
HAL Id: hal-03263184
https://hal.science/hal-03263184v1

Submitted on 21 Jul 2021 (v1), last revised 21 Jul 2021 (v2)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Homogenized electromechanical coefficients and effective
parameters of 1–3 piezocomposites for ultrasound

imaging transducers
P. Tize Mha, P. Maréchal, G.E. E Ntamack, S. Charif d’Ouazzane

To cite this version:
P. Tize Mha, P. Maréchal, G.E. E Ntamack, S. Charif d’Ouazzane. Homogenized electromechani-
cal coefficients and effective parameters of 1–3 piezocomposites for ultrasound imaging transducers.
Physics Letters A, 2021, 408, pp.127492. �10.1016/j.physleta.2021.127492�. �hal-03263184v1�

https://hal.science/hal-03263184v1
https://hal.archives-ouvertes.fr


Homogenized electromechanical coefficients and effective parameters of 1–3
piezocomposites for ultrasound imaging transducers

P. Tizé Mha1, P. Maréchal2, G.E. Ntamack1, S. Charif d’Ouazzane3

Abstract

Analytical models can be useful tools to develop efficient transducers dedicated to a specific application field. This work proposes
a homogenization technique for establishing the effective coefficients and parameters of 1-3 piezocomposite whose both phases are
piezoelectrically active. Such piezocomposite materials may have homogenized electromechanical properties resulting from posi-
tive hybrid effect. A numerical simulation of the effective parameters resulting from a PZT-5A / PVDF-TrFE composition shows
that, volume fraction influences significantly on the properties of the piezocomposite and consequently on its behavior in service. As
an end-user application for ultrasound imaging, those piezocomposite materials are effectively integrated in a piezocomposite trans-
ducer, coupled with a dedicated backing. The resulting characteristics in terms of impulse response and associated electroacoustic
echo are compared and discussed for typical configurations. A method for the optimization of the design of such piezocomposite
transducer is presented. Specific estimators based on the bandwidth flatness BWF and bandwidth amplitude product BWA are
proposed as stable and smooth criteria for an optimization procedure.

Keywords: Homogenization, connectivity, electromechanical property, piezoelectric material

1. Introduction

Piezoelectricity is a physical property of active materials
with various applications as transducers, vibration control and
positioning actuator applications [1, 2]. By promoting the flow
of charges in a piezoelectric material bonded to a structure, it
is possible to extract small powers (going to microwatt or milli-
watt). In general, their use tends to develop in mobile or embed-
ded electronic devices. The commissioning of a piezoelectric
material requires a study and analysis of its properties before-
hand. Indeed, previous studies have shown that piezoelectric
materials consisting of several phases (active and passive) with
particular characteristics do not resist long loading in service.
With the advance of technology, man is constantly searching
for materials that can play an important role in modernising
the designs of intelligent structures and systems. Among the
materials exploited so far, it appears that the active materials
have shown their proof. Among the classes of active materials,
piezoelectric materials are widely used in several fields of ap-
plication and specifically for the control of vibrating structures
such as acoustic transducers and the recovery of energy [3, 4].
The electromechanical coupling combined with the high per-
formance of monolithic materials has allowed them to be clas-
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Ngaoundéré, Cameroun.

2LOMC: Laboratoire Ondes et Milieux Complexes, UMR 6294 CNRS, Uni-
versité du Havre, France.
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sified as sensors and actuators. However, these materials are
fragile and therefore may exhibit cracking at the least amount
of stress. To overcome this problem, the concept of piezocom-
posite is put in place to replace a piezoelectric material all alone
like monolithic ceramics. In this case a combination is made
between the fibres and a ductile matrix such as polymer [5].
Some advantages are remarkable in a piezocomposite which is
not found in a monolithic. These advantages include high sensi-
tivity, a wide range of mechanical properties, very low density,
low impedance, high strength [2, 6]. It is therefore clear that
piezocomposites provide good answers in terms of applications
as in medical transducers, in submarines as hydrophones used
to detect acoustic waves and many other applications [7, 8, 9].
A wide range of possible applications have been investigated
in energy harvesting [10, 11], tunable filtering for radio fre-
quency telecommunications [12, 13], high power transducers
[14]. Several models exist in the literature for the prediction
of the electromechanical behaviour of piezocomposites. These
models can be divided into two groups: analytical and numer-
ical models. In the group of analytical models we can cite the
model of Newnham et al. [15] developed on the basis of the no-
tions of serial/parallel connectivity for pyroelectric piezocom-
posites. Banno [16] formulates an analytical model to study
the coupling of closed and open pore ceramics based on the
modified cube model. In order to better understand the reality
described by the experiments referring to the works mentioned
above under different volumetric fractions, please consult the
works of Furukawa et al. [17], Steinhausen et al. [18], Chan et
al [19, 20]. The model of Dunn and Taya [21] makes it possi-
ble to predict the behaviour of piezocomposite by evaluating its
electromechanical properties using Mori-Tanaka’s microdiffer-
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ential theories and the principle of dilute micromechanics. The
Kuo and Huang [22] method based on the notion of anisotropy
of 3D inclusions evaluates the properties of these inclusions as
the properties related to the phases, the orientation of the an-
gles, the volume fraction and the shape of the inclusions. As
for Nan et al. [23] they proposed a technique for calculating
the coefficients of 1-3 piezocomposite in which the piezoelec-
tric phase PZT (Pb(Zr/Ti)O3 composite) lead rod or zirconate
fibres (PZT/epoxy) are randomly arranged in a matrix using
the Green method. Odegard [24] expands the TM fomulation
for the prediction of the mechanical properties of certain com-
posites. Kar-Gupta and Venkatesh [25] develop a model that
takes into account the anisotropy of the fibres always to study
the behaviour of piezocomposite where both phases are active.
As highlighted by Chan, Ng and Choy [19, 20] in the case of
two-active-phase composites, the resulting piezoelectric coef-
ficients can be enhanced if the phases exhibit opposite polar-
ization. Such a configuration would have a considerable im-
pact on the effective piezoelectric effects, rising the interest of a
study under such circumstances. The homogenized coefficients
of a composite in general are related to the structure of its con-
stituent cell; in other word, to the properties of the elements
of that cell. [3, 26, 27, 28, 29]. Among the multi-scale meth-
ods, the homogenization method leads to macroscopic charac-
teristics of a heterogeneous material from those of elementary
homogeneous phases. In this work, a homogenization method
is used for the determination of the effective electromechani-
cal coefficients. It is an extension of the Smith model [3] to
the case of a two piezoelectric phases.The main paragraphs of
this work are as follows: Section 2 presents the connectivities
types where the Smith model is generalized. Results and dis-
cussion are presented in Section 3, and followed by underwater
application in Section 4. An end-user case of study is devel-
oped and discussed in Section 5, where the generalized Smith
model is used as an input of the KLM (for Krimholtz, Leedom
& Mattei)) model and applied to piezocomposite transducers
for imaging.

