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Phenomenological model for predicting thermoelectromechanical
response of 2-2 piezocomposite

Pierre Tize Mha', Pierre Maréchal?, Guy Edgar Ntamack', Kenmeugne Bienvenue?

Abstract

The homogenization of piezocomposites is a research challenge as the development of analytical
models remains a challenge. In this perspective, this work contributes to the development of
an analytical model to predict the thermoelectromechanical behavior of the 2-2 piezocompos-
ite where both phases are electrically active. To establish this model the series/parallel method
was used and thus the effective homogenized properties of the composite are established. The
influence of the volume fraction on the characteristic parameters was studied and found that a
numerical simulation of the effective parameters resulting from a {PZT-5A / PVDF-TrFE} com-
position shows that, volume fraction influences significantly on the properties of the piezocom-
posite and consequently on its behavior in service. Due to the unavailability of experimental data
in the literature, the validation of the model is done with reference to the model applied to the 1-3
piezocomposite. Therefore, to a certain extent, it is found that the results are in agreement. Based
on the results of this model and in comparison with those formulated from 1-3 piezocomposite as
presented in the paper, the studied 2-2 piezocomposite could be used where 1-3 piezocomposite
is sometimes integrated, as the highest performance piezocomposite. However, this remains to
be validated experimentally for targeted applications to be be useful for the scientific and even
industrial communities.

Keywords: Homogenization, connectivity, electromechanical property, piezoelectric material

