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ABSTRACT: We analyze, numerically by the finite element method, three-dimensional
electromechanical deformations of a thick laminated plate with layers made of aluminum,
a viscoelastic material and a piezoceramic (PZT). Two arrangements of layers are considered.
In one case a central PZT layer is surrounded on both sides by viscoelastic layers and
aluminum layers are on the outside surfaces. The PZT is poled in the longitudinal direction
and an electric field is applied to it in the transverse direction. Thus shearing deformations
of the PZT layer dominate over its extensional deformations. In the second arrangement,
the aluminum layer is in the middle and the PZT layers are on the outside. The poling
direction and the electric field are along the thickness of the PZT layer. Extensional
deformations of the PZT layer are significantly more than its shearing deformations. The
problem formulation incorporates geometric nonlinearities and the constitutive relation
for the PZT includes quadratic terms in the electric field. For each set up of the layers, the
system is excited at its first natural frequency. The enhancement in damping induced by
the actuation of the PZT layers is ascertained, and the optimum thicknesses of the viscoelastic
layers and the PZT layers for maximum damping are determined. The effect of nonlinear
terms in the constitutive relation for the PZT is ascertained. The problem of exciting
the laminated plate simultaneously at the first and the second frequencies and annulling these
has been scrutinized. It is found that the energy of electric deformations of the PZT material
is more for the shear mode actuators than that for the extension mode actuators.
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INTRODUCTION

EVERAL investigators (e.g., Plump and Hubbard,

1986; Edberg and Bicos, 1992; Azvine et al., 1994;
Van Nostrand et al.,, 1994; Baz, 1993; Baz and Ro,
1993a,b, 1995a,b; Shen, 1994) have analyzed active
constrained layer damping (ACLD) treatments for
quickly annulling vibrations of a structure. The energy
dissipated per unit volume of the viscoelastic material is
usually higher in the ACLD treatment than that in the
passive constrained layer damping (PCLD) treatment.
Usually an ACLD treatment consists of a viscoelastic
layer with one face bonded to the host structure and the
other to a piezoceramic (PZT)' layer. Deformations of
the PZT layer are controlted by applying a suitable
voltage difference across its faces which in turn enhances
shear deformations of the viscoelastic layer. In a PCLD
treatment, there is no actuator to enhance shearing
deformations of the viscoelastic layer either embedded
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'The abbreviation PZT is used to denote a generic piezoceramic rather than a
specific one.

in the host structure or bonded to its outer surface.
Ideally, the damping treatment should dissipate energy
efficiently but not noticeably alter the dynamic char-
acteristics of the host structure.

We note that Van Nostrand et al. (1994) concluded
that active actions will be degraded by the passive
constraining layer. Bailey et al. (1988) stated that it is
more effective to apply piezoelectric materials directly
on the structure rather than embed a viscoelastic layer
between the two. Liao and Wang (1997a) have shown
that a viscoelastic layer reduces the transmissibility and
hence the direct control authority from the active source
to the host structure. They (1997b) have identified
ranges of viscoelastic material properties which will
provide satisfactory transmissibility of active actions,
and the overall performance will exceed that of purely
passive and active systems.

Previous studies of ACLD treatments have employed

‘extension mode PZT actuators in which the electric field

and the poling direction are along the thickness of the
PZT layer. The thickness of the PZT changes and the
transverse displacements induced due to the Poisson
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effect in the PZT increase shear deformations of the
viscoelastic layer. Alternatively, one could exploit shear
mode deformations of the PZT in which it is poled
in a longitudinal direction and the electric field is applied
across it’s thickness. Note that different piezoelectric
constants are effective in the extension and in the shear
mode actuation. Shear mode PZTs are commercially
available®. Closed-form solutions for shear mode PZT
beams were given by Boriseiko et al. (1983). They were
studied by Sun and Zhang (1996) and Zhang and Sun
(1999) for controlling deformations of a laminated
structure. Vel and Batra (200la,b) have given exact
solutions for static deformations of simply supported
laminated structures incorporating shear mode actua-
tors. Here we compare their effectiveness in ACLD
treatments with that of extension mode actuators. As
pointed out by Sun and Zhang (1996) and verified by
the analytical solutions of Vel and Batra (2001a,b), an
advantage of shear mode actuators is that for the same
tip deflection the maximum bending stress induced in
them is less than that in the extension mode actuators.
Also, they are embedded within the structure and hence
are not exposed to environmental effects.

Analysis of dynamic problems involving ACLD
treatments requires a mathematical model (i.e., govern-
ing equations, and initial and boundary conditions)
of the system. Such problems have been studied by the
finite element method (e.g., see Van Nostrand et al.
1994; Baz and Ro, 1993a, 1993b; Shi et al., 2001) or by
distributed-parameter methods (e.g., see Plump and
Hubbard, 1986; Baz, 1993; Shen, 1994; Azvine et al.,
1994; Baz and Ro, 1993, 1995) which employ shear
models of Mead and Markus (1969) and DiTaranto
(1965). Nearly all of these studies are limited to beam
like structures and therefore make kinematic assump-
tions of the beam theory.

We note that Yu (1995) has used a pseudo variational
principle to derive equations of motion of piezoelectricity
and specialized these to a plate. These equations
incorporate von Karman’s geometric nonlinearities
and employ linear constitutive relations. Tzou and Bao
(1997) have also considered von Karman’s geometric
nonlinearities, linear constitutive relations and used the
Hamilton principle to derive governing equations for a
thermopiezoelectric shell. On the contrary we study here
three-dimensional deformations of very thick clamped
plates/beams and account for geometric nonlinearities.
Furthermore, the constitutive relation for the PZT has
second-order terms in the electric field to incorporate
nonlinear dependence of strains upon the electric field
observed by Crawley and Anderson (1990). However,
temperature dependence of the material properties and
heat generated due to viscous dissipation and the electric
field have not been considered. Thus the temperature is
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assumed to be constant throughout the deformation
process.

FORMULATION OF THE PROBLEM

A schematic sketch of the problem studied is shown
in Figure 1(a) and (b); Figure 1(a) depicts an ACLD
treatment with a shear mode PZT actuator and Figure
1(b) with two extension mode PZT actuators.
The total thicknesses of the PZT and the aluminum
layers in the two cases are the same. However, because
of the differences in the vertical positions of the two
layers and in their material properties, their structural
stiffnesses will be different. Thus the same load
applied at geometrically similar points will result in
different deformations of points in the aluminum
layers. Whereas the electric field is applied in the x;-
direction for both the shear mode and the extension
mode PZT actuators, they are poled in the x;-
direction in the former case and in the x;-direction
in the latter case.
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Figure 1. Schematic sketch of the problem studied: (a) ACLD
treatment with a shear mode actuator; (b) ACLD treatment with
extension mode actuators. Unit vectors a and W point in the
directions of polarization and the electric field respectively.
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In the Lagrangean description of motion and in the
absence of body forces and distributed charges, equa-
tions governing dynamic deformations of a structure are

oJ = po, 0y
poXi=Two =123 a= 2,3, 2
TiuXja = TjaXia, 3)
Dyo =0, )

where we have used rectangular Cartesian coordinates x;
and X, to describe the position of the same material
particle in the present and the reference configurations
respectively. A superimposed dot indicates the material
time derivative, J = det]x; 4], Fin = Xi o = 8x;/0X, is the
deformation gradient, T is the first Piola—Kirchhoff
(or the nominal or the engineering) stress tensor, a
repeated index implies summation over the range of the
index, p and pg equal mass densities in the present and
the reference configurations respectively, and D is the
electric displacement. Latin and Greek indices signify
components of a tensor with respect to coordinates in
the present and the reference configurations respec-
tively. Equations (1)—(4) express, respectively; the
balance of mass, the balance of linear momentum, the
balance of moment of momentum, and the Maxwell
equation with inertia effects associated with the electric
field neglected. Note that the balance of moment of
momentum is identically satisfied by requiring that the
Cauchy stress tensor, @, related to T by

o =J Tiaxj,u =J TiaF}'m oY

be symmetric. Furthermore, once the present positions
x; of material particles are known, the present mass
density can be computed from Equation (1). Thus we
need to solve Equations (2) and (4) for x; and the electric
potential. Equations (2) and (4) are to be supplemented
by initial and boundary conditions and constitutive
relations.