2. Connectivity

To describe how the phases are arranged in a piezocompos-
ite [15] introduced the notion of connectivity. Suppose a cube
isolated from a two-phase piezocomposite. The number of di-
rections by which this cube can be crossed from one side to an-
other following the line of a stop without leaving a considered
phase represents a connectivity.The presented connectivities are
illustrating the 16 possible combinations of connectivities in 3
dimensions, i.e. (α, β) ∈ {0, 1, 2, 3} for a two-phase composite
material, with (α, β) the connectivities of phase 1 and 2 respec-
tively. Since the symmetric cases (α, β) are resulting from a
permutation of phases 1 and 2, the 16 possibilities are reduced
to 10 illustrations only. The different connectivities are illus-
trated in the figure 1 below, with the shaded phase 1 and the
clear phase 2.

Figure 1: Connectivities of two-phases composite: phase 1 (shaded) and phase
2 (clear), from Newnham [15]

2.1. Generalized Smith model
To establish his model, Smith [1] considers a thick 1–3

piezocomposite and chooses to work in plane stress and plane
strain. This piezocomposite is composed by two phases: the
passive matrix and the active fiber. As a result, this model gives
the effective properties of the piezocomposite. Piezoelectricity
makes it possible to establish a relationship between the me-
chanical and electrical properties of a piezo-composite and, as
an example, the mechanical deformation and the electric field
[S , E]t, are linked to the mechanical stress and the electrical
displacement[T,D]t by the following matrix relationship:[

T
D

]
=

[
[cE] −[e]t

[e] [εS ]

] [
S
E

]
≡

[
T D

]
=

[
K
] [

S E
]

(1)

This writing of the generalized stiffness matrix
[
K
]

will further
be denoted with a superscript {m, f } for the matrix and filler
phases respectively. The effective piezocomposite properties
will be overlined, and the generalized stiffness matrix will be
denoted as

[
K
]
. As part of our study, we consider moreover

the z axis as the polarization axis, then the generalized stiffness
matrix

[
K
]

in detailed form for active phase, is as follows:



T1
T2
T3
T4
T5
T6
D1
D2
D3


=



cE
11 cE

12 cE
13 0 0 0 0 0 −e31

cE
12 cE

11 cE
13 0 0 0 0 0 −e31

cE
13 cE

13 cE
33 0 0 0 0 0 −e33

0 0 0 cE
44 0 0 0 −e15 0

0 0 0 0 cE
44 0 −e15 0 0

0 0 0 0 0 cE
66 0 0 0

0 0 0 0 e15 0 εS
11 0 0

0 0 0 e15 0 0 0 εS
11 0

e31 e31 e33 0 0 0 0 0 εS
33





S 1
S 2
S 3
S 4
S 5
S 6
E1
E2
E3


(2)

where
[
T D

]
=

[
T,D

]t
is the generalized stress vector includ-

ing T and D, the stress components and the electrical displace-
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ment components respectively;
[
S E

]
=

[
S , E

]t
is the gener-

alized strain vector including S and E, the strain components
and the electrical field components respectively;the generalized
stiffness matrix

[
K
]

including
{
cE , e, εS

}
with cE the stiffness

components at constant electrical field, e the piezoelectric com-
ponents, and εS the dielectric components at constant strain.
The considered piezoelectric materials are in the 4mm symme-
try class. Thus, their generalized stiffness matrix is with sym-
metric and having 25 coeffcients, and among them 11 indepen-
dent coefficients. One can notice that for the case of the passive
phase (matrix), there is no piezoelectric effect, i.e ei j = 0 . That
is the restriction of the Smith model, where one of the two con-
stitutive phases is passive. This limitation will be overloaded
in this study, where both phases will be considered as possibly
active phases.