1. Introduction

With the advancement of technology in the field of active materials, industries are seeking for
the improvement of existing technologies, while reducing the costs and among them the amount
of required material and energy resources. For instance, the development of new piezocomposite
compositions needs to experiment with various factors on an initially known situation. Smart
composite materials are increasingly integrated in the aerospace industry, aeronautics and many
other sectors as sensors and/or transducers for noise and vibration control, ageing control and
structural health monitoring due to the fact that they are made of piezoelectric materials which
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have the property of converting mechanical energy into electrical energy and vice versa [1]. In
aerospace, for example, high-temperature sensors are needed to monitor propulsion systems, to
ensure proper operation, and to improve maintenance and safety. These sensors must be able to
operate at temperatures in the range from 500 to 1000°C for periods of 100,000 hours [2]. In
the automotive field, combustion monitoring is synonymous with efficiency and performance for
the improvement of combustion. For this purpose, sensors that can operate at high temperatures
are essential for recording combustion, temperature, pressure and engine vibration data. Indeed,
combustion sensors must be positioned close to high temperature sources for accurate perfor-
mance monitoring. In addition, the energy and manufacturing industries are in constant demand
for that can operate at high temperatures [3, 4]. For example, the nuclear industry uses and needs
sensors for non-destructive testing and for the non-destructive evaluation of various sensitive
parts of the plant structure. These sensors allow to monitor the evolution of nuclear fuel rods.
On the basis of different materials and piezoelectric compositions [5, 6], this work is aimed at
the design and optimization of piezocomposite materials. Due to the ability of piezoelectric ma-
terials to couple electrical and mechanical properties, they have been widely used as sensors and
transducers in underwater applications [5, 7]. The characterization of a transducer is generally
related to two key properties: sensitivity and resolution. The electromechanical coupling coeffi-
cient defines the sensitivity of a transducer while the centre frequency and bandwidth define the
resolution. In the amount of existing piezoelectric materials, mainly two types of piezoelectric
materials were used as transducers in the early days of medical ultrasound imaging: Lead Zir-
conate Titanate (PZT) and Polyvinylidene Fluoride (PVDF) [8—10]. The acoustic impedance of
PZT is high and therefore makes it difficult to send ultrasound energy into human tissue with low
acoustic impedance. In addition, the very high Q value of PZT makes the bandwidth narrow and
this in turn leads to poor resolution due to noise effects. A piezoelectric polymer such as PVDF
has an acoustic impedance that matches that of human tissue, but the electromechanical coupling
coefficient is very low, resulting in poor sensitivity. In addition, the low dielectric constant of
PVDF also creates the problem of electrical impedance mismatch, which limits the application of
PVDF in array transducers [11]. The growth in the market for ferroelectric sensors, actuators and
transducers requires continuous improvement and performance of the (piezoelectric) materials in
the design of these sensors, actuators and transducers. However, using single-phase piezoelec-
tric materials makes it difficult to improve material properties such as piezoelectric coefficients,
acoustic impedance and material density significantly. On the other hand, many composite ma-
terials, which incorporate several constituent phases with better properties, offer new and attrac-
tive features such as piezoceramics in hydrostatic and medical imaging applications. Since then,
piezoelectric materials have been replaced by piezocomposites [12—15]. However, real-world
experimentation can be extremely costly and time-consuming for industrial companies, and the
results may not be reliable. Obviously, this slows down the company’s operating system in the
competitive market. It should also be noted that the realization of such an experiment (taking into
account the cost factor) is not within the reach of everyone. In view of this situation, it is worth
asking whether it is possible to find or even develop a technique that is an alternative that can at
least alleviate the effects of the experiment [16, 17]. With this in mind, several techniques have
been developed to study piezocomposites [18]. Among the modeling methods, some analytical
models have been developed with a view to purely theoretical formulae to obtain the homoge-
nized properties of the piezocomposite [19, 20]. In alternative studies, with a purely numerical
approach, the finite element method (FEM) has been developed for complex geometries [21, 22].
As analytical models, Newnham et al. [23] developed a model based on notions of series/parallel
connectivity for pyroelectric piezocomposites. Banno [24] formulates an analytical model to
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perform a study of the coupling of closed and open pore ceramics based on the modified cube
model. For more details concerning experimental results referring to the aforementioned works,
see [25-28]. Dunn and Taya [29] used Mori-Tanaka (MT) microdifferential theories to establish
the electromechanical properties of a piezocomposite in order to study its behavior, as demon-
strated recently by Mishra and Das [30]. The Kuo and Huang [31] 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 angles, the volume fraction and the shape of the inclusions.
As for Nan et al. [32], they proposed a technique for calculating the effective coefficients of 1-3
(PZT/epoxy) piezocomposite in which the PZT piezoelectric phase are randomly arranged in an
epoxy passive polymer matrix using the Green method. Odegard [33] expanded the MT for-
mulation for the prediction of the mechanical properties of chosen piezocomposites. Fakri and
Azrar [34] implemented homogenization methods based on incremental self-consistent scheme,
improving the classical self-consistent model for piezocomposites, in agreement with predictions
based on the MT and self-consistent models. Kar-Gupta and Venkatesh [35] developed a model
that takes into account the anisotropy of the fibers to study the behavior of piezocomposite where
both phases are active. As highlighted by Chan, Ng and Choy [27, 28] in the case of two-active-
phase composites, the resulting piezoelectric coefficients can be enhanced if the phases exhibit
opposite polarization. Such a configuration would have a considerable impact 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 constituent cell; in other
word, to the properties of the elements of that cell [8, 36-38]. Among the multi-scale methods, as
demonstrated by Levassort et al. [39, 40], the homogenization method leads to macroscopic char-
acteristics of a heterogeneous material from those of elementary homogeneous phases. Recently,
Tize-Mha et al. [41] developed an analytical model to deduce the homogenized coefficients and
parameters of 1-3 piezocomposite. Of all the above mentioned works, the major part is carried
out using 1-3 piezocomposite. However, the 2-2 piezocomposite also plays a very important
role in the manufacture of transducers. As works based on this type of piezocomposite, we can
mention those of [42-47]. Another form of study consists of reinforcing the performance of the
piezocomposites by using a ceramic base which is combined in parallel or in series with the 1-3
or 2-2 piezocomposites which forms the 1-3-2 piezocomposite or the 2-2-2 piezocomposite. We
can cite here the works of [7, 12, 31, 48-51]. The design of the 2-2 piezocomposite is in the form
of serial or parallel layers with a large interface. Therefore, when this structure is stressed and
due to residual stresses, an increase in temperature at the interface can be observed. In addition to
the environmental conditions under which the sensors are used, where the temperature may vary,
it is therefore important to study the impact of temperature on the properties of these composite
materials. In the previous works, the issues related to thermal effects on the effective properties
of the piezocomposite are mostly studied in the 1-3 piezocomposite or its derivatives, whereas
none of these issues are addressed for the 2-2 piezocomposite. This work therefore consists of
taking into account the thermal effects in the determination of the effective coefficients and pa-
rameters of the 2-2 piezocomposite. This work is essentially organised in 5 sections. In Section
2, the concept of connectivity is presented. Section 3 presents the formulation of model we pro-
pose in this work. Results are presented in Section 4 and then compared and discussed with the
1-3 piezocomposite model in Section 5. while the underwater applications of piezocomposite
2-2 is dedicated to Section 6.



