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Two-dimensional modelling of laminated piezoelectric
composites : Analysis and numerics

Amancio FERNANDES and Joél POUGET

Laboratoire de Modélisation en Mécanique (UMR 7607)
Université Pierre et Marie Curie, Case 162, 4 Place Jussieu
75252 Paris Cedex 05, France

Abstract - We propose a new approach to laminated piezoelectric plates based on a refinement of the
electric potential as function of the thickness coordinate of the laminate and accounting for shear effects.
Moreover, the variation of the electric potential as function of the thickness coordinate is modelled for
each layer of the laminate. The equation for the laminated piezoelectric plate are then obtained by using
a variational formulation involving mechanical surface loads or prescribed electric potential on the top
and bottom faces of the plate. In addition to the equations for the generalized stress resultants (due to
the shear effects), the equation of the electric charge conservation is also deduced for the 2D model.

A particular attention is devoted to the single piezoelectric plate and bimorph structure and the through-
thickness distribution of the displacements, electric potential as well as stresses are given for different
kinds of electromechanical loads. The results thus obtained are compared to those provided by a finite
element method performed for the full 3D model. A good agreement is observed for plates made of layers
of PZT-4 piezoelectric material. The comparison ascertains the effectiveness of the present 2D approach
to piezoelectric laminates.

Keywords : piezoelectric plates, adaptive materials, piezoelectric bimorph.

1. Introduction

Application of induced strain actuators are spreading widely in various fields of engi-
neering such as precise positioning, intelligent control of shapes and active damping of
vibrations [1-4]. Among the different types of actuators, the piezoelectric actuators are
the most popular, probably because of their simple and versatile design. The most simple
piezoelectric actuator is usually made of single-component system (for instance, a slab of
piezoelectric material). Typically, such a actuator produces displacements in the order of
10 to 100 pm when applying an electric field of 2 £V /mm. To overcome this limitation,
an actuator using flexural-extensional deformation of the structure requires several com-
ponents and it will be a composite material rather than a monolithic structure. One of the
advantages of the multilayer technique with piezoelectric materials is to induce strain of
the order of 1200 p.p.m. by applying voltage less than 200 volts. In order to obtain large
amplitude motions in piezoelectric devices, a bilayer or sandwich structure is commonly
used in which a piezoelectric layer, with its direction of polarization perpendicular to the
layer faces, is glued back to back with a strip of nonresponsive but elastic layer. The
contraction of the piezoelectric layer in response to an applied field will be hindered by
the elastic layer and the bilayer composite will bend. This is the reason for modelling and
understanding composite structures made of a stacking of piezoelectric plates.



Several versions of linear piezoelectric plate have been proposed by H.F. Tiersten [5],
R.D. Mindlin [6] and C.K. Lee [7]. A first approach is based usually on Love’s first-
approximation including the Gauss equation for the electric charge and extended to lam-
inated plate using first-order shear deformation theory [8]. An interesting refined theory
of layerwise approach to the electric potential has been introduced by J.N. Reddy [9].
Nevertheless, most models are based on a classical laminated plate theory which neglects
the transverse shear effects. More refined and higher-order theories for piezoelectric plates
become a necessity to well understand strain sensing and actuating in piezoelectric lami-
nated plates.

In the present work, we intend to study a refined approach to piezoelectric laminated plate
involving shear effects and layerwise description of the electric potential. The model ex-
amined, here, includes the charge equation, so that we do not consider any hypothesis
on the electric displacement. The shear distribution across the plate thickness is approx-
imated by a trigonometric function [10]. Our particular choice for the approximation of
the displacement field and electric potential must satisfy the boundary conditions. Es-
pecially, the plate can be subject either to an applied electric potential on the top and
bottom faces of the plate or to a density of force on the top face. However, the bound-
ary conditions can be extended to applied electric charge density as well. A variational
formulation is considered to reduce the equations of the full 3D model to those of 2D for
the piezoelectric plate. The variational formulation is then generalized to plates made of
piezoelectric layers and accounts for the continuity conditions at the layer interfaces.