2.1.1. Assumptions
An analysis with these nine equations for both phases seems

complex and requires simplification. Thus, six approximations
are considered:

• First approximation:
Mechanical deformation and electrical field are consid-
ered independent of x and y in each phase. This approxi-
mation makes it possible to simplify the relations in both
phases, denoted with the {m, f } exponents, for the two
phases: matrix (phase 1) and fiber (phase 2), respectively.

• Second approximation:
It is supposed that the strain along the x direction is the
same as that along the y direction, both in the phases 1
and 2 so that S m

1 = S m
2 and S f

1 = S f
2 . Moreover, the

effective strain S 1 and S 2, along the x and y directions
respectively is resulting from a volume averaged sum of
those of the phases, so that S 1 = S 2 = vmS m

1 + v f S
f
1 . In

addition, the effective strain along the x and y directions
is neglected, so that S 1 = S 2 = 0. Similarly, the effective
electric field along the x and y directions is neglected, so

that E1 = E2 = 0. Those assumptions are leading to the
equalities T1 = T2, and D1 = D2, and resulting in the
following simplified expressions for the two constitutive
phases:

T {m, f }1 =
(
c{m, f }11 + c{m, f }12

)
S {m, f }1 + c{m, f }13 S {m, f }3 − e{m, f }31 E{m, f }3

T {m, f }3 = 2c{m, f }13 S {m, f }1 + c{m, f }33 S {m, f }3 − e{m, f }33 E{m, f }3

D{m, f }3 = 2e{m, f }31 S {m, f }1 + e{m, f }33 S {m, f }3 + ε
{m, f }
33 E{m, f }3

(3)

• Third approximation:
The two phases move together along the z axis:

S m
3 = S f

3 = S 3 (4)

• Four approximation:
The electric field is considered identical in both phases
along the z axis.

Em
3 = E f

3 = E3 (5)

• Fifth approximation:
The lateral interactions between phases are developed along
the x axis:

S 1 = νmS m
1 + ν f S

f
1 = 0 (6)

where ν f = 1 − νm is the volume fraction of piezoelectric
phase. Moreover, the stress along the x axis is considered
identical in both phases:

T m
1 = T f

1 = T1 (7)

On the one hand, from equations (3), (4), (5), (6) and (7),
we get: S f

1 = νm

(
cm

13−c f
13

)
S 3+

(
e f

31−em
31

)
E3

ν f (cm
11+cm

12)+νm

(
c f

11+c f
12

)
S m

1 = −
ν f

νm
S f

1

(8)

On the other hand, from equations (3), (4), (5), (6) and
(8), we get:

T f
1 = νm

c f
11 + c f

12

cm f

((
cm

13 − c f
13

)
S 3 +

(
e f

31 − em
31

)
E3

)
+c f

13S 3−e f
31E3

(9)
with:

cm f = ν f

(
cm

11 + cm
12

)
+ νm

(
c f

11 + c f
12

)
(10)

The identification of the effective properties from T f
1 =

cE
13S 3 − e31E3 results in:

cE
13 = c f

13

(
ν f

cm
11+cm

12
cm f

+ νm

(
c f

11+c f
12

)
cm f

cm
13

c f
13

)
e31 = e f

31

(
ν f

cm
11+cm

12
cm f

+ νm

(
c f

11+c f
12

)
cm f

em
31

e f
31

) (11)

• Sixth approximation:
The axial interactions between phases are developed along
the z axis: T3 = ν f T

f
3 + νmT m

3

D3 = ν f D f
3 + νmDm

3

(12)

On other hand, from equations (3) and (8) we have also:
T f

3 =

(
c f

33 + 2νm
c f

13(cm
13−cm

13)
cm f

)
S 3 −

(
e f

33 − 2νm
c f

13

(
e f

31−em
31

)
cm f

)
E3

D f
3 =

(
e f

33 + 2νm
e f

31(cm
13−cm

13)
cm f

)
S 3 +

(
ε

f
33 + 2νm

e f
31

(
e f

31−em
31

)
cm f

)
E3

(13)
and reciprocally for

{
T m

3 ,D
m
3

}
by switching the {m, f } ex-

ponents in equation (13).

2.1.2. Effective properties
In the literature, from several applications, those effective

electroacoustic properties have made it possible to evaluate the
performance of piezocomposites [3, 30, 31, 32]. The typically
interest for end-users developers are the actual parameters in-
cluding effective piezoelectric electromechanical coupling co-
efficient kt, the acoustic impedance ZL and the stiffened longi-
tudinal velocity cL. Thus, we obtain the effective coefficients
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which define the Smith model according to the relations here-
after: T3 = cE

33S 3 − e33E3

D3 = e33S 3 + εS
33E3

(14)

where:
cE

33 =
(
ν f c

f
33 + νmcm

33

)
− 2 ν f νm

cm f

(
c f

13 − cm
13

)2

e33 =
(
ν f e

f
33 + νmem

33

)
− 2 ν f νm

cm f

(
e f

31 − em
31

) (
c f

13 − cm
13

)
εS

33 =
(
ν f ε

f
33 + νmε

m
33

)
+ 2 ν f νm

cm f

(
e f

31 − em
31

)2
(15)