We assume that the host structure and the visco-
elastic layer are made of homogeneous and isotropic
materials and the PZT of a homogeneous and
transversely isotropic material with the axis of trans-
verse isotropy coincident with the poling direction. In
terms of the symmetric second Piola-Kirchhoff stress
tensor, S,g, related to the first Piola—Kirchhoff stress
tensor T by

Tia = xi,8Sap = FipSap, ©)

constitutive relations for materials of the three layers are
given below.
Host layer:

vY Y
op + ——— Eag; ™

St =T o =20 0 T T

Viscoelastic material:

o VYop _X / o .
Sep = TFod —2v) [Ew(t) = e E, (s)d:

Y t
+m|:Eap(t)—% / '('_s)/’Eap(s)'ds]; (8)
—00
PZT:

S=Qcly + 3l +e I+ 30T + 204 I + M T?
+ AsIly + Al + 20 L s + voI2 + vl + volly
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+ 2001 I + AeIT + AgIh + 2vs LI+ va Iz + w1
+ viodly + a1 51
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+vislih)a +2(e2 + pa s + vily + vs L)W
+2(e3 +voly + viph + vt )E - a
+2v2E - W 4 2v3E2 . a; ©)

where

Eaﬂ = (ua, gt ug.+ Uy, ally, ﬂ)/ 2,

Uy =xi8itx '—Xa; (10)
I=a-Ea, L=trE, L =a-W,
Ih=a-FE%a, IL=tE} IL=W.W,

II, =a-EW + W - Ea. an

Here u equals the mechanical displacement of a material
point, E is the Green—St. Venant strain tensor appro-
priate for finite deformations of a body, 8,5 is the
Kronecker delta, a is a unit vector along the poling
direction of the PZT, b ® ¢ denotes the tensor product
between vectors b and c defined as (b ® ¢)d = (¢ - d)b for
every vector d, b - ¢ denotes the inner product between
vectors b and ¢, z is the polarization vector that is
related to the electric displacement D, the electric field
W and the electric potential ¢ through

e =Dy €0JXy,i XgiWp, Wg=—¢ 3.

where g is the dielectric permittivity of the free space.
In Equation (7) Y is Young’s modulus and v Poisson’s

ratio. Equation (7) implies that the material of the host
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layer is being modeled as neo-Hookean. Equation (8)
signifies that both the shear and the bulk response of the
viscoelastic material have the same relaxation time t and
the Poisson ratio is independent of time. If relaxation
times and/or values of x for the bulk and the shear
moduli are different, then Poisson’s ratio of the
viscoelastic material will depend upon time r. Also,
generalization to the case of more than one relaxation
time for the shear and the bulk moduli is fairly straight
forward to implement in the analysis of the problem.
Christensen (1971) has discussed how Equation (8)
relates to nonlinear viscoelastic materials; here we note
that it is analogous to Equation (7). Yu and Batra (2000)
used the analogue of Equation (8) for incompressible
materials to analyze damping induced by a viscoelastic
layer enclosed between two cylinders and undergoing
finite torsional deformations. For the strain history

E(?) = E°, (13)

Equation (8) vields

Sup= (———"—Y———E" 5 p+LE2,,)(1 — x+xe™".

(A+v)(1=2v) " (14v)

Thus the stress eventually relaxes to (1 — x) times that in
a neo-Hookean material with Young’s modulus Y and
Poisson’s ratio v.

" For infinitesimal sinusoidal deformations with the
strain history

Enp(1) = e)gsinot, |e94] < (15)
Equation (8) gives
(U + P — ) + T
1 + 0?72

vYel Y
Yy 0 :
X [(1 o0 = 2v)8aﬁ + g ve"‘”] sin(wt + §),

Sotﬂ(t) =

where

tans = (xw0)/(1 + T?w? — ¥). 17

Thus the phase shift, §, between the applied infinitesimal
sinusoidal strain history and the induced stress history
depends upon the frequency w, the relaxation time t
and the factor x. Also, the amplitude of each component
of stress is smaller than (1 + x?)'/? times that in a
Hookean material of Young’s modulus Y and Poisson’s
ratio v. Each component of stress exhibits the same phase
shift with respect to its value in the corresponding
Hookean material for which x = 0. The storage bulk and
shear moduli of the viscoelastic material equal (1—
x/(1 + T°w?)) times those for the corresponding elastic

material, and the multiplying factor for the loss moduli is
xot/(1 + w?t?). Thus the maximum value of the loss
moduli and hence of energy dissipated per unit volume of
the viscoelastic material occurs for t = 1/w. It is not easy
to identify the storage and the loss moduli in the presence
of geometric nonlinearities.

With the definition

1 [ :
ma®) =7 [ eI Eg(5) 18)

—0C

Equation (8) becomes

¥ (1l —x) : Yl — %) )
Sl e e A e
Sas ([l (1 — 2wy e Ty e
v¥r =l : Yr
"""" T T e

r.i'm'l- (19)

With 5,4 interpreted as a pseudo strain and n,s as a
pseudo strain-rate, constitutive relation (8) represents a
Keélvin material with an isotropic neo-Hookean material
of Young’s modulus Y(I — x) and Poisson’s ratio v
connected in parallel with a purely viscous isotropic
material of bulk viscosity v¥Yt/(1 + v)(1 — 2v) and shear
viscosity Yt/(1 + v). We note that for finite deforma-
tions, E,s does not equal the strain rate.

Equation (18) implies that 7n,g satisfies the ordinary
differential equation

Thap + Nap = Eqp. (20)

Second-order constitutive relations (9) for the piezo-
electric material were derived by Yang and Batra (1995)
and contain terms quadratic in the electric field W and
the strain tensor E. In these equations ¢y, c3,...,eq,e,...,
At,A2... and vy,v;... are material parameters. There is
not sufficient test data available to evaluate all of these
material parameters. Batra and Liang (1997) have
shown that for an unconstrained PZT nonzero values
of ¢1,¢2,¢3,¢4,05,€1,€2,€3,81,82,v4 and vy, yield a mate-
rial response that is close to the one observed
experimentally by Crawley and Anderson (1990).
Tiersten (1975) has considered third order terms in W
and obtained a better agreement between the computed
and the observed axial strain versus the applied electric
field. Furthermore, the permittivity &y of the free space
is usually quite small so that Equation (12), is simplified
to w=D. Accordingly, Equations (9) simplify to

Sap = ey + c3l2 + e 3)azag
+ Qe2dy + c3Ih + exls + v4l?)oup
+ ca(auEpgyay, + agEqya,) + 2c5Eqp
+ es(ae W + agWy) + via W Wy,
-Dy = Qe1lz + eyy + e2lr + 2v4 b 13)a,
+ 26, Wy + 2e3Eqpag + 2via By sWgs. (21



Comparison of ACLD by Using Exten;sion and Shear Mode Piezoceramic Actuators

For an extension mode actuator poled in the
x3-direction and the electric field also applied in the
x3j-direction,

353

where A; = 2(c| + ¢z + ¢3 + ¢4 + ¢3).