2. Connectivity

To describe how the phases are arranged in a piezocomposite Newnham [23] introduced
the notion of connectivity. Suppose a cube isolated from a two-phase piezocomposite. The
number of directions by which this cube can be crossed from one side to another following
the line of a stop without leaving a considered phase represents the connectivity. As a result,
in 3 dimensions, for a two-phase composite material, the connectivities {«, 8} € {0,1,2,3}
are giving 16 possible combinations. Since the symmetric cases {«, 5} are resulting from a
permutation of phases 1 and 2, the 16 possibilities are reduced to 10 configurations only, as
illustrated in the Figure 1 below, with the shaded phase 1 and the clear phase 2.
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Figure 1: Connectivities of two-phases composite: phase 1 (shaded) and phase 2 (clear), from Newnham [23]

3. Model formulation

Consider the following Figure 2. This figure was extracted from Figure 1 using a simple
90° rotation in the clockwise direction to obtain the current position. Based on this position we
see that this configuration can be assimilated to a stack of layers arranged in series along the
z-axis and arranged in parallel along the y-axis and z-axis. All subsequent calculations will
be based on these two notions of series/parallel. Since the 2-2 composite can be treated as a
bulk piezoelectric ceramic, it has piezoelectric linear constitutive equations. In the context of
stationary linear response of the thermoelectroelastic piezocomposite, the temperature effect has
been considered as [34, 50, 52, 53]:



Figure 2: Serial (z axis) and parallel (y and z axes) arrangement of 2-2 piezocomposite layers [23].

{Tz = cglekl — eijkEkr - Bija (1)

Di = eilekl — €iSjEj — Pitg

To make much easier manipulation of the equations later, reformulation could be done as follows:

T = cngn — empEp — Bmb @)
Dy = egnSn — sngp — P9

where the subscript m and n are deduced from 45 and k! as follows: {ij, ki} = {11,22,33,23,13,12}
and {p,q} = {1,2,3}. Transformation of ¢/, to cf,, is done by m = 9 — (i + j) and
n=9—(k+1)ifi # jand k # l,else m = i = jand n = k = [. The same proce-
dure can be used to get compact notation of stresses and strains with {m,n} = {1,2,3,4,5,6}.

In the matrix form, the previous equations can be written as:

S
) _[leF.] et 18] _ _
o= B = [P = [Kar] [SES) @

This writing of the generalized stiffness matrix [K 3P| will further be denoted with a su-
perscript {m, f} for the matrix and filler phases, respectively. The effective piezocomposite
properties will be denoted without any superscript, and the generalized stiffness matrix will be
denoted as [K BP]. In this study, we consider moreover the z-axis as the polarization axis, then

the generalized stiffness matrix [K BP] in detailed form is as follow:

[T [cBr clEr cBr 0 0 0 0 0 —e%,  —pF] Si’
Ty ek By ckro0 0 0 0 0 —ef —p3 Si
Ty e e e G | R 0 0 0 —e%y —p% Si
Ty 0 0 0 cfg 0o 0 0 —e5 0 0 P
T¢l=10 0 0 0 & 0 —e&% 0 0 0 Si )
T 0O 0 0 0 0 & o 0 0 0 | | g
D? 0 0 0 0 e 0 e 0 0 Py E;
D3 0 0 0 e, 0 0 0 e 0 Py Ei
[ Ds]  lesr e ez 0 0 0 0 0 e Py P

where the superscript = stands either for the fiber f or the matrix m or no superscript for the
2-2 piezocomposite. [TD] = [T, D] "is the generalized stress vector including 7" and D, the

stress components and the electrical displacement components respectively; [SEG] = [S, B, 9] ’
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is the generalized strain vector including S, E and 0, the strain components, the electrical field
components and the change of temperature respectively; the generalized stiffness matrix [K ﬁP]
(4) including {cE e e’ } and {3, P}, with c¥ the stiffness components at constant electrical
field, e the piezoelectric components, £° the dielectric components at constant strain, 3 the
thermal coefficients and P the pyroelectric coefficients. The considered piezoelectric materials
are in the 4mm symmetry class. Thus, their generalized stiffness matrix is with symmetric and
having 25 coefficients, and among them 11 independent coefficients. The normal stress in the
z-axis of composite, fiber and matrix can be written as:

Ty = c1151 + €1252 + 1353 — e31 B3 — 310 )
Tlf = 0{13{ + 0{255 + 0{35:{ - eglE?{ - 5{9f (6)
T7" = 187" + 1555 + 555" — es E5* — B 0™ (7

3.1. Assumptions

As mentioned in the previous paragraph, the 2-2 piezocomposite can be considered as a
sandwich along the x-axis. Indeed, the layers are superimposed on each other along this direction
and consequently we have the series hypothesis for this direction. For the other two directions
(y-axis and z-axis) the layers are in parallel. Also, the thickness of the second phase is considered
proportional to the fiber volume fraction and that the two phases are polarized along the z- axis.
All these assumptions have been used in the following calculations.