As a remark, the opposite signs of the e31 piezoelectric coeffi-
cients in the two constitutive phases can lead to a more signif-
icant transverse contribution since its contribution is involved
in the effective piezoelectric coefficient e33 and in the effective
dielectric coefficient εS

33 (Eq. (15)). From these coefficients, it
is possible to determine the effective parameters (ZL, cL and kt)
of the piezocomposite. From the relation (14), we can write:

T3 = cD
33S 3 − h33D3 (16)

Then, it can be deduced:cD
33 = cE

33 +
(e33)2

εS
33

h33 =
e33

εS
33

(17)

Therefore, from the effective mass density ρ = ν fρ
f + νmρ

m we
can express the various effective parameters as bellow:

ZL =

√
cD

33ρ

cL =

√
cD

33
ρ

kt =
e33√
cD

33ε
S
33

(18)

3. Results

To estimate the numerical values of the effective coefficients
and parameters of piezocomposite 1-3, we call on the devel-
opments of section 2. In this study, the piezoelectric materials
PVDF-TrFE copolymer (polyvinylidene fluoride-trifluoroethylene)
and PZT-5A are used as phase (inclusion) and phase 2 (matrix),
respectively. The coefficients of the piezocomposite used in the
study are presented in Table 1. The main purpose of the study
is to assess the influence of the volume fraction and the ac-
tive properties of the matrix on the effective electromechanical
properties of 1-3 piezocomposite. To compare our results with
the literature, numerical data has been extracted from [33] and
experimental data from [28].

Table 1: Electromechanical properties of piezoelectric materials [33]

Materials cE
11 cE

12 cE
13 cE

33 e31 e33 ρ
εS

33
ε0

(GPa) (GPa) (GPa) (GPa) (c.m−2) (c.m−2) (kg.m−3)
PVDF-TrFE 8.5 3.6 3.6 9.9 0.008 -0.29 1880 7.5

PZT-5A 126 79.5 84.1 109 -6.5 24.8 7898 1813

In this work, some electromechanical coefficients and effec-
tive parameters of 1–3 piezocomposite have been established
via an extended analytical method based on the Smith model,
wich takes into account only one piezoelectic phase. As demon-
strated in the previous section, the proposed model takes into
account two piezoelectric phases. Those resulting effective co-
efficients of the piezocomposite are studied, then compared and
discussed through the influence of the volume fraction ν f of the
PZT-5A piezoelectric phase. This model developed in view to
evaluate the piezocomposite behavior while in service, made it
appear that the homogenized coefficients are model dependent
but differ little.

For values of the volume fraction between 0 and 0.8, a
rather slow evolution can be noticed for the elastic coefficient
cE

33 (Figure 2 (a)). This remark is observed for the present mod-
els as well as for other models or the Reuss terminal which is the
lower limit. We also note that the matrix model coincides with
the Smith model graphically. For the volume fraction values
between 0.8 and 1, an exponential evolution of this coefficient
is observed.

The effective piezoelectric coefficient e33 (Figure 2 (b)) has
linear evolution for the two models with a volume fraction be-
tween 0 and 0.9 whereas a parabolic evolution is observed for a
volume fraction between 0.9 and 1. For the dielectric coefficient
εS

33/ε0 (Figure 2 (c)), the evolution of two representative curves
of these models evolves linearly with the volume fraction; as is
the Reusss model. With respect to the effective electromechan-
ical coupling coefficient kt (Figure 2 (d)), the effective longitu-
dinal wave velocity cL (Figure 2 (e)) and the effective acoustical
impedance ZL (Figure 2 (f)) of the piezocomposite, the Reuss
model constitutes the lower bound.

Results that were expected because of the impedance for-
mulation that is a function of the elastic characteristics. It should
be noted, however, that for the electromechanical coupling co-
efficient for values of the volume fraction between 0.2 and 0.8
the Reuss bound is slightly above this homogenization tech-
nique. As for the longitudinal velocity, we realize that the vari-
ations are important because of the difference between the three
curves. These different variations of the longitudinal veloc-
ity must not be neglected because it is important for determin-
ing the resonant frequency of the piezoelectric transducer made
from piezoelectric materials. Since the performance of a trans-
ducer is related to the electromechanical coupling coefficient of
the piezo-composite, this parameter deserves a thorough study.
The Reuss model has achieved a value greater than 70%. In
general, the values of this parameter for 1-3 piezo-composite
are above50% for volume fractions between 10% to more than
90%.