The next section, Section 2, is devoted to the variational formulation of piezoelectric me-
dia. The approximation model is presented in Section 3. In Section 4, the equations for
the piezoelectric plate are deduced from the variational formulation and some generalized
stress resultants and electric charges are defined, as well. The boundary conditions are
discussed in Section 5. A special attention is addressed to a single piezoelectric plate in
Section 6. The full equations for the single piezoelectric plate are investigated in Sec-
tion 7 and the solution for piezoelectric plates in cylindrical bending is presented and
the comparison to finite element simulations is also considered. The bilayer structure is
given in Section 8, the piezoelectric bimorph structure is studied for different kinds of
electromechanical loads. The comparison to numerics by means of finite element method
leads to a good accuracy of the present model. At length, by way of conclusion, some
extensions of the model and further works are evoked in Section 9.

2. Reminder : variational formulation of piezoelectricity

In this section, we briefly recall all the requisites about piezoelectricity and the associated
variational formulation based on Hamilton’s principle. The advantage of this method is
that it accounts for both the mechanical and electrical aspects simultaneously. Moreover,
the formulation considers the natural boundary conditions connected with the mechanical
and electrical quantities. The variational principle is stated as [6]

5/t2(L+W)dt:/tz(cSK—éUJréW)dt:0 , (1)

t1 t1

where L is the Lagrangian, K is the kinetic energy, U is the potential energy and W is the



external work. For a piezoelectric medium the associated potential energy density can be
identified with the electric enthalpy density function which can be expressed in terms of
the strain and electric field as follows
1 1

Z/{ = H(Ei]’, EZ) = §Uij€ij — §ZDZE1Z s (2)
where o0;; are the components of the stress tensor, ¢;; are the components of the strain
tensor, D; is the electric displacement and Ej is the electric field vector. The stress tensor
and the electric displacement vector are derived from the enthalpy

%:aH | Di:_aH ' (3)
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The formulation must be completed with the use of the piezoelectric constitutive equa-

tions. Here, the study is restricted to the classical linear piezoelectricity within the elec-

trostatic framework for which we have rot E = 0 and the electric field is derivable from

an electric potential ¢ by

Ei=—6; . (4)

On using the above definition and assuming there are no body forces the variational
formulation takes on the following form

to to
t1 Q t1 o0

The second part of Eq.(5) represents the virtual external work involving the surface trac-
tion T; and applied surface electric charge ¢ on the domain boundary 9f2. The variational
formulation will be applied to derive a set of approximate governing equations for lami-
nated piezoelectric plates by accounting for the approximation of the displacement field
and electric potential as function of the thickness coordinate of the plate. In Hamilto-
nian’s principle, it is assumed that the virtual displacements and electric potential are
zero at t; and ty. The coupled linear constitutive equations for piezoelectric materials are
given by [6]

{ oij = Cluen —enijBr (6)

D; = ejrei+ xiEi

where the strain ;; = u ;) = 3(u;;+u;;) and u is the displacement vector. In Eq.(6), C¥
is the fourth-order tensor of elasticity coefficients at zero electric field, e is the third-order
tensor of piezoelectricity coefficients and x is the second-order tensor of dielectric con-
stants at vanishing strain. In the following, we will focus our attention to materials which
possess three mutually perpendicular planes of symmetry, it is referred to as orthotropic.
Therefore only the following material coefficients are non zero (we use the Voigt notation
with indices)

E _ E ~NE E ~E (E E ANE ~E AE
Caﬁ - {0117 C(127 C(137 0227 0237 0337 C’447 0557 C’66 )
€ia = {6157 €24, €31, €32, 633} )

Xij = {Xn, X225 X33}

If the material system has an axis of symmetry (hexagonal system) the number of inde-
pendant material coefficients is reduced according to Cf, = C%, CE = CE, CE = CL



and C(,EG = %(Cﬁ - ClEQ)a €31 = €32, €15 = €24, and x11 = X22.
3. Approximation of the displacement field and electric potential