* First approximation:
The 2-2 piezocomposite is considered as a conventional laminated composite with two
layers consisting of fiber as one layer and a matrix as the other one. These layers are in
series connectivity in a z-axis; in parallel connectivity in a y-axis and in a z-axis. The
homogenized or averaged stress on the fiber layer along the z-direction and the normal
stress of the matrix layer that direction are considered to be same. Similarly, the shear
stress in (yz) plane are considered to be equal for the fiber and the matrix.

8
Ty =T =T} ®)

{T1 -7/ =P
¢ Second approximation:
Along the transverse y-direction and the longitudinal z-direction, the fiber layer and the
matrix layer are in parallel connectivity. So, the normal effective stresses for the 2-2 com-
posite those directions can be predicted using the rule of mixtures. The shear stresses (1-3
and 1-2) are obtained by averaging over the contributions of the matrix layer and the fiber
layer. With the volume fraction of the fiber and the matrix represented as vy and v,.

Ty = v T + v T3

Ty = vy T + v T3 ©)

Ts = v T + v T2
Ts = viT + v T3
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* Third approximation:
The normal effective strain along the x-axis is calculated based on the individual strain and
volume fraction constituents of the 2-2 composite, since they are in series connectivity.
The shear strain in the y and z directions is also determined using the weighted sum of
fiber layer and matrix layer.

Sy =vrST 4+ 1,8 (10)
Sy =S + vpmSP

* Fourth approximation:
The homogenized strain on the fiber layer and the normal strain of the matrix layer along
the transverse y-axis and the z-axis are considered to be the same by considering the ho-
mogeneous displacement condition for the 2-2 piezocomposite. The strains in (xz and zy)
planes are considered to be equal for the matrix layer, fiber layer and 2-2 piezocomposite.

Sy =5 =sm
S3 =S4 = Sy
; (11)
S5 =S =8y
Se = S{ = Sy

« Fifth approximation:
Based on simple theory of the series and parallel connectivity of dielectrics, the effective
electrical displacement along the transverse and longitudinal directions can be summed by
averaging over the two phases. However, the dielectric displacements are taken to be the
same in the z-axis for all. As a consequence, the electric field displacement is determined
as the weighted sum of fiber layer and the matrix layer. Along the other directions, the
electric fields are considered to be constant.

D, =D{ =Dp
Dy = vy D} + v, Dy
D3 = v¢ D} + v, D’

12
Ey = viE] + v, B (12
Ey = Ej = B
By = B = B

¢ Sixth approximation:
The change in temperature is assumed to be the same for the fiber layer, the matrix layer
and the 2-2 piezocomposite.

6 =6 =gm (13)

3.2. Effective coefficients of the 2-2 piezocomposite

From the generalized stiffness matrix [K I} P} (4) and taking into account the first, third and
sixth assumptions, the formulation starts with replacing the strain components of fiber in equation
(6) and 2-2 composite (using (10)), which gives the following relationship:
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T/ =T™ and Sf = (51 —vpS] ) —
of VmCi1 + Vm ( 012) So 4+ v, (013 013) S3 + U, (egl - eg’}) FEs+vp, (ﬁ{ — ﬁ’ln) 0
e ymcu + vy .
gm _ I Vs ( - 012) — vy (Ci’é - Cfs) Sz — vy (6§1 - 65”1) By — vy (ﬂf - ﬂ{”) 0
1 p—
l/mC{1 + vypcli
(14)
¥ c{lcﬁ 7 Vy (C% - sz) 0{1 f vy (C% - Cfs) 0{1
Tl =—F - S1 + Clg + 7 So + ci3 + 7 S3
Vmcyp +vpcly UmCiq + Vpcl] Ve + vpcly
7 Vg (e:{l - egi) 0{1 f Vg (ﬂ1 B )011
+ —e31 + 7 - E3 + —61 —+ —
UmCiy + Vrcty Vmcn +vreqy

=ch S + ¢85Sy + ¢85 — @31 F5 — (5,0
(15)
Five effective properties can be deduced from the above equation and the same procedure

with other assumptions is used to get the rest of effective properties. Thus all effective properties
of the 2-2 piezocomposite are given bellow:

