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MODELLING OF THIN PIEZOELECTRIC LAYERS ON PLATES

K. MAURITSSON, A. BOSTROM, P.D. FOLKOW

ABSTRACT. The derivation of plate equations for a plate consisting of two layers, one
anisotropic elastic and one piezoelectric, is considered. Power series expansions in the
thickness coordinate for the displacement components and the electric potential lead to
recursion relations among the expansion functions. Using these in the boundary and
interface conditions, a set of equations is obtained for some of the lowest-order expansion
functions. This set is reduced to six equations corresponding to the symmetric (in-plane)
and antisymmetric (bending) motions of the elastic layer. These equations are given to
linear (for the symmetric equations) or quadratic (for the antisymmetric equations) order
in the thickness. It is noted that it is, in principle, possible to go to any order, and that it
is believed that the corresponding equations are asymptotically correct. A few numerical
results for guided waves along the plate and a 1D actuator case illustrate the accuracy.

1. INTRODUCTION

The use of piezoelectric patches or layers for applications in ’smart’ structures has been
considered in recent years. In these cases the thickness of the piezoelectric layer is usually
thin (in comparison to relevant wavelengths) as is the structure to which it is attached.
It is therefore natural to develop beam, plate and shell equations for layered structures
including piezoelectric layers. The review articles by Gopinathan et al. [1] and Wang and
Yang [2] give many references to work prior to 2000. In recent years many investigations
concern the derivation of plate and shell equations, but only a few references are given here
3,4, 5,6, 7]

In this paper, the attention is on the derivation of plate equations for a layered plate includ-
ing also piezoelectric layers. This is accomplished by expanding all field quantities in the
layers in power series in the thickness coordinate, to arbitrary order in principle. Insertion
into the equations of motion gives recursion relations among the series coefficients that
can be used to eliminate all but some of the lowest-order coefficients. The boundary and
interface conditions then give a set of equations for these coefficients, where various elimi-
nations and truncations can be performed. All lengthy analytical calculations involved are
performed with Mathematica. This approach has previously been adopted for an isotropic
plate, see Bostrom et al. [8], and for deriving equivalent boundary conditions for a thin
piezoelectric layer, see Johansson and Niklasson [9], Zhang et al. [10], and Bostrém and
Zhang [11].

To be specific, a plate with two layers is chosen according to Fig. 1. The upper piezoelectric
layer has thickness h, and the lower elastic one has thickness h.. The piezoelectric layer
is assumed to be of class 2mm poled in the normal direction and the elastic layer is
orthotropic. This covers many material combinations of practical interest, in particular
polyvinylidene fluoride (PVDF) and piezocheramics (PZT) (of subclass 6mm). It will
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FIGURE 1. The geometry with a two-layered plate and two coordinate systems.

prove convenient to use two vertical axes z and 2z’ as shown in Fig. 1, one with origin in
the middle of the elastic layer and one with origin at the interface. The focus is on deriving
plate equations using series expansions in the thickness direction and thus only an infinite
plate without boundary conditions along any edges of the plate is treated. It is noted that
there are good reasons to believe that the present approach leads to asymptotically correct
equations, in principle to any order [8].

2. BASIC EQUATIONS

In this section the basic equations in a linear piezoelectric material are briefly reviewed.
The material is assumed to be of class 2mm and elastically it is thus orthotropic. As is
common the quasistatic approximation is made and thus no magnetic fields are involved.
It is noted that this approximation makes the theory nonhyperbolic. The notation follows
that of Auld [12|. Thus, standard tensor notation is used. The mechanical fields in the
piezoelectric layer are given an upper index 'p’ to distinguish them from the corresponding
quantities in the elastic layer. The basic equations governing the motion in a piezoelectric
continuum are

T3 = pyliy, (2.1)
D;; = 0. (2.2)

Here T is the stress tensor, u; is the displacement vector, D; is the electric displacement
vector, and p, is the density. The constitutive equations in a linear piezoelectric material
are

TI; = kijle]Sl — ekijEk, (23)

1,

D; = e Sy, + € Ek, (2.4)

where Sfj is the strain tensor, E; is the electric field vector, k;;x; is the elastic stiffness tensor,
€;; 1s the dielectric tensor, and e;j; is the piezoelectric coupling tensor. The nonstandard
notation for the stiffness tensor is used to avoid an awkward upper index 'p’ in the lengthy
expression that will later involve the stiffness constants. The standard notation c;;x; is used
for the stiffness tensor in the elastic layer.

The strain is given in terms of the displacement
1

SZP]- = §(uf] + u?z) (2.5)
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In the quasistatic approximation the electric field is given by the gradient of the electric
potential

Ei=—-2;. (2.6)
Equations (2.1)—(2.6) can of course be combined to obtain the governing equations for the
displacement u} and the electric potential ®
kijklui,li + erij P i = ppu.?u (2.7)
eirty, ; — €ik® pi = 0. (2.8)

Here it is clearly seen that the piezoelectric coupling tensor e;j;, gives the coupling between
the mechanical and electric fields.