Equations (23) and (25), written for specific choices of
the electric field and the polarization directions, reveal
that piezoelectric moduli ey, e, e3, v4 and v, affect

O = 830, Wo = Wbia, (22) stresses induced in the extension mode actuator by the
and Equations (21) reduce to electric field W but only e; and vy, cause stresses in the
Sl] —
S 2(c2 + ¢s) 2¢y 2c3+c3 0 0 0, e E
v
S” 2 2Acates) 2e4e 0 0 0! o E“ )
v,
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(23)
where shear mode actuator. Also for our choice of directions
of the polarization vector a and the electric field W,
Ae=Aertertestegtes), Be=eq+ex+les, terms quadratic in the electric field do not appear
Ce = 2v4Eyy + vi2E33) + 2y +£2). in expressions for shear stresses. If the polarization
When the PZT actuator acts in shear mode with vector a were not al}gned al(?ng one ‘?f the coqrdm? te
axes, then an electric field in the thickness direction
will induce both normal and shear stresses in the PZT
%o = 81> Wo = Wsa, (24) and the actuation effect for the same electric field may be
E ) M b enhanced. Vidoli and Batra (2000, 2001) have explored
quations (21) become such possibilities and found optimum orientations of
Si
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the direction of the polarization vector of a PZT beam
and a rod. Vel and Batra (2001) studied cylindrical
bending deformations of an extension-shear bimorph
with the axis of polarization inclined at an angle o with
the vertical axis. For PZT-5A, they found that the
maximum tip deflection is realized in a combined
extension-shear bimorph at a ~ 20° for span-to-thick-
ness ratio of 10 and at « =~ 28° when the ratio is 5.
We note that even when electric potential difference
is applied uniformly to the top and the bottom
surfaces of the PZT layer, an electric field may also
be induced in x; and x; directions by the direct
piezoelectric effect. Such possibilities are incorporated
in the three-dimensional analysis of the problem
presented herein.

Batra (2000) has modeled finite deformations of
isotropic elastic materials by four frame-indifferent
constitutive relations that express a stress tensor as
a linear function of an appropriate strain tensor.
He found that for large simple shearing or simple
extensional deformations, Equation (7) predicts a stiffen-
ing behavior in the sense that the nominal stress required
to deform the body increases with an increase in the
magnitude of the corresponding strain. A similar result
was proved by Batra and Yu (1999) for incompressible
viscoelastic materials modeled by Equation (8) with the
term multiplying E,,(f) replaced by a hydrostatic
pressure that cannot be determined from the history of
the deformation. For the present problem, strains
induced in structural elements are not large enough for
the stiffening effects to play a noticeable role.

In the analysis of the problem we assume that the
upper and the lower surfaces of PZT layers are
electroded with electrodes of negligible thickness, and
all bounding surfaces of the viscoelastic layer and the
host structure are electrically insulated. Even though the
viscoelastic layer and the host structure may conduct
electricity, such effects are not considered herein. We
note that Cheng and Batra (2000) have delineated effects
of electrodes on static deformations of a hybrid
laminated composite. The electric potential is prescribed
on the upper and the lower surfaces of the PZT layers,
and surfaces x; =0,L are electrically insulated.
Continuity conditions at the interfaces between two
dissimilar materials are

[TWN.] =0, [u] =0, (26)

where N is an outward unit normal to the surface in the
reference configuration, and [f] equals the difference in
the values of f on the two sides of an interface. Thus the
two adjoining layers are presumed to be perfectly
bonded to each other with surface tractions and dis-
placements continuous across their common interfaces.
The edge x; = X = 0 of the hybrid laminated plate is

rigidly clamped, and a time harmonic tangential traction
is applied only to the host structure at the edge X; = L.
That is

#; = 0 on the surface x; = X; =0,
T;; = 0 on the surface X} = L of the PZT
and the viscoelastic layer,
Ty = —(posinwt)d;; on the surface
X1 = L of the host structure.

For times ¢ < 0, we assume that all material points of
the structure are at rest and have null displacements.
Thus the lower limit of integration in Equation (8) is zero.

Because of the time harmonic load applied, the
response of the structure will be periodic after initial
transients have died out. We note that no such
assumption is made in the analysis of the problem and
deformation fields as a function of time are computed
numerically by the finite element method. During one
cycle of deformation, energy input into the structure is
given by

. 21 /o .
E™ = f dtl: (—po sinwt)izdA — / ¢D3dA}
0 Ap 4,
(28)

Here A, is the surface of the host structure where
tangential tractions (27); are prescribed, and A, surfaces
X3 = constant of the PZT layers where the electric
potential is applied. Work done by internal stresses in
the viscoelastic layer during a cycle of deformation can
be computed from

21 fw 21/ w R
w =] dt/ T,~a,)'c,~,a dV = dt/ SaﬂEaﬂ av,
0 Ve 0 Ve
29

where V,, is the region occupied by the viscoelastic layer
in the reference configuration. Since stresses in the
viscoelastic layer have two parts — one in phase and the
other out of phase with the velocity gradients — a part of
the work done W is stored in the body and the rest is
dissipated. For a linear problem involving infinitesimal
deformations, these two parts of stresses can be
identified, e.g., see Equation (16), and the energy
dissipated per cycle per unit volume of the viscoelastic
material is given by

£ e +g°

dis _ _ TXT - v o
W [t eintis):

T+ 2 4y

which equals 27/ times the strain energy density of an
isotropic elastic body with strains &5, and elastic moduli
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equal to the loss moduli of the viscoelastic body.
However, when either material or geometric or both
nonlinearities are considered, such an identification is
not readily available. For infinitesimal deformations of
a nearly incompressible viscoelastic body, v~ 0.5,
&), ~ 0 and the first term in the bracket on the right-
hand side of Equation (30) is negligible as compared to
the second term. Thus the energy dissipated in the
visoelastic layer is predominently due to its shearing
deformations.

In a freely vibrating structural system composed of
elastic and viscoelastic members, a measure of the energy
dissipated during a cycle of deformation is the relative
decrease in the amplitude of vibrations or the logarithmic
decrement, 8", defined as (Timoshenko, 1974)

\ .
8" = In(u3y /U3y, in

where #3%" is the maximum displacement of a material
point in the X;-direction during the jth cycle of
deformation. Here we have chosen the Xj-direction
since the displacement in this direction is likely to be
maximum. It is clear that in a continuous body the
logarithmic decrement may vary from point to point. A
higher value of the logarithmic decrement implies that
more of the energy stored in a freely vibrating body is
dissipated during each cycle of deformation. This
measure of energy dissipation is valid even when
material and/or geometric nonlinearities are considered.
For a nonlinear problem, the value of §™ may depend
upon the cycle j of deformation. For problems studied
herein, we have set j=2. Note that 8" compares
amplitudes of two successive oscillations of a system
and does not compare the amplitudes of oscillations
obtained with and without an ACLD treatment.

The effectiveness of activating a PZT in an ACLD
treatment can be measured by either one of the
following two indices:

|53} (PZTs activated)|

= : , (32
h |u33X(PZTs not activated)|
In H
I §™(PZTs activated) a3)

8!"(PZTs not activated)

Higher positive values of I} and I, indicate that
actuating the PZT enhances the energy dissipated in
the viscoelastic layer.

