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This study deals with the active constrained layer damping (ACLD) of laminated composite plates to demonstrate
the performance of piezoelectric fiber-reinforced composite (PFRC) layer as the constraining layer of ACLD
treatment. A finite element model is developed for the smart composite plates integrated with the patches of ACLD
treatment. The performance of the constraining PFRC layer has been investigated for active damping of thin
symmetric and antisymmetric crossply and antisymmetric angle-ply laminated composite plates. The main concern
of this study has been focused on investigating the significant effect of variation of piezoelectric fiber orientation
in the PFRC layer on enhancing the damping characteristics of the laminated substrate plates, and the fiber angle
in the PFRC layer for which the control authority of the patches becomes maximum has been determined.

I. Introduction

IEZOELECTRIC materials have been increasingly used as dis-

tributed sensors and/or actuators for active control of vibration
of high-performance lightweight smart structures during the past
decade.'~!” This increasing demand is credited to their inherent
properties of direct and converse piezoelectric effects. Because of
their direct piezoelectric effect, they are used as sensors because they
are capable of inducing an electric potential/charge when subjected
to mechanical load, and their capability of being deformed upon ex-
ternally applied voltage/charge made them useful as actuators. The
flexible structures when coupled with a layer/patch of these mate-
rials acting as distributed sensors and/or actuators are customarily
known as “smart structures.” The performance of smart structures
depends on the magnitude of the piezoelectric stress/strain coeffi-
cients. The magnitudes of the piezoelectric coefficients of the ex-
isting monolithic piezoelectric materials are very low. Hence, large
control voltage is necessary for achieving a significant amount of
active damping in smart structures. Further research on the poten-
tial use of these existing piezoelectric materials as the distributed
actuators for smart structures has led to the development of active
constrained layer damping (ACLD) treatment.'® The ACLD treat-
ment consists of a viscoelastic constrained layer and a piezoelectric
layer acting as the active constraining layer. When the treatment is
integrated with a base structure (substrate) and is augmented with
an appropriate control strategy, the strain of the piezoelectric con-
straining layer can be controlled in response to the vibration of the
base structure leading to the active constrained layer damping of
this structure. It is well known that the flexural vibration control
by the constrained layer damping treatment is attributed to the dis-
sipation of energy in the viscoelastic core undergoing transverse
shear deformation. As the constraining layer of the activated ACLD
treatment increases the passive transverse shear deformation of the
viscoelastic constrained layer, the ACLD treatment improves the
overall damping characteristics of the flexible structures over its
passive counterpart. Because the control effort necessary to increase
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the shear deformation of viscoelastic layer is compatible with the
low control authority of the monolithic piezoelectric materials, the
piezoelectric materials perform much better to attenuate the vibra-
tion of smart structures when they are used as active constraining
layer of the ACLD treatment than when they are used alone as dis-
tributed actuators. Also, ACLD treatment provides the attributes of
both passive and active damping occurring in unison because of
the fact that passive damping mechanism is integral to this treat-
ment. Hence, since its inception prolific use of ACLD treatment
can be noticed for efficient and reliable active control of flexible
structures.'?~?

Piezoelectric composites are now being effectively used for un-
derwater transducers and medical imaging applications.’*~3? These
composites have been reported to show improved mechanical per-
formance, electromechanical coupling characteristics, and acous-
tic impedance matching with the surrounding medium over the
monolithic piezoelectric materials. These composites tune the thick-
ness mode of oscillation as their piezoelectric fibers are vertically
oriented and cannot be used for flexural vibration control. The
piezoelectric fiber-reinforced composites (PFRC) wherein the fibers
are longitudinally oriented can serve the purpose of actuating the
flexural modes of vibrations. In the recent papers,*** authors inves-
tigated the effective elastic and piezoelectric properties of unidirec-
tional PFRC materials that are useful for the analysis of plate- and
beam-type smart structures, respectively. The main concern of the
investigations was to predict the effective piezoelectric coefficient
of the PFRC materials, which quantifies the induced normal stress
in the fiber direction as a result of the applied electric field in the
direction transverse to the fiber direction. It has been found that this
effective piezoelectric coefficient becomes significantly larger than
the corresponding coefficient of the piezoelectric material of the-
fibers within the useful range of fiber volume fraction. Note that
this piezoelectric coefficient is mainly responsible for active con-
trol of flexural vibrations of smart structures. In a previous paper,
the authors® carried out the static analysis of laminated composite
plates integrated with a layer of this PFRC material to investigate
the performance of this layer as a distributed actuator for smart
structures.

In this paper, authors investigated the performance of this PFRC
material for the active constrained layer damping of laminated com-
posite plates. The novel aspect of this work is that the constraining
layer of the ACLD treatment has been considered to be made of this
PFRC material. A finite element model has been developed con-
sidering first-order shear deformations in all of the layers and three
different equivalent single-layer theories. As a novel objective of
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this study, particular emphasis has been placed on investigating the
effect of fiber orientation in the PFRC layer on the active damp-
ing of thin symmetric/antisymmetric cross-ply and antisymmetric
angle-ply plates using this finite element model.