For the elastic coefficients, we have:

f .m
E = C11C11  mf _

f
1= a5 Cr = VO + Ve
¢
11
—F f Vmc{l m f
Cig =Cip+ — % (€12 — €12
€11
-E f V’mc{l m f
Cis=ci3t+ —7 (13— C13
€11
2
—-FE _ f m UmVf m f
Cog = (Vfcz2 + Vm022) — —mF \C12 T Ci2
¢
11
—E _ f m VmVy m f m f (16)
Co3 = (Vfczg + Vm023> — 7 \C13 —C13) (G2 — iz
c
11
2
-E _ f m VmVf ([ m f
C3g = (Vfc33 + Vmcsg) — 7 \C13 ~Ci3
C
11
E 04{403& f_ f
—_ _ m m
Cas = — o7 » Cad = VfCiq T VmCy
¢
44 )
-E __ m V"’Vf f
Cs5 = (Vfc55 + VmC55) mf efy — e5
€11
—E _ f m mf _ m f
Co6 = (Vf066 + VmCGG) » €11 = VfE1l T Vmény

The piezoelectric coefficients are:
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f
B UmC
es1 = el + n:Tfu (eﬁ - e§1>
€11 Vv
€30 = (yfe?{Q + Vmegé) — Cm;n (eg”l - egl) (c% - 6{2)
11
_ 7
ean = (vyely el ) = i (e = eh) (cfi = ) (17)
11
— f Vmcicél m f
€24 =€y + — (624 - e24)
Cyq
_ f Vm€{1 m f
€15 = €15+ —o (615 - e15)
€11

The dielectric coefficients are:

-S _ 5{151?
€11 = mf
€11 )
— 1 3%
£ = <Vf5£2 + Vmg%) + fT}n (egzli - 654) (18)
Cyq
Ve, 2
Tas = (Vf€:§3 + megé) + fm}” (egll - egl)
€11
The thermal coefficients are:
) f Vmc{l m f
B =P + mf ( 1 _51)
€11 v
- m
By = (vs8 +vmby) — 2200 (81 = 81) (13 — el (19)
c

11

n m ViVm m m

B3 = (wﬁﬁ + U B3 ) - Cfmf (ﬁl - 5{) (Cl3 - 0{3)
11

And finally, the pyroelectric coefficients are given by:

_ f :
Py =p{ + ™ (P - )

emf
- 11
Py = vy P + v, P (20)
— 18 3%
Py = (vsPf +vmPy") + 220 (e — e, ) (81 - 4)
€11

To evaluate the performance of a piezocomposite, usually its effective parameters (Z 1, ¢y, and

k) are determined by the following equations:
=D _ —E (e33)®
C33 = Ca3 + 45, 21
Fas = &
33

From the effective mass density p = vy pf + vy p™ we can express the various effective param-
eters as bellow:
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- _ /P
2 =\ C53P
_ A
o =/ 2 (22)
Et _ __ €33

C53E3s

4. Results

After the development of the model in the previous section, now time to analysis and inter-
pretation of the numerical results of the developed model. It should be recalled that the establish-
ment of the proposed model in this study is based on the simultaneous consideration of thermal,
electrical, piezoelectric and pyroelectric effects. Thus, it is possible that the results are presented
separately in the rest of the document. In this study, the piezoelectric materials PVDF-TrFE
copolymer (polyvinylidene fluoride-trifluoroethylene) and PZT-5A are used as matrix and fiber,
respectively. The properties of the materials used in the study are presented in Table 1. The
stress—temperature moduli 3; in equation (3), are given in the two last lines of Table 1 as a result
of equation (23), i.e. the sum of the products of cf”; the stiffness components at constant electrical
field by «; the linear thermal expansion coefficients.

Bi = Z 05041‘ (23)

The main purpose of the study is to assess the influence of the volume fraction and the active
properties of the matrix on the effective thermoelectromechanical properties of 2-2 piezocom-
posite. As no experimental results are available in the literature, the validation of the proposed
model is based on analytical models available in the literature such as the Cha model [54].

Table 1: Electromechanical properties of piezoelectric materials [44]

Parameters PZT-5A PVDF/TrFE
cF (GPa) 126 8.5

ck, (GPa) 79.5 3.6

c (GPa) 84.1 3.6

ck, (GPa) 109 9.9

cy (GPa) 23 1.9

c&s (GPa) 23.5 2.45

es1 (C/m?) —6.5 0.008

es3 (C/m?) 24.8 —0.29

€51 /€0, 55/€0 1700 7.5

£33/€0 1813 9.0
ag,ag, a3 (K1) 1.2x107%  0.18 x 1076
Py, Py, P3 (C/m%*/K) 25x107° 2.0x107°
p (kg/m®) 7898 1880

B1, B2 (Pa/K) 34.75 x 10 2826

B3 (Pa/K) 33.26 x 10* 3078
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In this work, the thermoelectromechanical coefficients of the 2-2 piezocomposite are estab-
lished using the unsimplified form of the stiffness matrix [K BP] (4). Only during the numerical
modeling some coefficients of the matrix (respectively of the fiber) were assimilated identical
because of the symmetry of the problem. It should be noted that the 2-2 piezocomposite has its
two phases both active. Obtaining these coefficients allowed to establish the effective parameters
of the piezocomposite, thus allowing to evaluate the performance or at least the serviceability of
the piezocomposite.