As the piezoelectric layer is of class 2mm it is orthotropic with nine independent stiffness
constants (using abbreviated subscripts, see Auld [12])

kin ki ks 0 0

kig koa kes 0 0

| kiz kos kss O O
(kry) = 0 0 0 kyu O
0 0 0 0 kss O

0 0 0 0 0 ke

There are five independent piezoelectric coupling constants

0 0 0 0 ey O
(eiJ) = 0 0 0 €ya 0 0 s (210)
€21 €z2 €33 0 0 0

OO OO

and three independent dielectric constants

€z 0 0
(Q’j) = 0 Eyy 0 . (211)
0 0 e,

Note that the ordinary vector indices are denoted ¢ = x, y, 2z, whereas the abbreviated
indices are I =1, 2, 3, 4, 5, 6.

The governing equations in the elastic layer can be obtained as a special case of the above
with the piezoelectric coupling tensor put to zero and no electric fields present. As noted
above the stiffness tensor in the elastic layer is denoted c;;,; and the density is pe.

3. SERIES EXPANSIONS

To derive plate equations for the layered plate the displacement components and the electric
potential are now expanded in series in the thickness coordinate. This easily gives recursion
relations among the expansion coefficients so that all but those two of lowest order can
be eliminated. Insertion into the boundary and interface conditions then gives a set of
equations for the remaining expansion coefficients. These can be further processed in
different ways.

When performing the series expansions the origin for the expansions can be put at different
points and various choices have their merits. Putting the origin at the interface between
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the two layers leads to great simplifications in the interface conditions. For the present
case with a piezoelectric layer on top of an elastic one, it will often be the case that the
piezoelectric layer is in the form of a smaller patch that only covers a part of an elastic
plate, and outside the piezoelectric patch it is then natural to use a plate equation with
the origin in the middle (in the thickness direction). It is also better to put the origin
in the middle because this leads to an approximate decoupling into symmetric (in-plane)
and antisymmetric (bending) motion and, furthermore, a plate equation gives a better
approximation with the origin in the middle. For these reasons the origin for the elastic
layer is chosen in the middle of the layer, see Fig. 1 for the coordinate systems. The origin
for the piezoelectric layer is chosen at the interface because this leads to great simplifications
in the interface conditions. In the piezoelectric layer the expansions are thus

W,y 2 ) =Y uf(z,y, 1)), (3.1)
5=0

o0

vP(z,y, 2 t) = Zv?(:c,y,t)(z')j, (3.2)

wP(z,y, 2 t) = Zw?(:c,y,t)(z')j, (3.3)

J=0

o0

O(x,y,21) = Z ®;(x,y,t)(<), (3.4)

where the 2’ axis is thus chosen so that 2 = 0 at the interface. To avoid double indices, a
change in notation is made to uP, vP, wP, for the three displacement components. In the
elastic layer the displacement components are similarly expanded with expansion functions
uj, vj, w;, but as stressed above the origin for these expansions are chosen in the middle
of the elastic layer at z = 0.

The power series expansions Eqgs. (3.1)—(3.4) are now inserted into the governing equations
(2.7) and (2.8) and as the resulting equations are valid for all 2’ the coefficients of each
power in the series can be put equal to zero individually. It is then straightforward to
obtain the following recursion relations among the coefficients:

1

U§+2 = (j i 1)(] T 2)]{355 [ppan§) — l{:n@iuf — k‘gﬁﬁguf — klgﬁﬁxﬁyv;’
— (J + DkizsOowj g — (7 4 1)e510, P44, (3.5)
1 2 2 2
U;-)+2 = (] T 1)(] T 2)]{344 [ppﬁt U;-) — k’ggayvé-) — k668wv}° — k‘1260xayU?
= (J + Dk2sadywi, ) — (J + 1)ea20, ®ji4], (3.6)
P, = . OFw? — hss02w? — hasOw?
R T B
- (j + 1)h1358xu§+1 - (j + 1)h234ay7)§+1 - f533§@j - f438§q)j]7 (3-7)
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1
(+1)( +2)hss
-+ 1)91358901411 —(j+ 1)92348347)?“ - h358§q)j - h348§(1)j]7 (3.8)

p
J

_ 2, P 2 2, D
DPjpo = [e230p0; w; — gs30,w; — gaz0,w;

where the new material constants that are introduced are combinations of the original
ones, see below. The last two equations are obtained as the solution of a system of two
equations. It is noted that Eqs. (3.5)-(3.8) can be used to express all the u}, v}, w}, @,
for j =2, 3,..., in terms of the eight lowest order ones for j = 0, 1. The new constants in
Egs. (3.5)—(3.8) are

k126 = k12 + kes, ki35 = kiz + kss, oz = koz + kua,

€51 = €35 + €1, €12 = €yq T €32,

hss = ksse., + 623, has = kue.. + eyae.s, hss = ksse.. + €z5€.3,

hss = ksz€yy + eya€.3, hss = ksz€zs + €25€23,

higs = Kizs€.. + es1€.3,  hogs = kogae.. + egne.3, (3.9)
f43 = €ya€zz — €23€yy, f53 = €x5€z2 — €23€sn,

gaz = kupe.3 — k336y47 gs3 = ksse.3 — kszegs,

9135 = Ki13s5€.3 — kszest, G23a = kasae.3 — kszeqn.

The notation partly reflects the nature of the constants; thus all constants with the same
letter but different indices have the same dimension and the indices more or less reflect the
indices of the underlying material constants.