This explains the fact that 1-3 piezocomposite is the most
used in manufacturing of transducers. Our results are in agree-
ment with those obtained experimentally by Taunaumang [28].
In short, we consider that here the elastic, piezoelectric and di-
electric coefficients on the one hand and on the other hand the
effective characteristics present two zones of study. The evo-
lution of these coefficients can be subdivided into two zones:
a relatively slow growth zone according to the volume fraction
(between 0 and 0.8) and a fast growth zone (zone between 0.8
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Figure 2: Representation of homogenized coefficients and actual parameters
of 1–3 piezocomposite made of a PZT-5A / PVDF-TrFE as a function of the
volume fraction ν f : (a) elastic coefficient at constant electric field cE

33, (b)
piezoelectric coefficient e33, (c) relative dielectric coefficient at constant strain
εS

33/ε0, (d) thickness coupling coefficient kt , (e) longitudinal wave velocity cL

and (f) longitudinal acoustical impedance ZL.

and 1)

4. Underwater applications

Piezocomposite with two active phases can be used in the
manufacture of new ultrasonic transducers. In these transduc-
ers, ceramic is used for signal emission and the copolymer pro-
vides a better electrical and acoustic correspondence to the in-
put and output signals [33]. The fact that the two phases are
active implies the opposition of the sign of piezoelectric coef-
ficients and this makes it possible to place these phases in op-
posite directions therefore improve the piezoelectric coupling
effect that is used in the design of the robust transducers. In
the literature [28, 33, 34], there are few works where the two
phases are piezoelectrically active. Therefore, the study of the
effective properties of these piezocomposites is of paramount
importance.

Such piezocomposites are typically used either for ultra-
sonic underwater transducers or hydrophone applications [28,

33, 34]. Their performance can estimated on the basis of spe-
cific coefficients, taking into account the hydrostatic environ-
ment. Among those figures of merit (FOM), one can cite the
hydrostatic charge dh, the hydrostatic voltage coefficient gh, the
hydrophone trade-off dhgh or the hydrostatic electromechanical
coupling factor kh. These are defined as follows:

dh = d31 + d32 + d33

sh = 2s11 + 4s13 + s33

gh = dh√
shε

T
33

(19)

In the studied PZT-5A / PVDF-TrFE 1–3 piezocomposite com-
position (Table 1), the homogenized piezoelectric properties are
analyzed though indirect coefficients deduced from the homog-
enized

{
cE

i j, ei j, ε
S
i j

}
piezoelectric matrix data. As a result, the

relative dielectric coefficient at constant εT
33/ε0 Figure 3 (a))

shows a positive hybrid effect with a maximum value reaching
5000 for ν f = 80%. Concerning the hydrostatic charge dh

(Figure 3 (b)), the maximum value reaches 450 pC.N−1, con-
trary to Taunaumang [28] both numerically and experimentally.
The mismatch with the curve obtained with the Sakthivel model
[33] seems to be due to the values of dij taken into account for
the plot, which are differing from those obtained with the cal-
culation from the

{
cE

i j, ei j, ε
S
i j

}
initial set of values. Due to this,

the values of the hydrophone trade-off khgh (Figure 3 (c)) ob-
tained with the proposed model are drastically different, but the
maximum value is very near to that of Taunaumang [28], but
quite different from the model of Sakthivel [33], mainly result-
ing from the differing dh coefficient. As a combination of those
FOM, the hydrostatic coupling factor kh (Figure 3 (d)) is dif-
ferent from that of Taunaumang [28], itself quite different from
the Sakthivel model [33]. Those values are significantly lower
than those of the thickness coupling coefficient kt (Figure 2 (d)).
This is explained by the fact that the hydrostatic coupling factor
kh evaluates the overall acoustic to electric power conversion,
whereas the thickness coupling coefficient kt is only focusing
on the thickness mode efficiency. Nevertheless, those FOM do
not take into account the electrical and acoustical environments
properly. In that view, a specific transducer application field is
to be chosen, defined and analyzed as a design for the targeted
application.

5. Transducers for imaging application

Once the properties the piezocomposite material are defined,
its properties have to be taken into account in the end-user ap-
plication. Commonly, the electroacoustic response of transduc-
ers is calculated using an electroacoustic equivalent model, the
KLM model for instance [35]. In this view, the surrounding
layers and media have to be simulated. In a first approach, the
electric matching with the generator and the acoustic match-
ing with the back and front media are of first importance. The
acoustic impedance of the rear face of a piezoelectric transducer
has a damping effect on the pseudo-harmonic resonance of the
piezoelectric layer alone. Its value is to be chosen as a trade-off
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Figure 3: Homogenized electroacoustic properties of the PZT-5A / PVDF-TrFE
1–3 piezocomposite as a function of the PZT-5A volume fraction ν f : present
model, Reuss model [15] and experimental data from Taunaumang et al. [28]:
(a) relative dielectric coefficient at constant stress εT

33/ε0, (b) effective hydro-
static charge constant dh, (c) hydrostatic trade-off ghdh (d) hydrostatic elec-
tromechanical coupling factor constant kh

between sensitivity and bandwidth, for example using a perfor-
mance index PI designed depending on the targeted application
[32, 35, 36]. Thus, the studied configuration deals with a med-
ical imaging application, i.e. a piezoelectric transducer radiat-
ing in water. Some additional specific characteristics are fixed
such as pulse-echo generator having a low electric impedance
Zg = Zg = 5Ω, a PZT-5A piezoelectric material having a thick-
ness resonance mode at f0 = 25 MHz, with an active diameter
of 0.5” corresponding to an active surface of S = 40 mm2,
a front medium having an acoustic impedance Z f = 1.5 MRa.
As a starting point, the effect of the damping is first consid-
ered on the PZT-5A in view to determine the bandwidth and
sensitivity evolution. Then, in a seond step, the piezocomposite
composition of PZT-5A / PVDF-TrFE with the optimal value of
the PZT-5A volume fraction. Thus, some simulations are car-
ried out using the KLM model, varying the acoustic impedance
of the backing through the backing load ratio Zb/Zp. As a re-
sult, the pulse-echo transfer function is evaluated with the im-
pulse response spectrum IRS ( f ) (Figure 4 (a)) and the asso-
ciated electroacoustic echo EAE(t) = FT−1{IRS ( f )} (Figure
4 (b)). These electroacoustic responses are compared through
the amplitude, center frequency and relative bandwidth are in
Figure 4 (c). In addition, two estimators are built from their
characteristics and plotted in Figure 4 (d). Thus, the bandwidth
flatness BWF is defined as follows:

BWF =
1

BW6

∫ f6,max

f6,min

|IRS ( f )|
max{|IRS ( f )|}

d f (20)

Moreover, the product of the relative bandwidth by the relative
amplitude defines the BWA estimator:

BWA = BW6,rampr (21)

On the basis of the simulation results, the impulse response
spectrum IRS ( f ) is illustrated in Figure 4 (a) for the backing
load ratio Zb/Zp, from 0 to 2, with a step of 0.5. It clearly
shows two phenomena: first the damping of the resonance be-
tween the case Zb/Zp = 0 (no backing) and Zb/Zp = 0.5 (very
light backing); second, the frequency corresponding to the max-
imum peak of the spectrum fmax,r is shown to decrease nearly
by a factor 2 between the case Zb/Zp = 0.5 (very light backing)
and Zb/Zp = 1.5 (heavy backing). This second phenomenon
can be observed more clearly in Figure 4 (c) with the the plot of
the fmax,r extracted parameter. In Figure 4 (b), the appearance
of the associated electroacoustic echo EAE(t) = FT−1{IRS ( f )}
can be observed to evolve from a poorly damped resonance
when Zb/Zp = 0 (no backing, but damping from the front load)
to the damped resonance when Zb/Zp = 0.5 (very light back-
ing). For higher values of the backing load ratio Zb/Zp, the
electroacoustic echo EAE(t) exhibits some distorsions, and the
echo duration do not decrase anymore. This echo duration is
known to be inversely proportional to the bandwidth, itself re-
lated to the image resolution. Howerver, a tradeoff is to be
found with the sensitivity which is strongly affected in the same
time. As illustrated by Figure 4 (c), the relative amplitude ampr
decreases regularly as a function the of the backing load ratio
Zb/Zp, whereas the center frequencies fmax,r and f6c,r are show-
ing some transitions while decreasing. More particularly, the
frequency corresponding to the maximum peak of the spectrum
fmax,r exhibits a sudden transition between Zb/Zp = 0.75 and
Zb/Zp = 0.80. The center frequency f6c,r shows a first transi-
tion around Zb/Zp = 0.4, and a second smooth one around 1.2.
This center frequency f6c,r smooth estimator thus constitutes a
reliable parameter for an optimization procedure.

On the basis of these curves illustrated in Figure 4 (d), the
backing load ratio Zb/Zp giving the maximum bandwidth flat-
ness BWF (Eq.(20))is observed to coincide with that of the nor-
malized bandwidth by amplitude product BWA (Eq.(21)). This
maximum is obtained for Zb/Zp = 0.82, and is therefore con-
sidered as an optimum value for the studied configuration. As
illustrated in Figure 4 (d), the variation of the estimator BWA
shows a maximum, whereas the estimator BWF varies more
slowly and less clearly. Moreover, this latter estimator has the
same shape as that of the relative bandwidth BW6,r (Figure 4
(c)) which is that commonly used for ultrasound imaging appli-
cations. Indeed, this BWA estimator takes the amplitude into
account which is also an important parameter for the image
quality, through the signal-to-noise ratio.

Depending on the targeted application, the sensitivity of
volume fraction vf is determined from the data obtained in Sec-
tion 3 (Figure 2) and illustrated in Figure 5. As a result, the
optimal piezocomposite composition exhibit a higher sensitiv-
ity but the relative bandwidth and resonance frequency may be
lower, so that an optimization procedure is to be defined for the
determination of the optimum value of the normalized backing
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Figure 4: Comparison of PZT-5A based piezocomposites transducers radiating
in water with a loaded backing from Zb = 0 to 2.Zp in terms of (a) impulse
response spectrum IRS , (b) electroacoustic echo EAE; their associated char-
acteristics: (c) normalized amplitude ampr , center frequencies f6c,r and fmax,r ,
and relative bandwidth BW6,r and (d) bandwidth based estimators: the band-
width flatness BWF as defined in Eq. (20) and the normalized bandwidth by
amplitude product BWA as defined in Eq. (21)
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Figure 5: Performance of immersion piezocomposite transducers equiped with
a loaded epoxy backing where Zb/Zp = 0.82. Influence of the PZT-5A volume
fraction ν f = 100, 80, 60, 40, 20% on the homogenized 1–3 piezocomposite
made of a PZT-5A / PVDF-TrFE composition: (a) impulse response spectrum
IRS , (b) electroacoustic echo EAE.

impedance Zb/Zp. Thus, in the simulated configuration, the rel-
ative bandwidth shows a maximum value for ν f = 80% where
BW6,r = 184, 187, 185, 180 and 168% while the normalized
amplitude increases with ampr = 0.76, 1.19, 1.46, 1.77 and
2.08. These values are resulting in a normalized bandwidth by
amplitude product BWA = 1.4, 2.2, 2.7, 3.2 and 3.5, for a vol-
ume fraction ν f = 100, 80, 60, 40, 20% respectively. These
results can be explained by the acoustic matching between the
front face of the transducer ZL (Figure 2 (f)) and the propagation
medium Z f = 1.5 MRa. Nevertheless, for values ν f < 20%, the
electroacoustic response characteristics are drastically devalued
due to the lower values of the thickness coupling coefficient kt

(Figure 2 (d)).