Figure 3 shows the homogenized coefficients and the effective parameters of the 2-2 piezo-
composite using the model established in Section 3, all the curves obtained from which are
compared to those obtained by two models in the literature (Cha [54] and Reuss [55] models).

As illustrated by Figure 3a, the elastic coefficient ¢ given by the Reuss model underes-
timates the values obtained for the Cha and proposed models. For low values of the volume
fraction, between 0% and 50% for the Reuss model, a slow evolution of the elastic coefficient
¢k is observed. Between 0% and 80% for the Cha and proposed model, the elastic coefficient
¢k, increases linearly. It should be noted that the Reuss curve occupies a lower bound to what
is predicted by the laws of composite materials in general. It can also be noted that the Cha
model and proposed model are similar in this case. For the volume fraction values between 75%
and 100%, an exponential evolution of this coefficient is observed. For the relative dielectric
coefficient 55?3 /€0 (Figure 3b), the curves obtained with the Reuss, Cha and proposed models
evolve linearly with the volume fraction. The effective piezoelectric coefficient es3 (Figure 3c)
has linear evolution for the Cha and proposed models with a volume fraction between 0% and
90% whereas a parabolic evolution is observed for a volume fraction between 90% and 100%.
The Reuss model a linear evolution, which is not so far from the two models for this coefficient.
The effective piezoelectric coefficient e3; (Figure 3d) exhibits negative values. The Reuss model
presents a linear evolution, decreasing from the value of the PVDF/TrFE downto that of the PZT-
5A for a volume fraction of 0% and 100%, respectively. The Voigt model is shown here, because
no litteral expression is proposed by the Cha’s model. The proposed model has a non linear evo-
lution, which contributes to the deviation from linearity of the €33 coefficient. Concerning the
elastic coefficients at constant displacement 2} (Figure 3e), it appears to be the same whatever
the model. The differences observed with ¢ (Figure 3a are related to the thickness coupling
coefficient k; (Figure 3f since e% = ¢2.(1 — k.). As a consequence, the thickness coupling
coefficient k; (Figure 3f) exhibits strong variations as defined by equation (22). Following the
Cha and proposed models, the maximum thickness coupling coefficient k; is reached at k; = 64%
for a volume fraction vy around 60%. A quasi constant value is obtained for the Cha’s model
and the proposed model for the volume fraction from vy = 40% to 80%. For low values of the
volume fraction from v = 0% to 20%, the thickness coupling coefficient k; varies quickly for
Cha’s model and the proposed model, whereas the Reuss’s model follow the same tendency with
a slight overestimation for values between 20% and 90%. For very low values of the volume
fraction from vy < 2%, the thickness coupling coefficient k; is observed to have negative val-
ues, what is due to the definition of this parameter (equation (22)) and the negative value of the
parameter €s3 for the PVDF/TrFE.
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For low values of the volume fraction from vy = 0% to 30%, the effective longitudinal wave
velocity ¢, (Figure 4a) shows a quick evolution for the Cha and proposed models. For values be-
tween 30% and 80%, a quasi linear evolution is observed for these two models. The Reuss model
shows a lower increase than for the two other models and clearly underestimates this parameter.
As illustrated in Figure 4b, the acoustic impedance Z; shows a nearly linear behavior as a func-
tion of the volume fraction vy up to 85% for the Cha and proposed models, whereas the Reuss
model is giving a slightly lower value. This acoustic impedance is a key parameter in the sense
of the acoustic energy transfer between two materials i.e. the piezocomposite and the transmis-
sion medium. As the acoustic impedance value of the ceramic is generally around 35 MRa, the
integration of the ceramic in a polymer matrix allows to modulate and customize this parameter
for the targeted application. In order to ensure the proper application of piezoelectric materials,
it is important to study the performance of the devices in which they are most often used. On the
one hand, the efficiency of the conversion between electrical and acoustic energy (or vice versa)
in a piezoelectric material is quantified by the electromechanical coupling coefficient k; (Figure
3f). On the other hand, the energy transfer from the piezocomposite medium is resulting from
the acoustical environment, i.e. back and front media, and the effective acoustical impedance Zr
(Figure 4b) of the piezocomposite thus determines the operating bandwidth [46, 47]. The combi-
nation of the adjustable thickness coupling coefficient k; (Figure 3f) and acoustic impedance Z .
lead to a possible choice of trade-off for the targeted application. For instance, a medical imaging
application will drive the choice of composition to low volume fractions vy around 20%, while a
NDT contact transducer will drive the choice to higher volume fractions vy around 70%. For an
optimization of the piezocomposite composition, a specific approach integrating both the acous-
tical and electrical environments and their frequency dependence can be adopted [41]. Therefore,
thanks to the two-way insertion loss, the energy conversion efficiency can be evaluated to bring
quantitative estimators for the targeted application.