For the elastic layer the series expansions and recursion relations are of course very similar;
it is just to drop ® and put all piezoelectric coupling constants equal to zero.

To continue, the boundary and interface conditions must now be applied. At the free
surface of the elastic layer at z = —h,/2 the stress vector vanishes. Inserting the series
expansions this gives

WE

T = ) lewwdsuy + candyvj + ( + Deagwy] (—he/2)’ =0, (3.10)
7=0

T =" csslli + g + O] (—he/2) =0, (3.11)
j=0

Tye = > cul(+ Dvjer + 0wy] (—he/2) =0, (3.12)

<
Il
o

where for better clarity the derivatives are denoted d, and 0, instead of with a comma.

Ab



The stress free boundary condition at the top of the piezoelectric layer at 2’ = h,, similarly
gives

TZI,JZ = Z [kl?,axU? + ]6'2381112;»J + (] + 1)]{?33’LU§»)+1 —l— (] —l— 1)6Z3(I)j+1] hf) = 0, (313)
j=0

T:(I:Jz = Z [(] + 1)]{5551,6?_1_1 + k55amw§') + €x5amq)j] h{) = 0, (314)
j=0

T;z = [(] + 1)]{?441);-)_,’_1 + k448yw;° + ey48y<1>j] hg) = 0. (315)

Il
=)

J

The interface conditions involve the continuity of displacement and stress. The displace-
ment condition at the interface (z = ho/2, 2/ = 0) gives

uf =D us (he/2), (3.16)

o

o = v (he/2), (3.17)

wp = ij (he/2)7, (3.18)

and the stress condition gives (for the z, z and y components, respectively)

k’lgaxug + k‘ggayvg + k’gg’w% + 623(131

= [clgﬁxuj + czgﬁyv]— + (] + 1)033’w]’+1] (he/Q)j, (319)
j=0
k55u1f + k558xw8 + 6965896(1)0 = Z C55[(j + 1)Uj+1 + Oxw]] (he/Q)j, (320)
j=0
]{344'11{) + k:448yw§ + ey48y(1>0 = Z C44[(j + 1)'[1j+1 + 8ywj] (he/Q)j. (3.21)
j=0

There remains to specify the electric boundary conditions. These depend on whether the
piezoelectric layer is used as an actuator or sensor. For the actuator case the electric
potential is specified at the electrodes at the bottom and top of the layer

Dy = Vp, (3.22)
> @) = Vi (3.23)
j=0

Here the applied potential V; at the interface and V; at the top of the piezoelectric layer may
be functions of time but not of the space coordinates. If the electrodes are short-circuited

Vo=V
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4. PLATE EQUATIONS

As noted above the recursion relations can be used to eliminate all expansion functions with
index j = 2,3,.... In this way Egs. (3.10)-(3.23) constitute 14 differential equations in 14
unknown functions, namely those with index j = 0 and j = 1 in the two layers (including
the electric potential in the piezoelectric layer). Due to the location of the origin for the
expansion in the piezoelectric layer, Egs. (3.16)—(3.22) can easily be solved for uf, uf, v{,
vy, wy, wy, and ®¢. There then remain seven equations in the displacement functions in the
elastic layer ug, uq, v, v1, wg and w; and the electric potential expansion function ®;. It
is noted that the manipulations leading to these seven equations only involve substitutions
that can, in principle, be carried out to any order. Thus, no truncations or approximations
have been performed so far.

In the seven equations it is very natural to eliminate ®; as this is the only expansion
function referring to the piezoelectric layer. It should, however, be noted that a reduction to
six or less equations has the drawback that it is no longer simple to obtain the displacement
and other fields in the piezoelectric layer. In many cases these fields are of no direct interest,
so a reduction to six equations are performed here (but an exception is made below when
the fields in the piezoelectric layer are computed for guided waves).

There then remain six equations and there are of course ways to reduce the number of
equations further, but this results in extremely lengthy equations, so only a reduction
to six equations is performed here. By using the recursion relations all the expansion
functions can then be obtained and thus also the stresses, but this is not possible in a
straightforward way if fewer equations are employed. Furthermore, it resembles common
practice for higher-order equations when no mirror symmetry is present in the plate and
thus no division into symmetric and antisymmetric parts is possible. However, if the
piezoelectric layer is thin compared to the elastic one, an approximate division into these
two parts is possible. When ®; is eliminated with the help of Eq. (3.23) the remaining
six equations are added and subtracted pairwise to obtain equations that decouple into
symmetric and antisymmetric groups in the limit when the thickness of the piezoelectric
layer vanishes.

