa) Zm1 (MRa) Zm2 (MRa) IL (dB) BW (−6 dB) (%) BW (−20 dB) (%)

Pz27 9.5 – – −14.9 30 86
Pz37 3.6 – – −8.8 30 86
Pz27 9.5 4.3 – −4.2 43 81
Pz37 3.6 2.6 – −3.7 43 91
Pz27 9.5 6.7 2.4 −3 58 98
Pz37 2.2 4.6 2.0 0 58 103

Zb: acoustical impedance of the backing; Zm1: acoustical impedance of the first matching layer; Zm2: acoustical impedance of the second matching
layer; IL: insertion loss (normalised with the last configuration); BW(−6dB): Relative bandwidth at −6 dB; BW(−20 dB): Relative bandwidth at
−20 dB.
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film is dramatically decreased in comparison of a resonator
(of same thickness) in free mechanical conditions. Here, the
antiresonant frequency is around 25 MHz. This has been
improved by slightly modifying the fabrication process of
the screen-printed piezoelectric thick film to deliver a denser
material than the previous case. As shown in Fig. 14, the
porosity of the new thick film is lower than in the substrate
(properties of this film are in Table 4, case b). Figure 16(b)
shows that the antiresonant frequency is now over 40 MHz.
Even if the second thick film has a lower thickness, this
change does not explain all the increase of resonant
frequency. The ratio of the porosity between the two
constitutive elements is a key parameter to control this
resonant frequency. The thickness of the bottom electrode
which has a high acoustical impedance in comparison with
the two other porous elements also has an influence on the
acoustic behaviour of the structure (the electrode is around
5 μm thick in both cases). Obtaining a higher resonance
frequency for the transducer integrating such structures
allows to improve the axial resolution [48].

Finally, to compare the performance of the integrated
structure in a high frequency transducer (piezoelectric thick
film properties (a) of Table 5 have been used with the
porous PZT substrate and a gold bottom electrode of 7 μm)
with that of a standard configuration using a light backing
(acoustical impedance of 5 MRa), impulse pressure wave-
forms transmitted into water have been calculated in the
two cases using the KLM model. An optimised matching

layer has been added in both cases. Results show a 3 dB
higher sensitivity for the standard configuration, but its
relative bandwidth at −6 dB is lower (i.e. 51% compared to
70% for the porous PZT substrate transducer).

5 Conclusion

Different studies have been performed related to the devel-
opment and use of porous ceramics for ultrasonic trans-
ducer applications. A fabrication process of bulk porous
PZT ceramics was briefly described and batches of these
materials have been characterised as a function of frequen-
cy to deduce their corresponding behaviour, in particular
the thickness coupling factor and mechanical losses.
Results showed that frequency dependence of these
parameters are significantly higher than those measured
on dense PZT ceramics corresponding to the matrix of the
porous material. Transducer simulations have also permit-
ted to quantify an increase of sensitivity at constant
bandwidth for those integrating porous PZT ceramic in
comparison with those based on standard dense soft-PZT. A
simple configuration of a single element transducer with a
backing, a porous PZT (Pz37) disc and no matching layer
in water allows a 6 dB increase in sensitivity to be obtained.
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Fig. 14 SEM cross section of the structure developed for high
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tilayer structure fabricated for
high frequency transducer
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Fabrication process of an integrated structure for high
frequency ultrasonic transducers has been described. For
this, an unpoled PZT porous backing with 14% porosity
volume fraction is made and used to deposit by screen-
printing PZT/PGO thick films having high electromechan-
ical performance (the thickness coupling factor is over
40%). This structure can be directly used to fabricate a
single element transducer for high frequency medical
imaging [14]. The critical point in the fabrication process
is the control of the porosity in the different layers. In
particular, to maximise the resonance frequency of the
structure, it is desirable to have a higher volume fraction of
porosity in the substrate than in the piezoelectric thick film.
This observation is valid if the bottom electrode and barrier
layer are sufficiently thin to minimise their contributions on
the acoustical resonance of the structure.

Finally, modelling of piezoelectric porous ceramics has
been performed. The porous ceramic is represented by a
unit cubic cell including inhomogeneities which allow to
calculate electro-elastic moduli of 3–0 and 3–3 connectiv-
ities corresponding to extreme cases of the behaviour of a
composite of composite with 3–3(3–0) complex connectiv-
ity. Results have been compared to experimental data of
porous PZT ceramic (Pz37). The values of acoustical
impedance and relative dielectric constant are between
those of the pure 3–0 and 3–3 connectivities calculated with
the model. These observations are consistent with the
microstructure, in particular the relatively high volume
fraction of porosity (25%). The model was also successfully
applied to calculate hydrostatic parameters for underwater
hydrophones and the figure of merit for emitter-receiver

transducers. Effective parameters obtained are comparable
to those calculated by several other authors. As shown
through the different applications addressed in this study,
porous ceramics can be used to increase the performance of
ultrasonic transducers.
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