Most plate models consider an expansion of the displacements in power series of the
thickness coordinate. The level of truncation of the expansion leads to the order of the
plate theory. In the present model, the displacement field and electric potential are as-
sumed to be of the form

uo(z,y,2,t) = Us(z,y,t) — 2wolz,y, t) + f(2)Va(z,y,t), ae{l,2} |,

u3('r7y7zat) = w(x7y7t) ) (7)
925(377%2775) = ¢0($,y,t)+2¢1($,y7t)+P(Z)¢2(5L’,y,t)+g(2>¢3<1’,y,t>
Some comments on the above expansions are in order, (i) f(z) = 0, we recover the

classical Kirchhoff-Love thin plate theory [11], (ii) at the first order in the expansion of
f(2), f(2) = z we obtain the Mindlin-Reissner model [12] and (iii) the expansion of f(z)
to the third order leads to a refined model of the same order as that of M. Levinson [13]
and J.N. Reddy [14]. In the present approach, we have considered

_h w2 _h TZ Plo) = 52 h\>
f(z) = —sin <7> , g(z) = —cos (7> : (2) = 2° — (5) , (8)
where h is the plate thickness which is supposed to be uniform. The case of the purely
elastic plates has been extensively examined by M. Touratier [10] and extended to elastic
shells [15].

In the approximation of the electric potential, the first two terms, the linear part, can be
connected with the applied electric potential. The third term represents the induced elec-
tric potential by material deformation through piezoelectric coupling. Such a quadratic
term has been suggested by J.S. Yang [16] and N.N. Rogacheva [17]. The last term cor-
responds to the shearing effects approximated by the function f(z) in the displacement.
Most theories of piezoelectric plate are limited to a classical Kirchhoff-Love model for the
elastic part and to the linear approximation for the electric potential. Some approaches
are based on discrete layer approximation for the electric potential using Lagrange inter-
polation functions [18]. They are equivalent to finite element methods. In the present
approach, we point out the usefulness of the refinement introduced in the approximation
of the elastic displacements and electric potential, especially if the plate is not really thin.

4. Boundary conditions

Two kinds of electromechanical boundary conditions are considered on the top and bot-
tom faces of the plate :
(a) an electric potential is applied on the plate faces, such as

O(@,y,2 = £h/2,t) = VE(z,y,1) . (9)
Since P(£h/2) =0 and g(+h/2) = 0 (see Eq.(8)), the boundary conditions (9) yield
1

¢0 = % (‘/+ + Vi) and ¢1 = E (‘/Jr — Vi) . (10)

Accordingly, the functions ¢y and ¢; are not arbitrary and they depend on the applied
electric potential. For the sake of simplicity, we take VT =V and V~ = —V so that we
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have ¢y = 0 and ¢; = 2V/h. Moreover, the applied electric potential is supposed to be
uniform.

(b) The second kind of boundary condition is a charge density of force p per unit area
and perpendicular to the plate faces.

Remarks. The Maxwell equations for the electromagnetic fields lead to the associated
boundary conditions [19], especially for the electric field ([E] x n = 0), which imposes
the continuity of the tangential component of the electric field through the interface. In
order to apply the electric potential, the top and bottom faces of the plate are coated
with thin metallic electrodes of negligeable thickness and playing no role mechanically.
Nevertheless, it is assumed that the stresses and displacements are perfectly transmitted
through the electrodes. Therefore, the potential is uniform on the electrode. Since in a
conductor the electric field is zero, the boundary condition on the electric field can be
written as Fy, = F = 0 on the top and bottom faces of the plate. At last, it is worthwhile
noting that electric charges can be imposed on the top and bottom of the plate, in this
situation the boundary conditions on the electric displacement is [D] - n = ¢, which is,
in our case, read as D3(£h/2) = q.

5. The plate equations

The variational formulation presented in Section 2 is used to derive a two-dimensional
model from the fully three-dimensional theory of piezoelectricity. By substituting the
approximation made for the displacement field and electric potential as given in Section
3, it is possible to eliminate the dependency of the field on the thickness coordinate z.
To obtain the equations and boundary conditions for the two-dimensional model, dis-
placement and electric potential approximations (see Eq.(7)) along with the boundary
conditions (10) are substituted into the variational principle (5). The dependency on z
is integrated out by introducing generalized stress and electric charge resultants. The
variational formulation can be written as

to
/ (=6U + 6W, + 6Wa)dt =0 . (1)

t1

In the present study only static processes are investigated so that the kinetic energy is
dropped out. The first term in Eq.(11) is the variation of the internal force work