When all these lengthy manipulations have been performed the three equations correspond-
ing to the symmetric (in the limit of vanishing piezoelectric layer) part become

—p0Fug + CesOiuug + (C11 + ami3cis)Orug
+(Cr26 + Y13¢535) 020y v0 + (13 + y13€33) Oy
+%C¥he[%5(—0pat2ul + k‘665§U1) + (Jssk113 — (1 + @) y13¢55)2uq
+(Jaa(k126 — Y13k23) — (1 + @) V13€44) 05,0y 11
+(7130 — ory§5pp)8z8t2w0 + (k13735 — (1 4+ @)nsess)dhwo
+(ayiy (kr2s — 13ka3) + aviskes — (14 a)y13¢44) 020, wo] = 0, (4.1)
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—pd}vg + Ces 000 + (Caz + y23chs) ovg
+(C126 + aY23¢55) 0x0yug + (23 + ayascss) 0ywy
+50he[Jaa(—pp0fv1 + keedov1) + (Jaakazs — (1 + ) 723€14) 001
+ (Y55 (k126 — Ya3k13) — (1 + @) Y23¢55) 0x0yus
+(7230 — iy pp) 0y 07 wo + (atkizazyyy — (14 @)yascaa) D wo
+(ayEs(k12s — Ya3ki3) + aviykes — (1 + @)yascss)020,wo] = 0, (4.2)

h 2 2
Cl3amU0 + ngﬁyvo —+ C33W1q + %[ppﬁt Wy — 055896’(1]0

2 _ aheezzpp 92
—0440yw0 - 0558xu1 — C448y1)1] = W 0t AV. (43)

Here only terms linear in h, are retained. AV = V; — Vj is the applied electric potential
difference across the piezoelectric layer. The constant o = h,/h, measures the relative
thickness of the piezoelectric layer compared to the elastic one. Some new constants are
introduced and as the expressions become rather lengthy these are defined in Appendix A.
It is worth mentioning that an overbar essentially indicates a mean through the whole plate
of the corresponding density or stiffness. A star indicates a difference and the constants ~y
with indices denote dimensionless stiffnesses.

Equation (4.3) is a modified plane stress condition which contains also a source term from
the applied voltage. For a thin piezoelectric layer (small «) this term is expected to be
small. The other two equations are essentially describing the 2D in-plane motion modified
with the linear terms in A, to account for the coupling to the bending motion.

The three equations corresponding to the antisymmetric (in the limit of vanishing piezo-
electric layer) part are

055(U1 + 89011)0) + agc [ppafuo — ]{36685’&0 — (1{311 + ’)/130’1(3)821“]
2
— (k126 + 713¢53) 0 0yv0 — M13C330,w1] + %[Alozaxafwo + A1208:v8§w0
+A3008;Z’w0 + Aoogagul + Agooaﬁul + A0208§U1 + Anoﬁxayvl] = 0, (44)

644(1)1 + 0yw0) + agc [ppafvo — k668£'UO — (k’gg + 723053)85’110

2
— (K126 + Y23€13) 020y U — Y23€330,w1] + h—ge[B()lzayafwo + By10020,wo
‘l‘Bngag’wo + Boogatz’lll + Bgoo@ivl + 30208;1)1 + Blloﬁxﬁyul] = 0, (45)

—p02wo + (1 + a)[es50%w + 0448511)0 + ¢550,U1 + €440,01]
+2e [~ poAss0fwy — (13 + ayisess) 02wy — (o3 + ya3¢33) Oty
+(P — avf3pp) 0207 g — (Cra + 2Ces + y23¢T3) u 0o — (T11 + a13cis) Daug
+(P — a33p)0, 0700 — (Crz + 286 + aY13C33) 050,09 — (Caz + Ay23¢53) 0, vy
— 1 [Conadwo + Caga0282wy + Coaad202wo + Cagodwy + Coad vy
+0220(9§8§w0 + Cl020,0%uy + C’lgoax@jul + C30002u1 + Co120,02v;

+Chrg020,01 + Coagdivy| = — 2200 AV — Checceestn iy, (4.6)

24k33hs33
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Here terms quadratic in h. are retained. The lengthy expressions for the constants A,
Binp, and Ciy,y,y, are given in Appendix A. The indices on these constants correspond to
the order of the derivatives in z, y, and ¢, respectively.

These antisymmetric equations describe essentially bending motion of the plate and it is
therefore necessary to include quadratic terms in h, to account for the bending stiffness
of the plate. The linear terms in h, account for the coupling to the in-plane equations.
Below in the numerical results it is shown that these coupling terms are usually of minor
importance.

A few words about the orders of h. used in the derivations are appropriate here. To obtain
second order as given here, it is necessary to include six terms in the original expansions of
displacements and electric potential, i.e. to terms O(h3). This gives stresses to order O(h?).
When eliminating from seven to six equations one cancelation gives that these equations are
of order O(h2), but when these six equations are added and subtracted pairwise there is an
additional cancelation so that the final equations are of order O(h?). The way the equations
are derived and earlier findings [8] strongly suggest that the equations are asymptotically
correct.

Finally, it should be pointed out that there are problems with performing eliminations
in the system of differential equations. If Gaussian elimination is used in the elimination
procedure, new solutions are introduced when eliminating in more than one step, due
to multiplication with differential operators. A more systematic method which does not
introduce new solutions and performs the elimination in just one step can instead be
devised. However, if this method is used repeatedly, new solutions are still introduced.
This implies that if fewer than six equations are asked for, the original system of seven
equations should be used as the starting point, and not the six equations obtained after
one elimination. It must also be noted that the dispersion relation obtained from the six
equations and truncated to order O(h?) is different from the dispersion relation obtained
from the seven equations and truncated to order O(h?), although the system of six and
seven equations are both of order O(h?).

