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Abstract—Nowadays, piezoceramics are commonly used
in ultrasonic transducers (underwater applications, medical
imaging, NDT...). Most of them are PZT-based materials
(Pb(Zr,Ti)O3), which causes environmental issues due to the
presence of lead. To comply with international regulations
on the use of lead, numerous studies are conducted on
lead-free piezoceramics (K0.5Na0.5NbO3, BaTiO3) which can
offer similar electromechanical performance to lead-based
materials. Fabrication of lead-free textured ceramics enables the
production of large area of piezoelectric materials with good
electromechanical capabilities. Textured ceramics can be simply
modeled as a 3-phases composite: one for the single-crystal that
increases with the texturation degree, another one for the ceramic
matrix and a last one for porosity. The amount of porosity
depends on the sintering conditions. In the long wavelenght
approximation, this material can be considered as homogeneous
and characterized by effective properties. In this context, few
studies were carried out for this homogeneization step and, in
this paper, a homogeneization scheme is developped, based on
the generalization of series and parallel connections. For the
modeling, a unit cell is defined and used to determine the effective
electroelastic moduli. Then, a validation step for this model is
performed using FEM calculation. Results show that a high
texturation is necessary and that the presence of porosity is not
always damaging to optimize the targeted performance. Finally,
theoretical properties of two single-element transducers based on
textured piezoceramics are determined and compared to those
based on PZT.

Index Terms—homogenization, modeling, piezoelectricity,
porosity, textured ceramics

I. INTRODUCTION

Although piezoelectric single-crystals have high

electromechanical properties, their use is limited for various

applications because of their low mechanical resistance, their

time-consuming production and their shape/size limitations. In

order to avoid these problems, a trade-off can be found with

textured ceramics. Indeed, grain orientation can lead to higher

piezoelectric properties than those of conventional ceramics

with the same composition. By this way, single-crystal like

properties can be attained.

Because of the complex structure of textured ceramic, there

are only few models on effective properties: Li [3] proposed

a calculation scheme based on a self-consistent approach to
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determine the full effective electroelastic moduli of textured

BaTiO3 polycristalline aggregates. Uniaxial texture was

considered and incorporated using an orientation distribution

function assumed to be a Gaussian distribution. Several

authors have developed models based on self-consistent

approach too [4], [5]. Jayachandran et al. [6] used the Finite

Element Method (FEM) to model textured ceramics. The

modelling is performed at the microscopic scale, which

allows authors to define accurate orientations. They studied

the effect of texturation on the effective properties of different

materials as BaTiO3 (BT), PbTiO3 (PT) or PMN-24PT.

Moreover, thanks to the FEM, they can take into account the

porosity or damages from the fabrication process.

While several studies have acknowledged that a high porosity

content degrades the piezoelectric and dielectric properties

of materials, they have also demonstrated an overall increase

in the figure of merit values, such as dhgh for hydrophone

applications or the electromechanical coupling factor kt
for medical ultrasonics and underwater applications [7],

[8]. Furthermore, when considering specific transducer

applications, porosity allows for a decrease in acoustical

impedance, which in turn allows for a better transfer of

acoustical energy to water and biological tissue.

Using similar models, the influence of the porosity in

piezoceramics considered to be 2-phase composites (pores

and piezoelectric materials) are also quantified. Numerous

Fig. 1. Definition of the unit cell for porous textured ceramics.



TABLE I
ROOM-TEMPERATURE ELASTIC STIFFNESS cE (IN 10

10PA), PIEZOELECTRIC COEFFICIENT e (IN C/M2), DIELECTRIC CONSTANT AT CONSTANT STRAIN

ǫS/ǫ0 , THICKNESS COUPLING FACTOR kt AND DENSITY (IN KG/M3) OF PMN-33PT SINGLE-CRYSTAL AND PMN-34,5PT CERAMIC.

Parameters cE
11

cE
12

cE
13

cE
33

cE
44

cE
66

e15 e31 e33 ǫS
11
/ǫ0 ǫS

33
/ǫ0 kt ρ

PMN-33PT [1] 11.5 10.3 10.2 10.3 6.9 6.6 10.1 -3.9 20.3 1434 680 0.64 8060

PMN-34.5PT [2] 17.5 11.7 11.9 15.5 2.7 2.9 17.1 -6.4 27.3 2373 2825 0.4 8060

other approaches have been considered, such as the FEM,

the self-consistent scheme, percolation, and fractal analysis.

Readers are referred to Rybyanets’s review article on porous

piezoceramics for further details [9].

In this study, we propose modeling textured ceramics while

taking the porosity content into account. In this case, a new

unit cell comprised of three phases (single crystal, ceramic,

and porosity) will be used. The calculation scheme makes

use of the interfacial boundary conditions, which allows for

determining all piezoelectric, elastic, and dielectric properties

of the composite. The final objective is to quantify the effect

of texturation and porosity on some figures of merit like the

thickness coupling coefficient kt.