U = [ (Vs (0Ua) = Mo (90) 1+ W (5 + Que

: (12)
+D& (662) o + D& (03) ., + D065 + DSV 665}dS

In the above variation we have introduced some stress and electric charge or induction
resultants as follows

. +h/2
<Na67Ma67Maﬁ> :/ (1,Z,f(2))0'a5d2! ) (13)
—h/2
. +h/2
Qa:/ f/(Z)O'agdZ ) (14>
—h/2



for o, f € {1,2} and f'(2) = %. In addition, we have

+h/2
(2. D9) = [ (PG).g(:) Dads (15)

—h/2

+h/2
DY, DY) = P'(2),4'(2)) Dsdz 16
(.0%) = [ " Pe)ge) (16

with P'(z) = diiz) and ¢'(z) = dil—(zz). Finally, the last two terms in Eq.(11) denote the
variation of the works of applied forces and electric charges on the plate boundary which
is the sum of the works of the forces and electric charges applied on the top and bottom
faces of the plate and those of the same quantities applied on the lateral boundary of the

plate, namely
oWy = / (fad0Uy — pdw + M 07,) dS (17)
)

SWs = / (FadUa + Tow + Cadye — My (6w) ) dl — Z Z 0w, . (18)
C

In Eq.(17), f, and p are densities of force per unit of area, m, is a surface moment
density. In Eq.(18), F, and T are densities of force per unit of length, My and C, are
lineic moment densities and Z,, are transverse forces applied at angular points of the edge
boundary contour C of the plate. In Eq.(18) (dw), is the derivative of the variation dw
with respect to the normal direction to the bounaary contour. The electric charges on
the top and bottom faces of the plate do not appear explicitly in the virtual works (they

are cancelled out by integrating on the plate thickness).

In order to obtain the Euler-Lagrange equations from the variational formulation, we
use integration by parts if needed and we collect the factors of the arbitrary variations
{6Uq, 0w, 874, 62, 003 }. By assuming that the variational formulation holds for any ar-
bitrary variations, we obtain the following set of equations (for the static case)

Naﬁ,ﬁ + fa =0 )
Ma,@,ab’ —pP= 0 s (19)
Maﬂ,,ﬁ_@a+ma:o )

and
D&~ DY =0
D¢, — DY =0 (20)
The associated boundary conditions on the plate edge C are given by
( F, = Nypng or U, given ,
T = (TaMaﬁnB) s T naMaﬁ,ﬂ or w given ,
§ My = noMaygng or Wy, given , (21)
C, = M,sngs or o given ,
DMn, = 0 (A€{23}) or ¢4  given |




and at the angular points A, of the edge we write [TaMasng — Z,], = 0. In Egs.(21) 7
is the tangent vector to the edge contour C.

The first two equations in Eq.(19) are strictly equivalent to those of the Kirchhoff-Love
model for the classical plate theory [12]. The third equation governs the shearing effects.
Equations (20) are deduced from the electric charge balance law. Moreover, it has been
supposed no electric charge on the lateral edge of the plate contour (no electrode), be-
cause the dielectric constant of the piezoelectric plate is much larger than the dielectric
constant of the outside air. Accordingly the left hand side of Eq.(21)5 is zero.

5. The plate constitutive laws

We consider the constitutive laws for the linear piezoelectricity (see Eqgs.(6)) applied for
an orthotropic symmetry. On using the stress and electric induction resultants defined by
Eqgs.(13-16), we are able to put the constitutive equations for the generalized resultants
in the matrix form

Ny Qu Q12 0 550) €31
No |l =1 0Qn Qn 0 SO+ ey |2V, (22)
NG 0 0 Qﬁﬁ Séo) 0

where we have set Qq = hC}, for (ab) € {(11),(22),(12),(66)} (the Voigt notation is
used for convenience) and C7, are the modified modulus of elasticity due to the zero
normal shear stress hypothesis (o33 negligeable), given by Cf, = CL — CECE /CE. We
have the same for the piezoelectric and dielectric coefficients €}, = e, — €;3C5/C4; and
Xij = Xij + €isej3/ CL. We have also the following matrix form

o s
M, Dy Do 0 din diz 0 R 13 g
M, Dy 0 dia  dao 0 Rsy 139 ?1)
M6 D66 0 O d66 O 0 Sﬁ
Ml B Dy, 1212 0 ]:331 31 SF) (23)
My | Dy 0 Rsp 73 552) ’
Mg (sym.) Dgg 0 0 e
D:(f) Ps3 B 33 0
o ] L Py | | @
| P3|
Q1 Ass 0 Lis 0 Ly 0 7
Q2 Ay 0 Ly 0 Ly Y2
D?) B By 0 By 0 ®2.1 (24)
Dém (sym.) By _0 Boy $2.2 7
Df’) By 0 ®3.1
I D§3) | I Boy 1L ®3.2 |