5. NUMERICAL RESULTS

In this section numerical examples are given for guided waves along the plate and for a
simple 1D actuator case. The plate equations of the previous section are compared with the
exact solution with the main goal of investigating the accuracy of the plate equations.

The piezoelectric layer is taken to be PZT-2 (Lead Zirconate Titanate), which is of class
6mm, and the elastic layer is isotropic steel with density p, = 7870 kg/m?, Young’s modulus
E = 210 GPa, and Poisson’s ratio v = 0.3. PZT-2 is transversely isotropic with material
constants (Auld [12]) p, = 7600kg/m®, k13 = kos = 135GPa, kyjp = 67.0GPa, ki3 =
k‘gg = 68.1 GP&, k’gg = 113 GP&, k’44 = k‘55 = 22.2 GP&, €z5 = Cya = 9.8 C/mz, €1 =
e = —1.9C/m? e,;3 = 9.0 C/m?, €, = €, = 504ey, and €,, = 260¢y. Here ¢y =
8.854 - 10712 C/Vm is the dielectric permittivity of free space. For a transversely isotropic
material k66 = %(]{711 — ]{312).
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Only time harmonic conditions are considered with the time factor e™“*. The dimensionless

variable 0 = why/pe/cs5 is used to measure the frequency. Here h = h, + h, is the total
thickness of the plate.

Consider first the free propagating modes in the plate. The piezoelectric layer is taken to
be short-circuited AV = 0. This means that the piezoelectric effect has a rather small
influence, at least at low frequencies. As PZT-2 is transversely isotropic the direction of
propagation in the zy plane is immaterial. The wave number in the direction of propagation
is k. The dispersion relation is plotted as frequency €2 versus dimensionless wave number
kh. The results of the plate equations (given by full-drawn lines in the figures) are compared
with the exact solution (given by dashed lines).

Figure 2 shows the dispersion curves when the piezoelectric layer is one fourth of the total
thickness (v = 1/3). Three pairs of curves are seen. The almost straight line from the

kh

05 1 15 2
FIGURE 2. Dispersion curves for a thin piezoelectric layer (oo = 1/3), com-
paring plate equation (full-drawn) and exact (dashed) solutions.

Q
4 _

kh

0.5 1 15 2
FIGURE 3. Dispersion curves for a thin piezoelectric layer (o = 1/3) with

neglected coupling between in-plane and bending motions, comparing plate
equation (full-drawn) and exact (dashed) solutions.
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origin is the first (almost) in-plane mode which is dispersion-free at low frequencies. The
other two curves are (almost) bending modes, with the first one behaving as a parabola
at low frequencies. The second bending mode and its cut-off are not very accurately

predicted by the plate equations, but the two lowest modes are very well approximated at
low frequencies.

Figure 3 shows the same dispersion curves but with all coupling between the in-plane and
bending motions neglected, i.e. with the terms linear i h, in Eqs. (4.1)—(4.6) suppressed.
Although it is seen that the solution is not as accurate, the difference between Figs. 2 and
3 is very minor at low frequencies and this shows that the coupling between the in-plane
and bending motion is small.

Figures 4 and 5 are similar to Figs. 2 and 3 but with a piezoelectric layer that has the
same thickness as the steel (« = 1). The results are almost as good as previously, although
the decoupling approximation is somewhat less accurate than in the previous case. It is

Q
4+

‘ ‘ ‘ ~ kh
0.5 1 15 2

FIGURE 4. Dispersion curves for a thick piezoelectric layer (o« = 1), com-
paring plate equation (full-drawn) and exact (dashed) solutions.

Q

25 -7
15¢ =

05+ ==

‘ ‘ ‘ ~ kh
0.5 1 15 2
FIGURE 5. Dispersion curves for a thick piezoelectric layer (o = 1) with

neglected coupling between in-plane and bending motions, comparing plate
equation (full-drawn) and exact (dashed) solutions.
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seen that great errors are obtained in Fig. 4 as kh is around 2. The first (approximate)
bending wave has a complex branch on its dispersion curve when kh is a little greater than
2, and for the second bending wave this happens already for kh a little less than 2, but this
curve is not a very good approximation anyway. Another point worth noting is that one
of the bending curves is crossing the in-plane curve in Fig. 5; this is of course a behaviour
that is not allowed if coupling is taken into account.

To further investigate the accuracy of the plate equations, also the displacement compo-
nents and the electric potential in the modes are plotted. It must then be noted that it
is straightforward to obtain the displacement components in the elastic layer from the six
plate equations of the previous section, but the displacement components and the electric
potential in the piezoelectric layer is not easily obtained from the solution of these six equa-
tions, the problem being that there is no direct way to calculate the expansion function
®,. This problem can be circumvented by using the seven equations to calculate the fields

U
1.04 8
1.03
1.02
1.01
02 04 06 08 1 #/h

FIGURE 6. The horizontal displacement component U through the thickness
of the plate for the first in-plane mode for a thick piezoelectric layer (o = 1)
and the frequency €2 = 0.5, comparing plate equation (full-drawn) and exact
(dashed) solutions.