6. Conclusion

In this work, it was demonstrated that a specific combina-
tion of piezoelectric phases can lead to new optimal values for
piezocomposite transducers. An analytical method based on the
Smith model has been generalized, leading to deduce the actual
parameters in terms of elastic, piezoelectric and dielectric coef-
ficients. The optimization of piezocomposite composition such
as the PZT-5A / PVDF-TrFE composition was shown to be not
only a question of effective electromechanical parameters, but
also a question of the accurate study of the end-user specifica-
tions. The transducer performance is often discussed in terms of
a bandwidth-sensitivity trade-off, what is developed and argued
with additional estimators such as the bandwidth flatness BWF
and the bandwidth by amplitude product BWA. The possibili-
ties offered by those piezocomposite compositions are very sen-
sitive to the considered piezoelectric phases and their volume
fraction. As a result, these simulations are aimed at studying
effect of the volume fraction of a constituent (piezoelectric ce-
ramic phase) on the homogenized piezocomposite coefficients
in order to predict its behavior while in service. In the future
work, we intend to study the association of two connectivities
in order to deduce also these same properties and make a com-
parison.

Data Availability
The processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing
study.
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[35] P. Maréchal, F. Levassort, L.-P. Tran-Huu-Hue, M. Lethiecq, Lens-
focused transducer modeling using an extended KLM model, Ultrasonics
46 (2) (2007) 155–167. doi:10.1016/j.ultras.2007.01.006.
URL https://www.sciencedirect.com/science/article/pii/

S0041624X07000194

[36] P. Marechal, F. Levassort, Electroacoustic response at the focal point of a
focused transducer as a function of the acoustical properties of the lens,
Proceedings of 5th World Congress on Ultrasonics (2003) 535–538.