All the coefficients in Eqs.(23-24) are defined by

" _ (1 2 1 3 v
<Dab7dabaDab> - (ﬁa =) 27r2) h Cab )
A oA _(h 2 4 1) 32
<R3m7“3a,R3a,7"3a> = (g,—p,ﬂ—m—g) hes,
5 D _ 2 4h 1
(P337P33;P33> = <—77ﬂ—27—§> hxss

A h
Aun =5CuN

with a € {1,2}, (MN) € {(44),(55)} and (aN) € {(24),(15)}. In addition, the
strain tensors which have been introduced in Eqs.(23-24) are defined by Sg)ﬁ) = Ula,p),
S (1,5? = —W,p and Sfﬁ) = Y(a,3) and we use the appropriate Voigt notation, next. It should

(0%
be observed from the constitutive laws for the generalized resultants that if an electric
potential is applied on the top and bottom faces of the plate, an elongation or compression

will be produced only (see Eq.(22)).
7. Solution for piezoelectric plates in cylindrical bending

Now, we possess all the necessary ingredients to solve the plate problem. On substituting
the constitutive laws (22)-(24) into the plate equations (19)-(20), we are able to write down
the equations in terms of the unknown fields {Uy, Uy, w, 1, Y2, ¢2, ¢3}. Next, we consider
a surface density of normal load on the top face and electric potential imposed on the top
and bottom surfaces of the plate. The shear traction is zero on the top and bottom faces
(fo = 0). In addition, there is no surface moment density (m, = 0). The simple support
conditions for a rectangular plate of length L are simulated by o11(0, 2) = 011(L, z) = 0,
013(0,2) = o13(L,2) = 0 and u3(0,2) = wus(L,z) = 0 (Fig.1). All stresses, strains,
displacements, electric field and potential do not depend on the y variable and the dis-
placement us plays any role in the problem, it can be dropped out (us = 0, 72 = 0). The
electromechanical load functions can be expressed in the form of Fourier series as follows

(p(x), V(z)) = (Su, Vo) sin Az, (25)
n=1
with
A\ =nm/L, Sp = 4Sy/nm, Vo, =4V /nm . (26)

The loads defined by Eq.(25) represent uniform applied surface density of force Sy and
electric potential Vj. A solution to Eqgs.(19-20) along with the constitutive equations (22)-
(24) which satisfies the boundary conditions of the cylindrical bending of a plate simply
supported takes on the form

(Uy(x),n1(z)) = Z (Uyn, ') cos Ay,
et (27)
(UJ(JZ), ¢2<l’), ¢3(I)> = Z (Wna CI)2,m CI)3,n) sin /\nx

n=1



The Fourier coefficients in the above series are determined by putting the solution (27)
into the plate equations and solving simultaneously a set of linear algebraic equations for
each n. The set of linear algebraic equations takes on the matrix form

-22Q1; 0 0 0 0 Un B}
4 3 2 2 —2Anez;Vn
=2, D11 Apdil —AL Ra1 —ALT31 Wn, Sn
- (Ass + /\iDu) An (R:n - L15) An (f31 —le) Ipn == 0 . (28)
— — 0
(sym.) - (P33 + AiBn) - (P33 + AfLBu) Do n o
- (ﬁ?,s + Ai,ﬁu) ®3,n

The matrix possesses real elements and is symmetric. Now the resolution of the problem
consists of finding the Fourier coefficients by solving Eq.(28) and substituting the result
into the Fourier series (27) to go back to the displacement field and electric potential.
Afterwards, the stresses and the normal component of the electric displacement are also
computed by using the constitutive equations (6) and taking the approximations defined
by Eq.(7) into account.