FINITE ELEMENT FORMULATION OF THE
PROBLEM

As noted earlier, our goal is to find x; and ¢ from
Equations (2) and (4) subject to the initial and boundary

conditions. Following Hughes (1987) a weak formula-
tion of these equations can be written as

8,’,,8,'5‘/‘ pﬁaVﬁdQ = (Sial:f f,-va ds —/ I}ﬂv,,,p dQ]
Q aQ, Q
34)

j Datad = f qvds,
Q aQ.

where v and  are smooth test functions that vanish on
parts of the boundary where essential boundary
conditions and the electric potential are prescribed
respectively. Furthermore § is the region occupied by
the hybrid structure, 3Q, the part of the boundary where
surface tractions fi(f; = TiuN,) are prescribed, and 32,
the part of the boundary where the surface charge density
q (g = D, N,) is specified. For the present problem, g = 0
on 3€2,. When v is regarded as a virtual displacement,
then the left-hand side of Equation (34) equals the virtual
work of inertia forces, and the two terms on the right-
hand side represent the virtual work of surface tractions
and internal stresses. For the host structure and the
viscoelastic layer, internal stresses T, depend upon the
mechanical deformations but for the PZT these also
depend upon the electric field. Substitution for S from
(7~9), into (6) and the result into (34), and for D or &
from (9), into (12) and the result into (35) yields coupled
equations for the determination of mechanical displace-
ments u and the electric potential ¢. As stated earlier,
initial displacements and velocities vanish, and the
pertinent boundary conditions are given in (27) and in
a few lines preceding (27).

The domain £ is discretized into the union of 8-noded
disjoint brick elements €2, and ensuring that each element
is made of a monolithic material. This is easily achieved
by placing nodes on an interface between two dissimilar
materials. Whereas prescribed essential boundary condi-
tions are to be satisfied after equations at the element
level have been assembled, the interface continuity
conditions (26) are satisfied during the assembly of
these equations. Referring the reader to Batra and Liang
(1997) for details, we note that Equations (34) and (35)
yield the following set of coupled nonlinear ordinary
differential-algebraic equations.

Mii =F*'()  F™(u(2), (?), ¢(?)).
P (u(r), p(£)) = 0, 3N

where

F* = f NTfds

Fit= )’ f B'Td2 ) [ BTFSdS.
- JQ. —~ Ja.

(38
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B is the 9 x 24 matrix relating the deformation gradient
Xi.a = Fiy to the nodal displacements, the summation in
Equation (38) extends over all elements in the mesh, M
is the mass matrix; u the vector of nodal displacements
in the hybrid structure, F*' is the vector of nodal forces
equivalent to externally applied surface tractions, N is
the matrix of shape functions, and P'™ is the nodal
charge vector equivalent to the internal polarization.
Note that only piezoelectric elements contribute to P'™.
However, all elements contribute to F™. In order to
avoid computing the integral of the history of the strain
tensor at a material point of a viscoelastic layer, we use
constitutive relation (19) for the viscoelastic layer and
evaluate 5 at each integration point from Equation (20)
which is integrated by the backward difference method.
Integrals over an element, like the one on the right-hand
side of Equation (38),, are evaluated by using the
2 x 2 x 2 quadrature rule.

Substitution from (19) into (38) and the result into
(36) yields

Mii + Ky + K(u)h = F°*, (39)

where matrices K and K depend upon the current values
of the displacement u. A possibility is to simultaneously
solve nonlinear Equations (20) and (39). Here Equation
(36) is integrated by the central-difference method,
Equation (20) is integrated at each quadrature point
by the backward-difference method, and the nonlinear
algebraic Equations (37) are solved by the Newton—
Raphson technique. During the solution of the problem,
Fi™ is evaluated from the known solution at time ty.
Within a time step values of F'™ are updated till the
computed successive values of u and ¢ at time ¢,,, are
within the prescribed tolerance. Since the backward-
difference method is unconditionally stable, the time
step is controlled by the central-difference method which
is explicit and conditionally stable. For a linear problem,
the central-difference method is stable (Hughes, 1987)
provided that At < 2/wyax Where wmax is the maximum
frequency of free vibration of the discretized structure.
Within each time step the nonlinear problem is solved by
linearizing it around the solution at time ¢,. Thus, the
computed solution will be stable if A7 < 2/wpax. Here,
we take Af= 1.8/wm.c. For a nonlinear problem the
structural stiffness varies with its deformations and
hence wmax will be a function of time resulting in uneven
time steps. We employ the following recursive relation
to compute nodal values of mechanical displacements at
successive times:

Ay A Al

7

“”'ll | } = .'.\‘\- ! ‘["‘r! -[]_':-._-“.II ) b I:Iil.'l[nr.--..l |:l

gl L i)
o i v S e

where At =1, —1t,-; and Aty =ty —1,. For the
hybrid laminated structure being studied, the number
of nodal mechanical displacement degrees of freedom is
considerably more than the number of nodal electric
potentials. The aforestated explicit/implicit technique of
analyzing the problem is computationally more effective
both in terms of the storage and the CPU time
requirements than the purely implicit technique.

Note that the problem is being analyzed in the time
domain rather than the frequency domain.

COMPUTATION AND DISCUSSION OF RESULTS

The finite element code developed by Batra and Liang
(1997) was modified to include the viscoelastic material
behavior. Changes made in the code were verified by
comparing computed results for the forced one-dimen-
sional deformations of a viscoelastic bar with the
analytical solution of the problem. When comparing
the performance of extension mode and shear mode
actuators in ACLD treatments, following values were
assigned to various material parameters. We will find
below the optimum value of the relaxation time t and
assign to it that value.

Host structure (Aluminum):

E=703GPa, v=034. py=2700kg/m>;

Viscoelastic laver:

E=298MPa. v=049, x=09, po=1105kg/m’

PZT material:

¢y =23.1GPa, e:=33944GPa, ¢3=10.1996GPa,

oy=—22.535GPa;, o:=3349GPa,

e) = 8.67544C/m”, 1 = 1.85657C/m°,

ey = —9.77768C/m?,

eg="08.8419 x 107 C/V—m, g;=10x 107" C/V—m
g2 =—17.956 x 107" C/V—m,

vy =—0.903 x 10 N/VE, s = 0,305 % 1079N/v2,

oo = T7.500 ke/m’. (43

The ratio of Young’s modulus for the aluminum and the
instantaneous Young’s modulus for the viscoelastic
layer is nearly 300. Young's modulus in the longitudinal
direction for the PZT also equals approximately 300
times the instantaneous Young’s modulus for the
viscoelastic layer. Thus for both the extension mode

and the shear mode configurations, a soft viscoelastic
laver is sandwiched hetween twn rather «tiff lavarc
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Unless stated otherwise results presented and dis-
cussed below are for vy =v;; =0, ie., without the
consideration of W? terms in Equation (21).