0.05
0.025

~0.025 0.2

-0.05
-0.075
-0.1
-0.125

FIGURE 7. The vertical displacement component W through the thickness
of the plate for the first in-plane mode for a thick piezoelectric layer (o = 1)
and the frequency Q = 0.5, comparing plate equation (full-drawn) and exact
(dashed) solutions.
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0.003
0.002
0.001
< 7 Z/h
02 04 ‘06 08 -1
~0.001 R

FIGURE 8. The electric potential ¢ through the thickness of the plate for the
first in-plane mode for a thick piezoelectric layer (o« = 1) and the frequency
2 = 0.5, comparing plate equation (full-drawn) and exact (dashed) solutions.

in the piezoelectric layer as described in the previous section and this is thus done here.
However, the displacement components in the elastic layer are still computed from the six
equations. The reason for this is that the six equations are probably the most useful ones
and therefore the accuracy of these are of most interest. The difference between using six
or seven equations in the elastic layer is very minor though.

Only the case o = 1 is considered, i.e. the piezoelectric and elastic layers are of equal
thickness. The frequency is chosen to be {2 = 0.5 and it can not be much higher for
the existence of the first approximate bending mode, corresponding to the wave number
kh = 1.307 at this frequency, see Fig. 4. For the plots a z axis is chosen so that z = 0
corresponds to the lower surface and z = h to the upper. The first in-plane and bending
modes are plotted; the in-plane one is normalized so that the horizontal displacement
U =1 in the middle of the elastic layer at z/h = 0.25 and the bending one is normalized so
that the vertical displacement W = 1 in the middle of the elastic layer. The dimensionless
electric potential is defined as ¢ = P €.,/ (heys).

Figures 6-8 show U, W, and ¢ for the in-plane mode. For the displacement components
it is seen that the approximate and exact solutions agree very well. As expected the
displacement is continuous but its derivative is discontinuous at the interface between the
piezoelectric and elastic layer at z/h = 0.5. For the electric potential the approximate and
exact solutions do not agree at all and it is also seen that the approximate solution does
not fulfill the boundary condition ¢ = 0 at the upper surface. As is seen from the scale,
however, the electric potential in this mode is very small so the error is still small, although
it is a little puzzling that not even the sign is correct.

Figures 9-11 similarly show the displacements and electric potential for the first bending
mode. Here the discrepancies between the exact and approximate solutions are a little
larger. But the scales should be observed; the errors relative the maximum are only a
few percent for the displacements. For this mode the potential is much larger (about a
factor 50) than for the in-plane mode, but both the absolute and relative errors between
the exact and approximate solutions are fairly large. It is also noted that displacements
are discontinuous at the interface for this case although the jumps are quite small.
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FIGURE 9. The horizontal displacement component U through the thickness
of the plate for the first bending mode for a thick piezoelectric layer (o = 1)
and the frequency Q = 0.5, comparing plate equation (full-drawn) and exact
(dashed) solutions.
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FIGURE 10. The vertical displacement component W through the thickness
of the plate for the first bending mode for a thick piezoelectric layer (o = 1)
and the frequency Q = 0.5, comparing plate equation (full-drawn) and exact
(dashed) solutions.

As a final example, a simple actuator example is considered. As both layers are infinite this
becomes a 1D problem with a given jump in potential (with a fixed frequency as above)
leading to a vertical displacement. At zero frequency the exact solution for the amplitude
in the middle of the elastic layer is

_appesAV
2ks3(pe + apy)

Woo (5.1)

This is also the solution that is obtained at zero frequency (or zero plate thickness) from
Egs. (4.3) and (4.6), again showing the asymptotic correctness of the plate equations.
Keeping all orders in the thickness in Eqgs. (4.3) and (4.6) leads to the result in Fig.
12, where the displacement is plotted as a function of frequency. The displacement is
normalized with the value at zero frequency as given by Eq. (5.1). The elastic and
piezoelectric layers are of the same thickness, i.e. o = 1. The exact solution is plotted
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FIGURE 11. The electric potential ¢ through the thickness of the plate for
the first bending mode for a thick piezoelectric layer («« = 1) and the fre-
quency 2 = 0.5, comparing plate equation (full-drawn) and exact (dashed)
solutions.
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FIGURE 12. The normalized vertical displacement as a function of frequency
for a 1D actuator case.

with a dashed line and the approximate one with a full-drawn line. It is seen that the
agreement is very good, in fact better than for the dispersion relations.

6. CONCLUDING REMARKS

The derivation of plate equations for a two-layered plate with one elastic and one piezo-
electric layer is considered. The equations become very complicated, but there are good
reasons to believe that they are asymptotically correct. For sensor and actuator applica-
tions it may very well be possible to simplify the equations considerably, e.g. by dropping
terms that contribute bending rigidity due to the piezoelectric layer. If the piezoelectric
layer is thin compared to the elastic one it should be a good approximation to drop all
terms quadratic or higher in a.

Only an infinite plate is considered here, but there are of course good reasons to go further
and investigate finite piezoelectric patches on a larger plate. This can be done either
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by using the present equations or by using equivalent boundary conditions [9, 11| and
comparing with exact calculations for simple cases.