| L

Fig.1 : Piezoelectric plate on simple supports

Numerical results for the single plate problem

We apply the above results to a single plate made of PZT-4 ceramics, whose the nonzero
material constants are given in Table 1 [20]. The geometry of the plate is L = 0.1 m
and the slenderness ratio is L/h = 10. The resulting displacements, stresses and electric
potential are given in nondimensional unit as follows

(i) for the density of normal force Sy # 0 (Sy = 1000 N/m?), we set

C 1
(U,VV,@) = h_;:) (U17U3,¢/Eo)a (Tij,pz) = S_o (UijaEODl> )

(ii) for a uniform electric potential Vy # 0 (V = 50 volts), we have

(U,W,®) = % (u1,uz, ¢/ Eo),  (Tij, D) = C?TE‘O/O (035, Eo Dy)
For the present numerical illustration we take Fy = 10'° volts/m. Only 30 terms are
retained in series (25) for the applied force density and 50 terms for the applied electric
potential in order to ensure the convergence. The results obtained in the case of a plate
subject to a uniform normal load Sy are presented in Fig.2 in dimensionless variables. The
plate, in this case, undergoes a bending. In Fig.2.a, the displacement U at x = 0 is almost



OlEl 052 C:f:jz CE; Cﬂ €31 €33 €15 X11 X33
(GPa) (C/m?) (nF/m)
P7ZT-4 139. 77.8 115. 74.3 | 25.6 —5.2 15.1 | 12.7 13.06 11.51
Zn0O 209.7 | 210.9 | 121.1 | 105.1 | 42.5 | —0.61 | 1.14 | —0.59 0.074 0.078

Table 1: Independent elastic, piezoelectric and dielectric constants of piezoelectric mate-
rials (transversely isotropic symmetry).

linear through the plate thickness. The flexural displacement W at x = L/2 is given in
Fig.2.b, the straight line corresponds to the plate model, but the discrepancy between the
maximum value of the deflection for the 3D computation and that of the 2D model is less
than 1 %. The most interesting curve is the electric potential at the plate center given
in Fig.2.c, this is the induced electric potential through the piezoelectric coupling by the
elastic deformation. This ascertains the existence of the ¢ term in the electric potential
expansion (7). The stress component 77, at = L/2 is drawn in Fig.2.d. We observe a
pretty good agreement with the results obtained with finite element computations. The
latter have been performed with ABAQUS code using 8-node tetrahedral elements and
3600 elements have been considered.

0,50 0,50
(o]
025 - 025 | °©
(]
(]
£ 0,00 < 0,00 F o
(]
-0,25 | -0,25 °©
(]
(]
-0,50 PR AT N (N TN N TR T TN S T | -0,50 1 | 1 | 1 A 1 | 1 1
-300 -200 -100 0O 100 200 300 -2150  -2100  -2050  -2000  -1950
(a) U (b) W
0,50 0,50
0,25 0,25 |-
< 0,00 < 0,00 [
-0,25 -0,25
_0’50 1 _0’50|I|I|I|I|I|I|I
- 0,5 80 -60 -40 20 0 20 40 60 80
() @ (d) T,

Fig.2 : Force density applied on the top face of a piezoelectric single plate
2D model (full line) and finite element (small circles)

Regarding the case of an applied electric potential, the results are collected together in
Table 2 for the displacement U at x = L, the electric displacement D3 and the stress 15y
at the plate center. Note that, in this simple situation, there is no deflection (W = 0),
an elongational deformation along the x-axis is only produced. In this situation, a thick-
ness deformation is obviously produced for the 3D plate problem due to the piezoelectric
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2D model | Finite element | difference
U —16.2 —16.42 1.4 %
Toy | —1.477 —1.447 2 %
Dy | —23.42 —22.96 2%

Table 2: Single piezoelectric plate, applied electric potential.

constant ez3. The present plate approach does not account for the thickness variation
since the deflection w is constant through the plate thickness. In spite of this limitation,
the thickness variation represents however less than 1 % of the elongation or compression
in the direction of the plate length. The deflection approximation could be improved by
setting uz (x,y, 2) = w (x,y) + h (z) wy (z,y) where h(z) is an appropriate function which
must satisfy some boundary conditions on the top and bottom faces of the plate.