Determination of the Fundamental Frequency

We determine the first natural frequency of the
structure with the goal of exciting it at that frequency
and then annulling its vibrations. The procedure to find
the first natural frequency was validated by finding the
natural frequencies of a simply supported 3-layer lamina-
ted square elastic plate with each layer made of an
orthotropic material; the elastic constants of the top and
the bottom layers were set equal to 8 times those of the
middle layer. The elastic constants of the middle layer are

1 0.23319 0.010776
0.23319  0.543103 0.098276
0.010776 0.098276 0.530172

C=|"" 0 0
0 0 0
0 0 0

and the mass density of each layer was taken to be
1000 kg/m3 . Each side of the plate equaled 10cm,
and the thickness of the middle layer equaled 0.8 cm and
that of each of the top and the bottom layers equaled
0.1cm. The plate was excited by applying a uniformly
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distributed normal traction of 40 kN/m? in the central
4% of the surface area of the top surface of the plate.
Due to the symmetry about the two centroidal axes,
only a quarter of the plate was modeled. The top and the
bottom layers were divided into 8-node brick elements
of size 1 x 1 x 0.1 cm, and the size of the element in
the middle layer equaled 1 x 1 x 0.4 cm. By using
At =20 ps, time history of the vertical displacement
of the centroid of the top surface of the layered plate
was computed for 1s which was analyzed by using the
fast Fourier transform (FFT) to compute the natural
frequencies. The variation of the first natural frequency
with B is plotted in Figure 2 along with the analytical
solution of Srinivas and Rao (1970), and the natural
frequency obtained from the Kirchhoff plate theory as

0 0 0
0 0 0
0 0 0o |
026681 0 0o [P
0 015914 0
0 0 0262931

reported by Srinivas and Rao. For each value of 8, the
computed fundamental frequency exceeds the analytical
one by at most 4%. A finer mesh ( 10 x 10 x 6 elements)
and normal tractions applied to a larger (16%) part of
the surface area did not alter the computed natural

500 —
450 -
[—+—analytical valus
400 I+I.‘U|’I1|III|I“..1 Wik
== thin plals valsa
350

250

First Natural Frequency (Hz)

150

100

i_._

v mepperied edgrs, hia=(.|

8

10 12 14 16

Ratio of Moduli, beta

Figure 2. Comparison of the computed fundamental frequency of free vibration of a simply supported hybrid laminated plate with those obtained
from the analytical solution of three-dimensional elasticity equations, and from the Kirchhoff plate theorv.
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frequency. Whereas for a homogeneous orthotropic
plate with 8 =1, the Kirchhoff plate theory gives
acceptable value of the first natural frequency for
the plate of aspect ratio 10, the difference between
the analytical solution and that obtained from the
Kirchhoff plate theory increases noticeably with an
increase in the value of B. Kirchhoff’s plate theory
proposed for a homogeneous plate is not expected to
give good results for composite laminated plates.

The classical laminated plate theory (CLPT) gives the
following expression for the fundamental frequency of a
simply supported rectangular laminated plate of sides a
and b and thickness h.

_ 7_72_2_1_1 1/2
- (a2 2ph)

Dy + 2Dgs a \2 Dy sa \41'?
4 A Du+2De ,(a Dy (a
x[m +2 Do m(bn) +D“(bn)]

Here Dy, D1, D)3 and Dgs are the bending rigidities,
and m and n are integers. For a square plate with
a/h=10,and m=n =1, we get

CLPT T 1/2
=—— D 2D 4D D
oy adooh [D11 4+ 2D2 + 4D¢s + D)

Whereas the CLPT neglects effects of transverse shear
deformations and rotary inertia, both the analytical
solution of Srinivas and Rao (1970) and the numerical
solution obtained here account for these effects. The
consideration of shear deformations and rotary inertia
lowers the fundamental frequency of a plate.

In order to analyze the damping enhanced by
activating the PZTs in an ACLD treatment, we first
find the natural frequencies of the systems exhibited in
Figure 1(a) and (b) by using the aforementioned
technique. In each case, a uniform tangential traction
of 2MPa is applied to the unclamped edge of the
aluminum plate for a short while and then removed.
Due to the symmetry of the problem about the plane
x3 =1 cm, only one-half of the problem is studied.
Using At =0.5ps, time history of the transverse
displacement of point C is computed; point C has
coordinates (15, 1, 3.5) for the shear mode configuration
of Figure la and (15,1,0) for the extension mode
configuration of Figure 1(b). The fundamental fre-
quency of the system was determined by taking the FFT
of the displacement time history. The dependence of the
fundamental frequency upon the thickness of the
viscoelastic layer is listed in Table 1. In computing
these, x in Equation (8) was set equal to 0.0; thus the
energy dissipation in the viscoelastic layers was
neglected. As is clear from the tabulated values, with

an increase in the thickness of each of the two
viscoelastic layers from 0.1 to 1.0cm, the fundamental
frequency of the system decreases from 6.472 to
5.089kHz for the shear mode configuration but it
decreases from 9.174 to 7.791 kHz for the extension
mode configuration. Note that Young’s modulus in the
longitudinal direction for the shear mode PZT is more
than that for the extension mode PZT. Because PZT
layers are farthest from the midsurface for the extension
mode configuration, the effective stiffness of the
extension mode configuration is more than that of the
shear mode configuration. The fundamental frequencies
obtained from the Euler beam theory for the shear mode
and the extension mode configurations equal 18.4 and
15.1kHz respectively for hyg =1 cm; however, for
hye = 0.1 cm, each of these values equals 12.9 kHz. For
2.14 < L/H < 3, the Euler beam theory is not expected
to give good values of the fundamental frequency.

An increase in the thickness of each of the viscoelastic
layers implies that either the aluminum layers or the
PZT layers are located farther from the midsurface of
the composite plate, and the total thickness of the plate
increases. The Kirchhoff plate theory suggests that the
effective stiffness of the structure will increase and thus
the first natural frequency should increase with an
increase in the thickness of the viscoelastic layer.
However, results reported in Table | are in the opposite
direction. As noted earlier for a plate of aspect ratio 10,
the difference in the first natural frequency computed
from the Kirchhoff plate theory and the analytical one
increases with an increase in the ratio of the moduli of
the layers. Since the instantaneous Young’s modulus for
the viscoelastic layer is 1/300 times that of either the
aluminum or the PZT, it is very likely that the vertical
displacements of similarly situated points in the
aluminum and the PZT layers are loosely coupled. In
order to delineate this, we have plotted in Figure 3,
for the shear mode configuration, the time history of
the normalized relative difference in the transverse

Table 1. For different values of the thickness of the
viscoelastic layer, first natural frequency of the systems
shown in Figures 1(a) and (b).

First Natural Frequency (kHz)
Thickness of the - o

Viscoelastic Shear Extension
Layer (cm) Mode PZT Mode PZT
0.1 6.472 9.174
0.2 5.906 8.734
0.3 5.655 8.482
04 5.529 8.294
0.5 5.404 8.168
0.6 5.341 8.074
0.7 5.278 7.980
0.8 5.215 7.917
0.9 5.152 7.854
1.0 5.089 7.791




Comparison of ACLD by Using Extension and Shear Mode Piezoceramic Actuators 359

pa

[=— h'-.'E=1 Oeom |
b, h,_,E=ﬂ 1om

|| L — |

o o
o o —
L

ca In daformations (%)

o
=

/

o

\

=
ha

(=]

e

2 o i 2] 10
Time (ms)

Mormailzed differan,

i
=
ha

|
=2
.

=

Flgure 3. Time history of the normalized difference between tha
transverse displacements of tha tips of the aluminum and the PZIT
layers for two values of the thickness of the infervening viscoslastic
v

Table 2. First natural frequency of the system of Figure
1(a) for different thickness of each viscoelastic layer and
for different values of the shear modulus.