The present approach is of course also applicable to purely elastic, layered plates, and
for this case the problems with the expansion function of electric potential ®; do not
arise. Instead it should be possible to recursively eliminate the expansion functions for one
layer at a time, starting at the two surfaces and ending with six equations for the middle
layer. For a symmetric plate this could be done for the symmetric and antisymmetric parts
separately.
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APPENDIX A

This Appendix lists all the constants introduced in the plate equations in Section 4. The
notation partly reflects the nature of the constants; thus all constants with the same letter
but different indices have the same dimension and the indices more or less reflect the
indices of the underlying material constants. In the elastic layer the first three constants
introduced for the piezoelectric layer in Eq. (3.9) have a counterpart:

C126 = C12 1 Cge6,
€135 = C13 + Css,

C234 = C23 + Caa4.

In the symmetric plate equations (4.1)—(4.3) some further constants are introduced. Es-
sentially the mean through the thickness enters in some places and they are defined as
follows

P = pet app,
Eij = Cij + Oé]{?ij,
Cijk = Cijk + ki
Also the difference is sometimes used
*
Cij = Cij — klﬂ

Two new stiffnesses are introduced

k113 = kll - k%g/k337
k223 = k22 - k;g/kiﬁa
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and some dimensionless constants (no summation convention)
Vi = kij[Kij,
Vi = ¢l ks,
Vi = (kij + aci) [ kjj,
Bij = cij/cijs
Kii = Cii/ Kii-
Here the last two definitions are needed below.

In the antisymmetric plate equations (4.4)—(4.6) the coeflicients in front of the terms qua-
dratic in h, are given by quite lengthy expressions

2042Pp

h33

2055

[hss — hizs — €s1€.3 + €25(713 + —— )],
3kss

A = —Bi3pe — 2a(V13pe — V550p) +

* 2&2 *
Ajgg = — [igcas + 2] Vigki26 + Viskes) — Y13Caa] + h—[—k55(744h234 + hag)
33

+ hags (ks + Vigkosa) — G135 (Via€o2 + Kaaeya) + (Gasz + Visg234) (€51 — Y13€23)]

40c
> [k44(h34 - 943€z3/k‘33) + 9234(—642 + €z3]€234/k?33)],
3kyahss
. 4o
Aspo = Biscss + 2a[713055 - a755k11] + %[Css(hss - 9536z3/k33)
20/
+ K55 135 (€23k135/ ks — es1)] + h—[]f55(h135 — hss)
33

+ Vi k13hiss + gss(es1 — Y13€z3) — 9135( 713755623 + €15,

4o’ csse?
A002 = ﬁ + O{pp(l + 20(%55) + M,
3kzshss
20% K55
Asgo = — 11 + Prsciss + 2afy13(kis + ¢s5) — ki + 3 (k13hiss — Y139135€23)
33
40’c
® [h35 &(1{5135623 - k33€z1> - 953623/7€33] - 20&25557f11,
3hss3 k3skss
40(2055}1,34 40(2055

A0 = —Co6 — 20955k66 + [9234(k2346z3 - k336’42) - k‘449436z3],

3h33 3]{733]{744}7'33
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Aj1o = — c126 + P13Ca3a — 20Yaak 196 — 200713(Cag + Ka3z)

20&21‘{,44
A [k?234h135 — ksshass — gizsean + 9234(651 - 713623)]7
33
202 2¢
Boia = —fa3pe — 2a(Ya3pe — aViupp) + e [haa — hoga — ex0e23 + €25(Ya3 + =70)],
h33 3]{533
* * 20{2 *
Ba1og = — Pascss + 2afa(viskias + Yaskes) — Y23Cs5) + h—[—k44(755h135 + hss)
33
+ hoga(kss + Visk1ss) — Gasa(Vas€z1 + Kss€as) + (953 + Vi509135) (€42 — Y23€23)]
40’c
+ 4 (k55 (hss — gssexs/kss) + giss(—es1 + e.3ki35/kss)],
3ksshss
) 4a?
Byzp = 523044 + 204[723044 - 04744@2] + 3T[C44(h34 - 943€z3/ k33)
33
202
+ KaaGoza(€zskaza/kss — €qa)] + h—[k‘44(h234 — hay)
33

+ Viskashosa + Gaz(€s2 — Y23€23) — Gaza(V23Via€23 + €4a)],

2 2
datcyieispp

Booa = p+ apy(1 + 2akyy) + ;
002 p( 44) Seashas

20%K
Bogo = — o2 + [a3Cass + 2a[ye3(kos + ca4) — koo] + 4 (kashasa — Y239234€23)
33
4a’c g
+ s [hsa + 2 (kosae.3 — ksgeso) — gage.s/kss| — 202K 44k,
3hss ksgkaa
40&2044}1,35 40(2044

Bogy = —ce6 — 200aakies + [9135(7f135€z3 - k33€51) - k55953€z3]7

3h33 3k33k55 h33

Bi1o = — c126 + Pascizs — 20¥s5k126 — 2ay23(Cs5 + kas)

20% K55
h [k135h234 — kashizs — gazaesi + 9135(642 - 7236’z3)],
33
Pe a2pp 2
Cooa = 5 [pe + 3apy(1 + 2aks3)] + [20ks3€z2pp + €23(2pe — app)],
2c33 3333
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1
Cooz = 5 —[e13pe(l + 3a) = css(pe + 3apy)]
C33