8. Bilayered piezoelectric structure

8.1. General formulation

Here, we are concerned with a plate made of two piezoelectric layers of different thick-
nesses and materials. The main difficulty, in the model, is the interface continuity of cer-
tain mechanical and electrical quantities. In this situation, the present approach combines
an equivalent single-layer theory for the mechanical displacements with a layerwise-type
approzimation for the electric potential. Accordingly, the approximation for the elastic
displacements defined by Eqgs.(7) is still valid while the electric potential is assumed to
be of the form

6Oz, y,2) = oV (@, y) + 20\ (@, y) + Pu(20)8 (2, y) + 9(2)0L (z,y) . (29)

with £ = 1 or 2 corresponding to the lower or upper layer, respectively and where Py(z) =
22 — (hy/2)* and g(2) is still defined by Eq.(8). The potential is defined in the local
coordinates of the layer where 2, is the thickness coordinate with respect to the mid-plane
of the /th layer while z is the thickness coordinate measured from the laminate geometric
mid-plane (see Fig.3).

zZ
A
!
I
N
7=h/2
h, L~ ) "
7, T a=n
0
h, L=~
2= -h/2

Fig.3 : Piezoelectric bilayer plate

The variable change is given by

21 =2+ hy/2 and 29 =2 —hy/2

11



Next, we discuss the continuity conditions. It is clear that the elastic displacements are
continuous at z = z; = % (hy — hy). However, the continuity of the electric potential as
well as the normal component of the electric displacement must be imposed, which can

be written as
A:¢(1) (9579,21)_¢(2) (%CU;ZI)ZO )
B = Dél) (mayazl) - DZ(%Z) (xaya ZI) =0

Moreover, the boundary conditions for the electric potential on the top and bottom faces
of the plate must be satisfied and they are given by

oV (x,y,~h/2) = 0y — By =~V | (31)
O (2,9, +h/2) = 0 + 201 = +V

(30)

Now, the study amount to finding the set of unknown functions {Ul,w,71,¢§£),¢y),
¢§f);€ € {1,2}} subject to the continuity conditions (30). In order to account for the
conditions (30) in the variational formulation we introduce Lagrange multipliers A and p
in the Hamilton principle. Then the virtual works due to the continuity conditions

to
5 / / (O + uB)dSdt | (32)
t1 >

must be added to the formulation (11). The variation of the Lagrange multipliers leads to
the conditions (30), but additional terms containing the Lagrange multipliers appear in
the plate equations. As consequence, the Lagrange multiplers are considered as unknown
functions and a total of 11 unknown quantities should be determined for the bilayer prob-
lem.

8.2 - Numerical results for the piezoelectric bimorph.

An interesting and practical situation can be considered [21]. In this situation, both
piezoelectric layer are made of the identical material and have the same thicknesses, how-
ever, the piezo-active axes are in opposite directions. When an electric potential is then
applied to the bimorph, one layer elongates while the other one shrinks, resulting in a
global bending of the plate. As in the single plate case, the bimorph structure is assumed
to be simply supported. The hypotheses for the single plate hold in the present case. The
same form for the electromechanical loads is considered (see Eq.(25)) and solutions to the
bimorph equations are searched for in the Fourier series (see Eq.(27)).