First Natural Frequency in kHz R

Thickness of for Shear Modulus (GPa) Equal to

each Viscoelastic

Layer (cm) 0.1 0.3 1 3 10

0.1 7.854 9174 9927 10.304
04 6.597 8294 9.865 11.058
0.7 6.220 8.043 9.990 11,750
1.0 6.032 7854 10.053 12315

displacements of points D (15,1,0) and C (15,1,2.5+
hyg) where hyg is the thickness of the viscoelastic layer.
It is clear that this difference increases with an increase
in hyg. However, the maximum value of this difference
is less than 1.2%. Therefore, the different layers move
together in the vertical direction.

We determined the first natural frequency of the shear
mode configuration for different thicknesses of the
viscoelastic layers by varying their shear modulus from
0.1 to 10 GPa; these results are summarized in Table 2.
It is evident from these values that when the shear
modulus of the viscoelastic layer is nearly one-tenth
(or more) of that of the surrounding layers, then the
computed natural frequencies agree with the trends
predicted by the CLPT.

Analysis of Damping

We now set x = 0.9 and scrutinize damping induced
by the ACLD treatment. In each case, p, = 0.2 MPa and
o in Equation (27) equals the first natural frequency of
the system listed in Table 1. Because of the nonzero
value of x, the first natural frequency of the composite
plate will be slightly different from that listed in Table 1.

Table 3. Variation of the logarith-
mic decrement with the relaxation
time of the viscoelastic layer.

Relaxation Logarithmic
Time Decrement §
0.25/an 0.1918
0.5/an 0.3134
1/an 0.3688
2/ 0.271
4/ay 0.1574

The load is applied for 0 < ¢ < 7/w and equals zero for
t > m/w. For the extension mode actuators with PZTs
poled in the x3-direction, the voltage applied to the
upper surface of the top PZT layer and the lower surface
of the bottom PZT layer equals the smaller of
4 x 10%|u§'|V and 5kV for u§ > 0 and the other surfaces
of the PZT layers are grounded. Here u§ equals the
transverse displacement of point C (cf. Figure 1) in
meters. For uf <0, the voltage given by
min{4 x 108|u3C|, 5 kV} is applied to the lower surface
of the top PZT layer and the upper surface of the
bottom PZT layer and the other surfaces of the PZT
layers are grounded. Numerical experiments gave the
optimum value of the gain factor to be 4 x 10% V/m. For
the shear mode PZT actuator poled in the x;-direction,
the electric potential applied to its lower surface
equals the minimum of 4 x 108|u§| and 10kV with the
upper surface grounded when u§ > 0. For u§ < 0, the
lower surface of the PZT is grounded and the voltage
equal to min{4 x 108|u§|, 10kV} is applied to its upper
surface. We note that the electric strength of most
commercially available PZTs is 2kV/mm, and we are
limiting it to 1kV/mm. Since the thickness of the PZT
layer is much smaller than its length, a uniform voltage
difference applied to its surfaces x; = constant will
produce a uniform electric field in the x;-direction.
However, deformations of the PZT layer will also induce
an electric field. Both the direct and the converse
piezoelectric effects are included in the analysis of the
problem.

DETERMINATION OF THE OPTIMUM VALUE OF
THE RELAXATION TIME

For hyg = 1.0 cm, w; = 5.089 kHz and the ACLD
treatment with the shear mode PZT arrangement,
computed values of the logarithmic decrement for
different values of the relaxation time of the viscoelastic
layer are listed in Table 3. Note that no voltage
difference is applied to the major surfaces of the PZT
layer.

Thus, as stated above in lines preceding Equation
(18), energy dissipated in the viscoelastic layer and hence
the logarithmic decrement is maximum when 1 = 1/,
for the system excited at the fundamental frequency.
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DETERMINATION OF THE OPTIMUM
VALUE OF yx

With v = 1/w;, we then varied x between 0.9 and 0.5.
Values of the logarithmic decrement so obtained are
listed in Table 4. It is clear from these values that &
decreases monotonically with a decrease in the value
of x. Henceforth we took x = 0.9 and 7 = 1/w; for both
the shear mode and the extension mode ACLD
treatments.

COMPARISON OF DAMPING INDUCED BY THE
SHEAR MODE AND THE EXTENSION MODE
ACTUATORS

Figures 4(a) and (b) depict for the shear and the
extension mode configurations and Ayg = 1 cm the time
history of the transverse deflection of point C with and
without the activation of the PZTs. It is clear that in
each case the transverse deflection of point C decreases
faster when an electric potential difference is applied
across the faces of the PZT layers. Also, the time periods
are shortened by the actuation of the PZTs and the
decrease in the time period is more for the shear mode
than that for the extension mode configurations. For the
same intensity of the tangential traction applied at the
unclamped edge for 0 <t < w/w, the transverse dis-
placement of point C for the shear mode configuration
is more than twice of that for the extension mode
configuration. Because of the difference in the values of
w, for the two configurations, the impulse imparted to
the shear mode configuration is 1.53 times that given to
the extension mode configuration. Also, values of the
first natural frequency listed in Table 1 suggest that the
effective stiffness of the extension mode configuration is
higher than that of the shear mode one.

In Figures 5(a) and (b) we have plotted the deformed
shapes at times ¢ = 635 and 1935 ps respectively of the
composite plate for the shear mode PZTs, and in
Figure 5(c) and (d) at ¢+ =410 and 1245us for the
extension mode PZTs. In each case displacements have
been magnified by 1000 to clearly show the deforma-
tions of the viscoelastic layer. The times correspond to
the instants of the first and the second maximum
upward vertical displacements of point C. In each of
the corresponding figures, shearing deformations of the

Table 4. Variation of the
logarithmic decrement with the
factor x in the constitutive relation
for the viscoelastic material.

X aln
0.9 0.3688
0.8 0.3198
0.7 0.2736
0.6 0.2296
0.5 0.1875

viscoelastic layer are larger for the shear mode PZTs
than those for the extension mode PZTs. Because of
small strains induced, linear strain-displacement rela-
tions and linear constitutive relations should suffice even
for the thick composite plate being studied herein.

Effect of the Thickness of Viscoelastic Layers

Figures 6(a){(c) evince the variation of the three
measures 8™, I; and /5, of dissipation with the thickness
of each one of the viscoelastic layers. For each value
of the thickness, Ayg, of the viscoelastic layer, the
logarithmic decrement for the shear mode actuator is
considerably more than that for the extension mode
actuator. For the extension mode ACLD treatment, §'
decreases gradually from 0.394 for hyg =0.1cm to
0.243 for hyg = 1.0cm, but for the shear mode ACLD
treatment, 8™ decreases rapidly from 0.812 to 0.638
when Ay is increased from 0.1 to 0.2 cm but from 0.375
to 0.367 when Ay is increased from 0.9 to 1.0cm. This is
because the maximum shear strain induced in the
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Figure 4. Time histories of the transverse displacement of point C
with and without the application of an electric potential difference
across the faces of the PZT layers: (a) shear mode configuration;
(b} extension mode configuration.
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Figure 5. Deformed shapes of the laminated hybrid plate: (a) for the shear mode PIT conffgurafion at t = B35 us, and (b) = 1935 us,
displacements have been magnified by a factor of 1000; (c) for the exension moda PZT configuration at | =410 us, and [d) { = 1245 us,

disnlacamants have baen multiolied by 1000,

viscoelastic layer decreases rapidly when Ay is increased
from 0.1 to 0.2 cm but slowly for subsequent increase in
the values of hyg; it will be verified below. We recall that
8" does not indicate the improvement in damping
caused by the activation of the PZTs but values of ; and
I signify this effect. Whereas /; has a simple interpreta-
tion, I; does not. Both for the shear and the extension
mode actuators, I} decreases monotonically with an
increase in the thickness of each viscoelastic layer. For
each one of the ten values of hyg considered, I, for the
shear mode PZT actuator is higher than that for the
extension mode PZT actuator. Thus shear mode PZTs
are more effective in enhancing the shearing deforma-
tions of the viscoelastic layer which in turn increase the
energy dissipation and the damping of vibrations of
the system. However, I, attains a maximum value for
hye 2 0.3 cm for both the extension mode and the
shear mode ACLD treatment.