First, we describe the implemented model and the choice of

the unit cell. The validation of the model is performed with

FE calculations. Then, theoretical results for the thickness

mode of a PMN-PT-based material are presented. Lastly, the

electroacoustic response of one single-element transducer is

simulated with the porous textured ceramic and compared

with different standard configurations.

II. MODEL DESCRIPTION

The Template Grain Growth (TGG) method enables

the fabrication of highly textured ceramics with an

enhanced piezoelectric response [10]. When sintered at high

temperatures, single-crystal oriented templates grow at the

expense of the finer matrix grains. When the process is

finished, the microstructure can be regarded as large areas

of grown templates that can be in contact with one another

and randomly distributed in the residual matrix. Furthermore,

porosity can also be present in the residual matrix. This

description can be translated into a representative unit cell.

A. Unit Cell

To describe the spatial arrangement of the several phases

using the previously described microstructure, the concept

of connectivity [11] can be used and extended to textured

ceramics considering two piezoelectric phases. The oriented

phase is self-connected in three dimensions in the residual

matrix (same consideration for this second phase) and a

3-3 connectivity defines this material. Moreover, in taking

the closed porosity into account, the 3-(0-3) connectivity is

retained for the entire material. The exploded view of the unit

cell is shown on Fig.1.

The textured ceramic is regarded as a composite made up

of two piezoelectric phases as well as a porosity phase and

is represented by a unit cubic cell. Both inclusions in the

unit cell are defined by two independent variables a and b;

a specifies additional dimensions of the 3-3 inhomogeneity

(single-crystal) and b specifies the dimensions of the 0-3

inhomogeneity (pores) (Fig.1).

From this representation, a simple decomposition of the

unit cell in a 2-2 or 1-3 connectivity is not possible due

to a compactness limit [12]. Indeed, if b = 1 − a, both

corresponding inclusions are in contact but do not fill the

whole unit volume of the cell and the total volume fraction

does not reach 1, hence the use of the “composite of

composites” approach, where the unit cell used to describe

the material is viewed as a 3-3 composite in which the

polycrystalline matrix and the closed porosity is considered

a 0-3 composite.

This approach requires calculating an intermediate effective

0-3 modulus [K]0−3 before being able to calculate the

final effective matrix [K] of the homogenized material. To

homogenize the 0-3 composite, an intermediate non-unit cubic

cell, which excludes the interconnected single crystal, has a

total volume of V0−3 = 1−3a2+2a3. To calculate the effective

parameters, the 0-3 cell is split into two blocks with a two-

step process required. The first step consists of homogenizing

the 2-2 series connectivity (porosity + polycrystalline ceramic)

using the volume fraction:

v1 =
b

(1− 3a2 + 2a3)
1/3

(1)

Finally, the intermediate [K]
0−3

matrix is determined by

assembling the last two blocks [12] in a 1-3 connectivity using

the volumic fraction:

v2 =
b2

(1− 3a2 + 2a3)2/3
(2)

The three-step homogenization process for the 3-3 connectivity

can be performed. The new cell, which contains the 3-3 single-

crystal connectivity and the effective medium matrix with

0-3 properties ([K]
0−3

), is broken up into four blocks as

detailed in [12]. The first step consists in homogenizing the

2-2 series connectivity. These blocks are then assembled into

a 1-3 connectivity with the block containing the intermediate

effective medium. Finally, the block with the vertical branch

of the single-crystal inclusion is also assembled into a 1-3

connectivity with the rest of the cell and the final effective

matrix [K] of the composite is obtained.



TABLE II
COMPARISON OF THE ELECTROMECHANICAL COUPLING FACTOR kt AS A FUNCTION OF THE POROSITY VOLUME FRACTION OBTAINED BY THE

DESCRIBED MODEL AND BY THE FEM FOR A 50% VOLUME FRACTION OF A SINGLE-CRYSTAL.

porosity (%) 0 1 2 3 4 5 6 7 8 9 10 11 12,5

kt (% FEM) 50.3 50.7 52.3 52.6 53.4 54.2 55.2 55.9 56.5 57.4 58 59 59.5

kt (% current model) 50.7 51.8 52.5 53.4 54.1 54.8 55.5 56.2 56.9 57.5 58.2 58.8 59.8

B. Validation

For the matrix method calculation, a PMN-PT-based

material was selected. Templates (single-crystal) and ceramic

matrix are of similar compositions. PMN-33PT [1] was

chosen as the single-crystal phase and PMN-34.5PT [2] as

the ceramic. Full data sets are presented in Table I.

To corroborate the results obtained by the described model,

finite element parametric study was performed using the same

cubic unit cell defined in Fig.1. To prioritize the thickness

mode through a harmonic analysis, a simulation of piston-like

behavior was needed. To achieve this, meshing was performed

on 5 unit cells stacked on top of one another. Calculations

were performed with the ATILA software [13].