8

https://www.sciencedirect.com/science/article/pii/S0924424704002705
https://www.sciencedirect.com/science/article/pii/S0924424704002705
https://doi.org/10.1016/j.sna.2004.04.013
https://doi.org/10.1016/j.sna.2004.04.013
https://www.sciencedirect.com/science/article/pii/S0924424704002705
https://www.sciencedirect.com/science/article/pii/S0924424704002705
https://aip.scitation.org/doi/full/10.1063/1.5074184
https://aip.scitation.org/doi/full/10.1063/1.5074184
https://aip.scitation.org/doi/full/10.1063/1.5074184
https://doi.org/10.1063/1.5074184
https://aip.scitation.org/doi/full/10.1063/1.5074184
https://aip.scitation.org/doi/full/10.1063/1.5074184
https://www.sciencedirect.com/science/article/pii/S2542435118301260
https://www.sciencedirect.com/science/article/pii/S2542435118301260
https://doi.org/10.1016/j.joule.2018.03.011
https://www.sciencedirect.com/science/article/pii/S2542435118301260
https://www.sciencedirect.com/science/article/pii/S2542435118301260
https://doi.org/10.1109/TMAG.2011.2155037
https://doi.org/10.1109/TMAG.2011.2155037
https://doi.org/10.1179/1743676115Y.0000000009
https://doi.org/10.1179/1743676115Y.0000000009
https://doi.org/10.1179/1743676115Y.0000000009
https://doi.org/10.1179/1743676115Y.0000000009
https://doi.org/10.1179/1743676115Y.0000000009
https://www.mdpi.com/1424-8220/14/8/14526
https://www.mdpi.com/1424-8220/14/8/14526
https://doi.org/10.3390/s140814526
https://www.mdpi.com/1424-8220/14/8/14526
https://www.sciencedirect.com/science/article/pii/0025540878901617
https://www.sciencedirect.com/science/article/pii/0025540878901617
https://doi.org/10.1016/0025-5408(78)90161-7
https://www.sciencedirect.com/science/article/pii/0025540878901617
https://www.sciencedirect.com/science/article/pii/0025540878901617
https://doi.org/10.1080/00150198308014425
https://doi.org/10.1080/00150198308014425
https://doi.org/10.1080/00150198308014425
https://doi.org/10.1080/00150198308014425
https://iopscience.iop.org/article/10.1143/JJAP.15.2119/meta
https://iopscience.iop.org/article/10.1143/JJAP.15.2119/meta
https://doi.org/10.1143/JJAP.15.2119
https://iopscience.iop.org/article/10.1143/JJAP.15.2119/meta
https://iopscience.iop.org/article/10.1143/JJAP.15.2119/meta
https://www.sciencedirect.com/science/article/pii/S0955221998004221
https://www.sciencedirect.com/science/article/pii/S0955221998004221
https://doi.org/10.1016/S0955-2219(98)00422-1
https://www.sciencedirect.com/science/article/pii/S0955221998004221
https://www.sciencedirect.com/science/article/pii/S0955221998004221
https://aip.scitation.org/doi/abs/10.1063/1.124054
https://aip.scitation.org/doi/abs/10.1063/1.124054
https://aip.scitation.org/doi/abs/10.1063/1.124054
https://doi.org/10.1063/1.124054
https://doi.org/10.1063/1.124054
https://aip.scitation.org/doi/abs/10.1063/1.124054
https://doi.org/10.1109/58.883519
https://www.sciencedirect.com/science/article/pii/002076839390058F
https://www.sciencedirect.com/science/article/pii/002076839390058F
https://doi.org/10.1016/0020-7683(93)90058-F
https://doi.org/10.1016/0020-7683(93)90058-F
https://www.sciencedirect.com/science/article/pii/002076839390058F
https://www.sciencedirect.com/science/article/pii/002076839390058F
https://www.sciencedirect.com/science/article/pii/S0020768396001540
https://www.sciencedirect.com/science/article/pii/S0020768396001540
https://doi.org/10.1016/S0020-7683(96)00154-0
https://www.sciencedirect.com/science/article/pii/S0020768396001540
https://www.sciencedirect.com/science/article/pii/S0020768396001540
https://doi.org/10.1088/0022-3727/33/22/317
https://doi.org/10.1088/0022-3727/33/22/317
https://doi.org/10.1088/0022-3727/33/22/317
https://doi.org/10.1088/0022-3727/33/22/317
https://doi.org/10.1088/0022-3727/33/22/317
https://www.sciencedirect.com/science/article/pii/S135964540400446X
https://www.sciencedirect.com/science/article/pii/S135964540400446X
https://doi.org/10.1016/j.actamat.2004.07.037
https://doi.org/10.1016/j.actamat.2004.07.037
https://www.sciencedirect.com/science/article/pii/S135964540400446X
https://www.sciencedirect.com/science/article/pii/S135964540400446X
https://www.sciencedirect.com/science/article/pii/S1359645406007038
https://www.sciencedirect.com/science/article/pii/S1359645406007038
https://doi.org/10.1016/j.actamat.2006.09.023
https://www.sciencedirect.com/science/article/pii/S1359645406007038
https://www.sciencedirect.com/science/article/pii/S1359645406007038
https://aip.scitation.org/doi/abs/10.1063/1.357099
https://aip.scitation.org/doi/abs/10.1063/1.357099
https://doi.org/10.1063/1.357099
https://aip.scitation.org/doi/abs/10.1063/1.357099
https://ieeexplore.ieee.org/abstract/document/275912/
https://ieeexplore.ieee.org/abstract/document/275912/
https://ieeexplore.ieee.org/abstract/document/275912/
https://ieeexplore.ieee.org/abstract/document/275912/
https://aip.scitation.org/doi/abs/10.1063/1.357099
https://aip.scitation.org/doi/abs/10.1063/1.357099
https://doi.org/10.1063/1.357099
https://aip.scitation.org/doi/abs/10.1063/1.357099
https://www.sciencedirect.com/science/article/pii/S1359645407007136
https://www.sciencedirect.com/science/article/pii/S1359645407007136
https://doi.org/10.1016/j.actamat.2007.10.022
https://www.sciencedirect.com/science/article/pii/S1359645407007136
https://www.sciencedirect.com/science/article/pii/S1359645407007136
https://doi.org/10.1109/58.585129
https://doi.org/10.1109/ULTSYM.2017.8091841
https://doi.org/10.1109/ULTSYM.2017.8091841
https://www.worldscientific.com/doi/abs/10.1142/S2047684119500131
https://www.worldscientific.com/doi/abs/10.1142/S2047684119500131
https://doi.org/10.1142/S2047684119500131
https://www.worldscientific.com/doi/abs/10.1142/S2047684119500131
https://www.worldscientific.com/doi/abs/10.1142/S2047684119500131
https://www.sciencedirect.com/science/article/pii/S0927025610001497
https://www.sciencedirect.com/science/article/pii/S0927025610001497
https://doi.org/10.1016/j.commatsci.2010.03.027
https://doi.org/10.1016/j.commatsci.2010.03.027
https://www.sciencedirect.com/science/article/pii/S0927025610001497
https://www.sciencedirect.com/science/article/pii/S0927025610001497
https://www.sciencedirect.com/science/article/pii/S0022509696001068
https://www.sciencedirect.com/science/article/pii/S0022509696001068
https://doi.org/10.1016/S0022-5096(96)00106-8
https://www.sciencedirect.com/science/article/pii/S0022509696001068
https://www.sciencedirect.com/science/article/pii/S0022509696001068
https://www.sciencedirect.com/science/article/pii/S0041624X07000194
https://www.sciencedirect.com/science/article/pii/S0041624X07000194
https://doi.org/10.1016/j.ultras.2007.01.006
https://www.sciencedirect.com/science/article/pii/S0041624X07000194
https://www.sciencedirect.com/science/article/pii/S0041624X07000194

	Introduction
	Connectivity
	Generalized Smith model
	Assumptions
	Effective properties


	Results
	Underwater applications
	Transducers for imaging application
	Conclusion