We have plotted in Figures 7(a) and (b) the longi-
tudinal variation of the transverse shear strain in the
viscoelastic layer for hyr=0.1, 0.4, 0.7 and 1.0cm. In

each case, the transverse shear strain monotonically
increases from its lowest value in the element abutting the
clamped edge to the maximum value near the midspan
and stays uniform from there till the free edge of the
plate. Also, the maximum transverse shear strain induced
in the viscoelastic layer is largest for the thinnest layer.
For the shear mode actuator, the maximum value of the
transverse shear strain for Ay = 0.1 cm is 2.3 times that
for hyg =0.4cm; for hyg = 0.1 cm, the maximum trans-
verse shear strain equals 0.28%. Thus the energy dis-
sipated per unit volume will be highest for hyg =0.1cm.
Since the volume of the viscoelastic material is directly
proportional to hyg, the total energy dissipated per cycle
of vibration need not be maximum for hyg =0.1cm.

Effect of the Thickness of PZT Layers

We take hyr = 0.3 cm and study the effect on damping
of the thickness of the PZT layers. For the extension
mode actuator configuration, the fundamental natural
frequency for hpzr=0.1, 0.2, 0.3, 0.4 and 0.5cm was
found to be 9.479. 9.236, 8.985. 8.734 and 8.482kHz
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respectively. Recalling that the thickness of the shear
mode PZT actuator is twice that of each of the extension
mode actuators, the corresponding natural frequency
for the shear mode PZT set-up was found to be 6.220,
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Figure 7. For four values of the thickness of the viscoelastic layers,
variation of the transverse shear strain, Ey3, on the midsurface of a

viscoelastic layer: (a) shear mode actuators; (b) extension mode
actuators.

6.005, 5.843, 5.718 and 5.655kHz. As stated earlier, in
each case the system was excited by tangential tractions
whose frequency equals the natural frequency of the
system. The dependence of the three measures of energy
dissipation or damping, &', I, and /5, upon the thickness
of the PZT layer is exhibited in Figure 8(a)-(c) for the
shear mode and the extension mode actuators. The
electric energy input into the PZTs is different in each
case. For the shear mode actuator, the logarithmic
decrement has the maximum value for hpyr ~ 0.85cm,
but for the extension mode configuration, the maximum
value of 8™ occurs for hpzr > | cm. However, for the
same thickness of the PZT layers, the logarithmic
decrement is higher for the shear mode configuration
than that for the extension mode one. Whereas the index
I, for the shear mode configuration increases mono-
tonically and quite rapidly with an increase in the
thickness of the PZT layer, for the extension mode
configuration it attains a maximum value for Apzy ~ 0.8
cm. The thickness of the PZT layer has a minimal
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influence on I for the extension mode configuration but
affects noticeably the value of I, for the shear mode
configuration. For the shear mode configuration, the
maximum value of I, occurs for Apzr = 0.8 cm.

Effect of the Aspect Ratio of the Plate

We now explore if an ACLD treatment works
equally well for plates of different aspect ratios
(s=length of plate/thickness of plate). We set hyg
=03cm and hpzr=0.4cm for the extension mode
PZTs and vary the aspect ratio by fixing the thickness
of each layer and changing its length. For the shear
mode configuration, the number of uniform finite
elements used to model the aluminum, the PZT and the
viscoelastic layer equaled 9, 1 and 1 in the x;, x, and
x3 directions respectively for s=3 and 10. For the
extension mode configuration, the aluminum layer was
divided into 2 elements in the x; direction. For s = 20
and 30, the number of elements in the longitudinal
direction in each of the layers was increased to 18 and
27 respectively for both set-ups. For the shear and the
extension mode configurations, the fundamental
frequency for the four aspect ratios is listed in Table 5.
For large aspect ratios, the fundamental frequency is
inversely proportional to the aspect ratio as predicted
by the Kirchhoff plate theory. For the four aspect
ratios, the three measures of damping are also listed in
Table 5. Values of I, which probably are a better
indicator of the effect of activating the PZTs on the
enhancement in damping suggest that extension mode
actuators perform better than the shear mode ones for
each of the four aspect ratios.

Effect of the Poling Direction of the Shear Mode PZT

In order to quantify the deterioration in the damping
caused by the misorientation of the poling direction a
for the shear mode PZT, we ascertained the effect of
changing a in the x;—x; plane. Let a make an angle ¢°
counterclockwise from the x;-axis, i.e., a = (cos6,0,
sin 6). Material properties of the PZT with respect to the
global axes are obtained from Equations (21). For seven
values of 6, Table 6 lists the computed fundamental
frequencies and the three measures of damping.
Whereas the logarithmic damping is unaffected by the
change in 0, values of I; and I, decrease as 6 increases.
Both /; and I drop by about 10% when poling direction
is inclined at 15° instead of 0° to the x;-axis. Thus it is
important that the shear mode PZT be poled correctly
for optimum performance.

We did not perform a similar study for the extension
mode PZT.

Energy of Electrical Deformations

Figure 9 exhibits the time history of the energy, E,, of
electric deformations for the shear mode and the
extension mode ACLD treatments with Ayz = 1.0 cm
and hpzr = 1.0 cm. E, is defined as

Egy= f D;W;dQ2
Qpz1
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Table 5. Variation of the three measures of damping with the aspect ratio.

Fundamental

Frequency (kHz 8 I [}
Aspect q y (kHz) 1 2
Ratio Shear Extension Shear Extension Shear Extension Shear Extension
s Mode Mode Mode Mode Mode Mode Mode Mode
3 6.005 9.236 0.418 0.185 0.044 0.083 0.187 0.707
10 1.165 1.257 0.374 0.055 0.082 0.258 0.009 1.155
20 0.503 0.503 0.235 0.022 0.032 0.17 0.014 0.691
30 0.314 0.314 0.153 - 0.017 0.12 0.013

PR

Table 6. For the shear mode PZT, dependence upon the
poling direction of the fundamental frequency and the
three measures of damping.

Measures of Damping

Poling Fundamaninl
Angle &  Frequency (kHz) ) I 1>
0 5.089 0369  0.128 0.092
15 5119 0.369 0.099 0.08
30 5.129 0.367 0.053 0.025
45 5134 0.367 0.008 -0.014
60 5.128 0.368 —-0.019 -0.035
75 5.117 0.369 -0.025 -0.051
90 5111 0.370 -0.019 -0.033

14 r v - = S
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Figure 9. Time history of the energy of electric deformations for
the shear mode and the extension mode ACLD treatments;
hve =1.0cm, hpzr =1.0cm.

where Qpzt is the region occupied by the PZT. Since a
uniform electric potential is applied across the major
surfaces, x3 = constant, of the PZTs, only W3 and D;
have significant values; computed values of W, and W,
were found to be several orders of magnitude lower than
those of Ws. Recall that the time periods of the two
configurations are different. Larger values of the energy
of electric deformations for the shear mode PZTs
suggest that the potential difference imposed across
the major faces of the PZT layers is higher for the shear

Table 7. Effect of relaxation time on the simultaneous
damping of the first two modes.