Reuss model
30 3 Cha model
" ]| Present model

Reuss model
-------- Cha model
4000 7| —— Present model

o 3500 4-nnedennnnbin

3000 1

CL

2500 5
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Figure 4: Homogenized longitudinal acoustic parameters of 2-2 piezocomposite made of a {PZT-5A / PVDF-TrFE} as
a function of the volume fraction v¢: (a) longitudinal wave velocity ¢, and (b) longitudinal acoustical impedance Z ..
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Figure 5: Homogenized temperature sensitive parameters of 2-2 piezocomposite made of a {PZT-5A / PVDF-TrFE} as
a function of the volume fraction v¢: (a) thermal coefficients 3 and (b) pyroelectric coefficient P.

The differences observed from these models can be analyzed simply as a matter of formu-
lation of each model. Already the Reuss and Cha models are formulated on the basis of a
piezocomposite where one phase (the matrix phase) is passive whereas the proposed model is
formulated on the basis of a piezocomposite where both phases are active. Also the calculation
assumptions are not identical. The Reuss model is essentially built on the components of the
main diagonal of the K-matrix and therefore is dedicated only to tensile and compression effects
and nothing else, which is not the case for the other two models. Hence, the behavior of the
Reuss model differs from the other models. Few works exist on this type of piezocomposite
where the thermal effects are taken and both phases are active for the homogenization of the
piezocomposite. Active structures incorporating intelligent materials are often not free from en-
vironments influenced by thermal effects and therefore directly affect these materials. Face of
these effects, the materials must have good heat resistance and rigidity. However, the variation
of temperature in a composite induces ageing. When the structure is subjected to thermal loads
beyond a permissible limit, this induces additional thermal stresses in the structure and thus in-
duces deformation. These induced thermal stresses can be reduced by the appropriate choice
of combination of thermal parameters {3, P} of piezoelectric materials. Temperature variation
due to internal (high power emission) or external (hot environment) sources, such as temperature
in the vicinity of the Curie temperature reached repeatedly, can cause the depolarization of the
piezoelectric material. Figure 5a shows the evolution of the thermal and pyroelectric coefficients
of piezocomposite 2-2 as a function of the volume fraction ;. An important value of the py-
roelectric coefficient implies a high sensitivity of a piezocomposite to the thermal change. As
illustrated by Figure 5b, the pyroelectric coefficient P5 in the longitudinal direction 3 decreases
linearly down to nearly 12 ;C/K/m? and then increases up to that of the pyroelectric coefficient
P in direction 2. On the other hand, for the pyroelectric coefficient P; in direction 1, the evolu-
tion is linear. Compared with the results generally obtained on 1-3 piezocomposite, the changes
following directions 1 and 2 are identical for both coefficients. This is not the case for the model
proposed in this study for the 2-2 piezocomposite, but overall the results are similar to those of
1-3 piezocomposite.
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This section presents a comparison between the results of models developed using the 2-
2 piezocomposite and a model developed using the 1-3 piezocomposite. Reuss, Cha and the
proposed models are used to obtain the effective properties for the 2-2 piezocomposite while
Sakthivel model is used for the 1-3 piezocomposite. Only E:%, E33, ky and Zp, are shown for
comparison. The Reuss [55], Cha [54] and Sakthivel [S0] models are given as follows:
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Figure 6: Comparison of homogenized coefficients and actual parameters of 2-2 piezocomposite and 1-3 piezocomposite
made of a {PZT-5A / PVDF-TrFE} as a function of the volume fraction v : (a) elastic coefficient at constant electric

field EsEs§ (b) relative dielectric coefficient at constant strain ?5?3 /€0; (c) thickness coupling coefficient k¢ (d) acoustic

impedance Zp,.
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¢ Cha model
E f (0{3_03)2
- J— m
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f f m
- f 831(613*%2)
€33 = Vf€z3 — l/fl/mT (25)
11
- (e51)?