The resulting resonance (fr) and antiresonance (fa)

frequencies (FEM calculations) are obtained through

impedance curves and range from 150 to 250 kHz. The

thickness coupling coefficient kt is evaluated using the

resonance/antiresonance frequencies formula:

k2t =
π

2

fr

fa
tan

(

π

2

fa − fr

fa

)

(3)

while the standard static formula is used to evaluate the kt
using results obtained by the matrix method:

k2t =
e2
33

cD
33
ǫS
33

(4)

A comparison of the thickness coupling coefficient as a

function of the porosity content obtained by both methods

for a 50% single-crystal volume fraction is presented in Table

Fig. 2. Variations of coupling coefficient kt as a function of porosity content.
Solid lines represent different SC volume fractions from 0% to 90% by a 10%
step.

II. First, the maximum porosity content attainable (0.13) for

this single-crystal volume fraction is restricted by the choice

of unit cell, particularly the shape and dimensions of both

inclusions (compactness limit). The results from both methods

are in good agreement and the largest differences (lower than

1%) can be explained by the method used to determine the kt
values [14].

III. RESULTS

Now that the validation is done, one can quantify the

effect of the porosity on the electromechanical behavior of

the textured ceramic. The coupling coefficient kt is calculated

as a function of porosity content. Then, simulation of single-

element transducer including the porous textured ceramic is

performed with the most advantageous value of porosity. The

same materials data as the validation step are used.

A. Coupling coefficient

Fig.2 represents the electromechanical coupling factor kt as

a function of the porosity volume fractions for the previously

studied PMN-PT system. The red dashed line corresponds to

the limiting condition on the dimensions of both inclusions

previously mentioned. The coupling coefficient values for a

pure ceramic phase and pure single-crystal phase are located

at 0% porosity volume fraction on the 0% SC curve and on

the 100% SC curve, respectively. One can notice that the

porosity volume fraction of 1 is omitted as the kt value is

nul. Furthermore, results for porosity content over 25% should

be treated with caution as these configurations cannot be

realistically implemented in transducers due to low mechanical

resistance.

On Fig.2, kt increases with the increase of porosity for a

Fig. 3. Electroacoustic responses (arbitrary unity) in water for 3 single-
element transducers.



constant SC volume fraction. In the same way, for a constant

porosity volume fraction, the coupling coefficient increases

with the rise of SC. In order to simulate the single-element

transducer, the porous textured ceramic with 70% SC and 4.4%

of porosity is selected because of its high kt (58.6%).

B. Single-element transducer

In order to highlight performance of the selected porous

textured ceramic, electroacoustic responses of single-element

transducer are performed. A backing with an acoustic

impedance of 15 MRa is chosen with a Ø10mm disk of

porous textured ceramic. The center frequency is chosen at

4.5MHz and material thickness is modified accordingly. The

simulation of transducer electro-acoustic responses (without

matching layer) is performed in water and based on equivalent

electrical scheme KLM [15].

With the same parameters, simulations with PMN-34.5PT [2]

and Pz27 [12] ceramics, and PMN-33PT [1] SC are performed.

Electroacoustic responses are calculated and only 3 of them

are presented on fig.3 not to overload the graph. Sensitivities

and -6dB relative bandwidth are summurized in table III. One

can notice a +7.5dB increase for the sensitivity of the porous

textured ceramic-based transducer by comparison with the

PMN-34.5PT ceramic. Nevertheless, its efficiency is slightly

lower than that of the PMN-33PT. Finally, a simulation is done

with Pz27 [16] as it is a common soft PZT material for these

applications. Pz27’s sensitivity is 2.5 times lower than that of

the textured ceramic. A relative difference for the bandwidth of

+20% and +15% are obtained in comparison to PMN-34.5PT

and Pz27, respectively.

TABLE III
NORMALIZED SENSITIVITIES IN RELATION TO THE PMN-34.5PT
SENSITIVITY AND -6DB RELATIVE BANDWIDTH (BW

−6dB IN %).

PMN-
34.5PT

Pz27 Textured
ceramic

PMN-33PT
(SC)

Sens. (dB) 0 +3 +7,5 +8,9

BW
−6dB 37,6 43 57 58

IV. CONCLUSION

A matrix method, which was previously applied to

piezoelectric composites with various connectivities, was

extended to porous, textured ceramics, and within the long

wavelength approximation, the effective electroelastic moduli

of the materials were deduced. The results and discussion

mainly focus on the thickness parameters and, in particular,

the electromechanical thickness coupling factor kt. The

results showed that an improvement of the electromechanical

coupling coefficient can be achieved in two ways: a high

texturing of the ceramic with limited porosity content or a

lower degree of texture coupled with an increased porosity

volume fraction.

Some limitations can be recalled such as the use of an ideal

structure where the SC phase has a perfect orientation or the

fact that only a closed porosity was taken into account.
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[2] T. Delaunay, “Caractérisation fonctionnelle et relations structure-
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