Measure /4 of

Damping
Relaxation — e
Time t (ps) Mode 1 Mode 2
T =1/wy 0.6406 0.4818
2 =1/wz 0.3815 0.8909
w=1/w3 0.1644 0.9682
Ta=1/ws 0.1315 0.9682

mode configuration than that for the extension mode
configuration. Also, flat portions of the curve for the
shear mode PZTs suggest that the prescribed limiting
value of the potential difference and hence of the electric
field was required. Since the maximum bending stress
induced in the shear mode PZT is considerably lower
than that in the extension mode PZT, the former is
expected to have larger service life.

Simultaneous Damping of First Two Frequencies by
Using a Functionally Graded Viscoelastic Layer

Whereas in the section, “Determination of the
Fundamental Frequency” we assessed the effect of vary-
ing the relaxation time 7 on the logarithmic decrement
for the fundamental mode of vibration of the structure,
here we examine if the first two modes can be damped
out simultaneously. The structure was excited as
described in **Analysis of Damping” and the amplitudes
of vibrations of the first two modes were found by using
the FFT technique both with and without (i.e., x = 0)
modeling damping caused by the viscoelastic layer. For
the undamped structure, the relative amplitude of the
first mode of vibration equaled 8 times that of the
second mode. These results, summarized in Table 7,
suggest that T = 1/w, is most effective in damping out
the first mode of vibration. However, t = 1/w», 1/w; or
1/w4 damps out better the second mode of vibration.
For any one of these three values of 7, the first mode of
vibration is not damped out quickly.

A possibility for damping out simultaneously the first
two modes of vibration is to use a functionally graded
viscoelastic layer with material properties varying
continuously through the thickness. An approximate
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way to model a functionally graded layer is to consider it
made of several layers of different homogeneous
materials. Here, each one of the two viscoelastic layers
was divided into four sublayers; when moving in the
x3-direction these are numbered as 1, 2, 3 and 4 for the
bottom layer and 4, 3, 2 and 1 for the top layer. For six
different assignments of the relaxation times to these
sublayers, we list in Table 8 computed values of the
measure I; of damping for the first two modes of
vibration. The entries in the first column and the last
row of Table 8 imply that the material of the sublayer 1
had relaxation time 7y, that of sublayer 2 had relaxation
time 7, etc. It is clear from these results that the rate of
damping of the second mode of vibration is virtually
unaffected by the relaxation time assigned to each of the
sublayers. Since the amplitude of the first mode of
vibration is 8 times that of the second mode, it may be

Table 8. Simultaneous damping out of the first two
modes of vibration with a functionally graded viscoelas-
tic layer.

Sequence of Relaxation
Times Assigned to the
4 Sublayers of each

Measure /; of Damping

Viscoelastic Layer First Mode Second Mode
1-1-1-1
1-1-2-2
2-2-11
1-2-2-1
2-1-1-2
1-2-3-4
4-3-241
(@ 8
6
£
<4
4 |
2 2
0
10 12 14 16
X, (cm)
(c) 8
€
L}
o
x
2
0
10 12 14 16
X ; (cm)
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desirable to use homogeneous viscoelastic layers with
relaxation time t = 1/w;. However, the arrangement of
the second row of Table 8 doubles the values of I, for
the second mode of vibration while lowering it only
about 15% for the first mode. This may be more
effective in damping out quickly the total energy of a
structure.

Effect of Material Nonlinearities in the Constitutive
Relation for the PZT

We now investigate the effect of assigning values
listed in (43) to material parameters v4 and v, in the
constitutive relation (21) for the PZT. For each one of
the ten values of the thickness of the viscoelastic
layer listed in Table 1 and for the shear mode and
the extension mode configurations, it was found that the
value of the index I; was nearly the same as that for the
case when vy = vj3 = 0. For the shear mode configura-
tion, the index I; was computed by considering
transverse displacements of a point on the free edge of
the PZT layer rather than that of a point on the
aluminum layer. Figure 10 compares deformed shapes
of the portion of the plate near the unclamped edge
when v4 and vy, are nonzero with those for v; = v;; = 0.
Displacements have been magnified 100 times to clearly
show the deformations. It is clear that for the extension
mode configuration, the transverse shear strain in the
viscoelastic layer is noticeable. The deformed shape for
the shear mode configuration cannot be compared with
the corresponding deformed shape for the extension
mode configuration since the maximum deformations of

(b) 8
6
£
S 4 I
> / [/
e o
0
10 2 14 16
X1(cm)
(d) 8
] ] L ]
3
S
[s2]
=
2
1 1 1 )
0 10 12 14 16
X1(cm)

Figure 10. Deformed shapes of the laminated hybrid plate: (a) and (b) for the shear mode configuration with zero and nonzero values of v4 and
v12; (¢) and (d) for the extension mode configuration with zero and nonzero values of vs and via.
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the viscoelastic layer may not occur at the instants
deformed shapes are plotted in Figure 10.

Remarks

One can improve the agreement between experimental
and computed results by incorporating more terms
involving different relaxation times on the right-hand
side of the constitutive relation (8) for the viscoelastic
layer. The consideration of each additional relaxation
time will add an equation like (20) and thus increase the
computational effort required to analyze the problem.
One can economize on the computational effort by
integrating Equation (20) only at the centroid of an
element thereby tacitly assuming that 5, is uniform
over the element. This approximation is quite reason-
able for a fine mesh. This generalization, though straight
forward, has not been implemented in the code yet.
Another extension of the work is to incorporate the
effect of heat produced by electric and viscous dissipa-
tion on the temperature rise and the dependence of
material moduli upon the temperature. These effects will
be reported in a future study.

CONCLUSIONS

We have compared the performance of two ACLD
treatments in a thick laminated plate comprised of layers
made of a piezoceramic (PZT) material, aluminum and a
viscoelastic material. Effects of geometric nonlinearities
and the dependence of stresses and electric displace-
ments upon squares of the electric field are incorporated
into the analysis of the problem. In one configuration,
the PZT layer is at the center, and it’s transverse shear
deformations are predominant. In the other configura-
tion, the PZT layers are at the outer surfaces and their
extensional deformations are significantly more than
their transverse shear deformations. Three-dimensional
transient deformations of the composite system are
analyzed in the time domain by the finite element
method.

For each value of the thickness of the viscoelastic
layer, the measure I; of energy dissipation for the
shear mode PZT configuration is larger than that for
the extension mode PZT configuration. It implies that
the shear mode PZTs are more effective in damping
out vibrations of the hybrid plate. The energy of
electric deformations of the shear mode PZT config-
uration is more than that of the extension mode
configuration.

The maximum transverse shear strain induced in the
viscoelastic layer increases with a decrease in it’s
thickness. The optimum thickness of the viscoelastic
layers for maximum total energy dissipation is the same
for each set-up. The thickness of the PZT layer which

results in the maximum value of the index I; of energy
dissipation is the same for the two set-ups. Both
arrangements result in the largest value of I, for a
plate of aspect ratio 10. When each viscoelastic layer
was divided into four sublayers and values of the
relaxation moduli of the sublayers were changed
between 0.1 and 0.4 times their instantanecous values,
the value of the logarithmic decrement was essentially
unaffected. With the objective of simultaneously damp-
ing out quickly the first two modes of vibration, each of
these four sublayers was assigned a relaxation time
equal to the reciprocal of the first four frequencies.
These numerical experiments reveal that subdividing
each viscoelastic layer into two sublayers and assigning
relaxation times equal to the reciprocal of the first two
frequencies to these sublayers will damp out rapidly the
first two modes of vibration.
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