The numerical results are collected in Fig.4 in dimensionless variables as defined in the
single plate problem. In a first situation, the bimorph structure, composed of PZT-4
material, undergoes an applied force density on the top face with the electric potential
and shear stresses at the top and bottom faces specified to be zero. The elongational
displacement U at = = 0 is shown in Fig.4.a. The flexural displacement W at z = L/2 is
presented in Fig.4.b, as in the single plate case, the straight line corresponds to the plate
model, nevertheless the discrepancy between the maximum values of the deflection, at the
center of the plate, for the plate approximation and the finite element computation for
the 3D model is less than 1 %. Figure 4.c provides the through-thickness distribution of
the induced electric potential at x = L/2, the latter is very close to the 3D computation.
Finally the stress T; also at x = L/2 is plotted in Fig.4.d, exhibiting the usual disconti-
nuity at the interface. A rather good accuracy is observed for the present plate approach
in comparison to the results obtained from the finite element method.
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Fig.4 : Force density applied on the top face of a piezoelectric bimorph
2D model (full line) and finite element (small circles)
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A second series of results are presented in Fig.5 for the case of an applied electric potential
at the top and bottom faces of the bimorph structure. Here, in Fig.5.a we have the
through-thickness distribution of the longitudinal displacement U at x = 0 which is
almost linear including small shear effects. The induced flexural displacement W at the
plate center is displayed in Fig.5.b. The electric potential at x = L/2 is given in Fig.5.c
and the stress component 77; also at * = L/2 is plotted in Fig.5.d. In this situation,
we note a good agreement of the through-thickness distribution with the corresponding
results provided by the finite element computations. In dimensional units, the deflection
displacement produced by an applied electric potential of 100 volts is of the order 0.6 um
at the plate center. Larger deflections can be obtained with higher voltages and larger
slenderness ratios.
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Fig.6 : Force density applied on the top face of a piezoelectric bilayer plate
2D model (full line) and finite element (small circles)

8.8 - Numerical results for the piezoelectric bilayer.

Here, we briefly summerize the results for a plate made of two piezoelectric layers of differ-
ent materials and thicknesses. The lower layer is made of ZnO piezoelectric crystal with
hy = 0.3h while the upper layer consists of PZT-4 piezoelectric material with hy = 0.7h.
Two situations are considered. (i) Applied force density at the top surface of the plate
. the distributions of the elongational displacement at x = 0, deflection displacement,
electric potential and stress component 77 at z = L/2 along the plate thickness are pre-
sented in Fig.6.a, b, ¢ and d, respectively. (ii) Applied electric field at the top and bottom
faces of the plate : the induced elongational displacement at x = 0, electric potential,
stress component 777 and electric displacement component Dy at x = L/2 are drawn in
Fig.7.a, b, ¢ and d, respectively. It is worthwhile noting the rather good accuracy of the
results in comparison to those provided by the finite element computation performed on
the 3D piezoelectric body. An additional comparison can be done to an exact solution for
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laminated piezoelectric plates in cylindrical bending which is merely an extension of the
Pagano’s works for elastic laminates [22] to piezoelectric plates [23].
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Fig.7 : Applied electric potential to a piezoelectric bilayer plate
2D model (full line) and finite element (small circles)

9. Closing remarks.

In this paper, an approximation theory for laminated plates including piezoelectric layers
is presented. The model is based on the combination of an equivalent single-layer approach
for the mechanical displacement with a layerwise-type modelling for the electric potential.
Moreover, the theory accounts for the shearing effects, which play an important role in
the accuracy of the results. The approach thus presented, here, has been tested for two
kinds of electromechanical loads (force density and electric potential) applied on faces of
the laminate. A complete set of coupled equations for the generalized stress resultants
(membrane resultant and moments) and electric inductions is obtained from a variational
formulation accounting for the continuity conditions at the layer interfaces by means of
Lagrange multipliers. The latter procedure is more elegant than the use of the equa-
tions of continuity to reduce the number of unknowns. In order to ascertain the validity
of our piezoelectric plate approach, we have considered some numerics for (i) a single
piezoelectric plate, (ii) a piezoelectric bimorph and (iii) a plate composed of two different
piezoelectric layers for an applied normal force density at the top surface of the plate and
applied electric potential at the top and bottom faces of the laminate. The results indi-
cate that the present model provides some interesting comparisons to the results obtained
from the finite element computations for the full 3D model. The through-thickness distri-
butions for the mechanical and electric quantities are computed with quite good accuracy
(discrepancy less than 2 %). One of the limitations is that the averaged transverse shear
stress over the plate thickness can be only estimated in the framework of the present
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approach. Nevertheless, the model can be improved by introducing a layerwise approach
for the mechanical quantities in order to ascertain the shear stress continuity at the layer
interfaces.

Finally, in view of these first results, we are encouraged to extend the present approach
to the study of vibrations of piezoelectric laminated plates [24]. Some other boundary
conditions can be considered, for instance, applied electric charges on the plate faces or
applied electric potential at the layer interfaces. The case of clamped plates is also an
interesting and practical situation to be examined. Some of these extensions will be in-
vestigated in further works.
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