S _ S
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11
¢ Sakthivel model

53],53 =vy c§3 + C§1A3 + cngg — i As — C§’§Bg) + UmChy
€33 = Uy e§3 + B Ay + 55 By — c§1A4 - C§QB4) — Umesh (26)

25y = vy (els + el As+efyBy — e Ay — €§'§B4> + Umey

where the required constants A; and B; can be found in [50]

This Figure 6 for the 1-3 piezocomposite is compared with Figure 3 with the model developed
for the 2-2 piezocomposite. From these curves it is found that the two models correlate well with
discrepancies between the two models only for volume fractions greater than 50%.

6. Underwater applications

Piezocomposites with two active phases can be used in the manufacture of new ultrasonic
transducers. In these transducers, ceramic is used for signal emission and the copolymer provides
a better electrical and acoustic matching to the input and output signals [37]. The fact that the
two phases are active makes it possible to place these phases in opposite directions and therefore
improve the piezoelectric coupling effect that is used in the design of the robust transducers. In
the literature, 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 ultrasonic underwater transducers or hydrophone
applications [37, 44, 50]. Taking into account the hydrostatic environment, their performance can
estimated on the basis of specific hydrostatic coefficients and thermal environment. As evoked in
the introduction, underwater applications not only refer to the SONAR marine transducers, but
also encloses industrial applications such as nuclear power plant monitoring and associated high
temperature environment. In the context of underwater applications, 2-2 piezocomposites are
subjected to temperature variations: lower temperature due to the underwater depth in listening
mode or not in service, and higher temperature environment and in the case of power dissipation
while operating in sonar application. Thus, the classical generalized stiffness matrix [K 5P},
where [T D] = [K3P| [SE0], is impacted by the temperature 6. In this work, the effect of the
temperature parameter is integrated in the matrix formulation (4), involving the thermal 5 and
pyroelectric P coefficients. Therefore, in the end, they are inducing drift due to the temperature
on the effective thickness parameters, i.e. the homogenized thickness parameters {1}, €33, 855 }
and associated acoustical properties are sensitive to the temperature 6.

Among those figures of merit (FOM), one can cite the hydrostatic charge dj,, the hydro-
static voltage coefficient g, the hydrophone trade-off dj,g,, or the hydrostatic electromechanical
coupling factor kj,. These are defined as follows:
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Figure 7: Homogenized electroacoustic properties of the {PZT-5A / PVDF-TrFE} 2-2 piezocomposite as a function of
the PZT-5A volume fraction vy: (a) effective hydrostatic charge constant dj,, (b) hydrostatic voltage gy, (c) hydrostatic

trade-off g, dj, (d) hydrostatic electromechanical coupling factor constant k7,

In the studied {PZT-5A / PVDF-TrFE} 2-2 piezocomposite composition (Table 1), the ho-
mogenized piezoelectric properties are analyzed through indirect coefficients deduced from the
homogenized generalized stiffness matrix {Efj, €ij, Efj} Based on this result, the generalized
compliance matrix {57, d;;,&/;} is determined by matrix inversion and classical relations of
piezoelectricity. As an application, the hydrostatic FOM (equation (27)) are illustrated (Figure
7). Thus, the hydrostatic charge dj, (Figure 7a) shows a very fast evolution for volume fraction
values lower than 10% and presents a maximum for a volume fraction around 30% and 50% for
the 2-2 and 1-3 connectivities, respectively. The values of hydrostatic voltage g;, (Figure 7b) and
hydrophone trade-off dj,g,, (Figure 7c ) evolve in a similar way with a maximum value observed
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for volume fractions vy around 5% and 10%, respectively. A similar observation is made for
the hydrostatic coupling factor k;, (Figure 7d). Those results are similar to those obtained by
Sakthivel [44] for the 1-3 piezocomposite. For more details on each term of this equation, have
a look to the appendices.

7. Conclusion

In this work, the consideration of thermal and pyroelectric effects allowed the development
of an analytical model for the 2-2 piezocomposite. This leads to deduce the actual parameters in
terms of elastic, piezoelectric, dielectric, thermal and pyroelectric coefficients. The possibilities
offered by those piezocomposite compositions are very sensitive 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 ceramic phase) on the homogenized piezo-
composite coefficients in order to predict its behavior while in service. It should also be noted
that this model is based on the method applied to 1-3 piezocomposite in the context of character-
izing thermoelectromechanical behavior. Hence it was difficult to find experimental data in the
literature to compare the prediction results. However, with regard to the results provided by this
model, we find some similarity of the curves with those of the 1-3 piezocomposite. This allows
us to give some credibility to the developed model and therefore to validate it. As a perspective,
it will be interesting to carry out an experiment to validate experimentally this model, although
it is acceptable with the data from the 1-3 piezocomposite.
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