— 2043%55% + 042[3713% + pp(200 — 35/ kss)]
2
(07 _
+ —[2p(hss + gi35€51/ks5) — €x30p(3(g135/ k33 + Y13€23)

hs3
K €,
+ B (—3agiss + 2ksse.5(1 + @))) — 95323 (2pe — app)
k33 ]{533
2k €.3p
+ IBNIOAP O‘/Jp(2’<055h135 + 4(h55 - h135) - 3€z1€z3)],
k33kss

1
Cozz = 2—[023po(1 + 3a) — caa(pe + 3apy)]
C33

— 20°K44pp + &7 [3723pe + pp (200 — 3caa /K33
2
o
+ —[2p(h3a + gosa€an/kaa) — €x3pp(3(gasa/kss + Y23€23)

h'33
I8 Baga + kel + ) — 22 2p, — ap,)
33 33
2k 230
+ M — app(2K44h234 + 4(h44 - h234) - 3ez2ez3)]>
k33k44

20&2 (1 + Oé>C55h35
h33

1
Caop = — 5513055(1 + 3a) — 042(3713055 — 20735 k11) —

3

o
+ h—[2k55h55 + 2h35(k13 — ks5) + 953(3713€23 — 3€21 — 2€45)
33

2
Q" K55€23

[2(1 4 )ks5953 + g135(3cvkys
Fsshss

+ g135(2€45 + €1 — 3713€23)] +

ks
(0135 (2(1 + a)es; — avez1) — 2aky3hass),
3

- 2(1 + Oé)k‘lgg,)] +

20&2 (1 + Oé)C44h34
h33

1 *
Coap = — 5523044(1 + 3a) — a®(3y93cas — 20y kn2) —

3

«
+ h—[2k44h44 + 2ho34 (ks — kaa) + 9a3(3723€23 — 3ez2 — 2e44)
33

2
" K44€23

——[2(1 + @) kaagas + goza(3akos
ksshss

+ g234(2eys + €20 — 3y23€23)] +

2

"R
— 2(1 + Oé)]{?234)] + h M
33

[g234(2(1 + a)eqs — avenn) — 2akashozal,
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C’220 =

C’120 =

C’300 =

COl2 =

_ %(1 + 3a)(B13¢44 + Pa3css)

+ 20° (k12 + 2kes) (Kaa + s — 2) — 30 (V13Caa + Y23C55)
a?(1+ )
k33h33
2C449135

Kss
ol
+ h—[/i44(]€33€42€z1 + kosae.3(3713€23 — €21) — kis(ez3ea2 + 2kas4€.2))
33
+ K5 (kssesiesa + Kisses3(3723€23 — €22) — Kas(ezses + 2k13s5€22))

+ 2(e.3(kaszern + kizesn) — kszesienn — 37131623623 + 2k13kas€.. )],

2e.3(caag53 + C55943) — 2kss(caahss + cs5haq)

2¢550234

+
k44

(k‘33€51 - k135€z3) + (k‘33€42 - k‘234€z3)]

¢ 1
- 2;35 (pe + 3apy) — 20°Ksspy — 30y (1 + Y13 + 55/ kaz) — §pe(1 + 3a)
33
@’k
+ S5 ((3guasens — kaghias) — 2(1 + @)kssey),

k33 h33

1
5(1 + 30&)(012 + 2066 — 5230135) + 042(2041%55 + 3)(]{712 + 2]{366)

2

o
— 3042723(055 + ki3) + h—[am55(2k44h135 — 2k135h934 + 2g234€51
33
— 20135€y4 — 3G135€:2 + 37239135€23) + 2(1 + ) cs5(—hss + gasens/kss
+ kg224 (ksses2 — kazae.3))],
33K44

1
5(1 + 3a)(e11 — Bizcizs) + o?[2aksskin — 3(vis(css — kiz) — k)]

2
Q~Kpp €23

hs3 k3
+ 2aki3hiss + giss (e — 2e51 (1 + )],

[2]€55h35(1 + Oé) + (—2g53]€55(1 + Oé) + 9135(2]{?135(1 + Oé) — 30(]{313))

c 1
— %(Pe + 3app) — 20°kaapp — 3 pyp(1 4 Yo3 + caa/kss) — §Pe(1 + 3a)

2
Q" K44 Pp

(a(3g23a€23 — 2k3zhazs) — 2(1 + a)kase’s),
k3ghss
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1
0210 = 5(1 + 30&)(012 + 2066 — 5130234) + 042(2041%44 -+ 3)(]{712 + 2]{366)

2

o
— 3042713(044 + kos) + h—[aﬁ44(2k55h234 — 2kozahigs + 2g135€42
33

— 2¢231€55 — 39231€:1 + 3V139234€23) + 2(1 + @) cas(—has + gsses3/ ka3

9135
+
Faskss

(]f33€51 - k135€z3))]7

1
Cozo = 5(1 + 300)(Ca2 — PazCasa) + o [2akg4kos — 3(Ya3(caa — kaz) — ka2)]

Oé2 K44

€
A [2]€44h34(1 + Oé) + k—g(—2g43]€44(1 + Oé) + 9234(2]{3234(1 —+ Oé) — 30(]{323))
33 33

+ 20&]{523}1234 + 9234(Oé6Z2 — 2642(1 + Oé))]
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