II. Finite Element Model

Figure 1 shows a simply supported rectangular laminated sub-
strate plate made of N number of orthotropic layers. The length,
width, and thickness of the plate are denoted by a, b, and £, respec-
tively. The top surface of the plate is integrated with the rectangular
patches of ACLD treatment. The constraining layer of the ACLD
treatment is made of PFRC material, and its constructional feature
is also schematically demonstrated in Fig. 1. The thickness of the
PFRC layer is &, and that of the viscoelastic constrained layer of the
ACLD treatment is /,. The midplane of the substrate plate is con-
sidered as the reference plane. The origin of the laminate coordinate
system (x, y, z) is located on the reference plane in such a way that
x =0, a and y =0, b indicate the boundaries of the substrate plates.
Denotingby k (k=1,2,3,..., N 4+ 2)thelayer number of any layer
of the overall plate, the thickness coordinate z of the top and bottom
surface of any (kth) layer are represented by /4, and Ay, respec-
tively. The fiber orientation in any layer of the substrate plate with
respect to the laminate coordinate system is denoted by 6, whereas
that in the active constraining layer of the PFRC material is denoted
by .

First-order shear deformation theories will be used for modeling
the overall plate integrated with the patches of ACLD treatment.
Figure 2 describes a schematic representation of the kinematics of
deformation based on these theories. As shown in this figure, 1 and
vo are the generalized translational displacements of a reference
point (x, y) on the midplane ( z =0) of the substrate along x and y

axes, respectively; 0., ¢, and y, are the generalized rotations of the
normals to the middle planes of the substrate, viscoelastic layer, and
the PFRC layer, respectively, about the y axis and the generalized
rotations of these normals about x axis are denoted, respectively, by
0y, ¢y, and y,. According to the kinematics of deformation shown
in Fig. 2 and using the appropriate singularity functions, the axial
displacements u# and v at a point in any layer of the overall plate
along x and y directions, respectively, can be written as

M(L)’,ZJ):MO(X;)’J)‘F(Z— (Z_h/z))ex(xay’t)+(<z _h/z)
—(z=hn 2D, y, ) + (2 = hy 2y (x, y, 1) )]
v(xsyvzvt):v()(xv y!t)+(z_<z_h/2>)9y(x’ yat)+(<z _h/2>

— {2 =hn2))@y (X, 3. D) + (2 = hy42)yy (X, Y, 1) 2

Note that the brackets () are used to write the singularity functions,
and implicit in Egs. (1) and (2) are the three first-order shear de-
formation theories respectively for substrate, viscoelastic layer, and
the PFRC layer. The transverse displacement w(x, y, ¢) at any point
in the overall plate is assumed to be constant through the thickness
of all layers. For the ease of analysis, the generalized displacement
variables are grouped into the following vectors of generalized trans-
lational {d,} and rotational {d,}, {d,} variables:

{dt} =[uo vo w]T’ {dl} = [0, 9)‘]T

diy=1¢c & v »nl" 3

To implement the selective integration rule for avoiding the shear
locking in thin plates, the state of strain at a point in the overall
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Fig. 1 Schematic representation of laminated composite plate integrated with the patches of ACLD treatment.
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plate is represented by the two vectors of in-plane strains {€,} and
transverse strains {€,}, respectively, and are given by

{e)=lec & e, fed=lee €. &
in which €,, €, are the normal strains along x and y directions,
respectively; €,, is the in-plane shear strain; and €,. and €,. are
the transverse shear strains. Using the displacement field given by
Egs. (1) and (2), the linear strain-displacement relations, and Eq. (4),
the vectors {€,}., {€}v, and {€,}, defining the state of in-plane
strains at any point in the substrate composite plate, viscoelastic
layer, and the PFRC layer, respectively, can be expressed as

{en}e = {en} + z{en}
{€}s = {€nd + (h/D{€n} + (z — h/2){€pn}
{ep}p = (€} + (h/2){€0e} + [Z1]{Ebr)} )
Similarly, the vectors {€;}., {€,},, and {€,}, defining the state of

transverse shear strain at any point in the substrate plate, viscoelastic
layer, and the PFRC layer, respectively, can be written as

{es}c = {esl} + {esr}: {Es}v = {est} + {Esrl}
{es}p = {est} + {esr2} (6)

In Egs. (5) and (6), the matrix [Z,] and the various generalized
vectors are given by

/’lv 0 0 zZ— hN+2 0 0
[Z]J=({0 h, O 0 z—hyio 0
0 0 h 0 0 z—hyio
_ T
dug vy dug vy
(€l = | 0x 9y ay + ox ]
€)= (96, 96, 90, 96, !
Sort = | 0x dy dy ax
- T
_ | 99 04y 3¢ 09y
(€} = | dx ay ay + ox ]

T
9 09y b 89y v Wy v B
ax ay ay ox ax dy

ay ax
T
ow Jw
{esl} - [a E:| s

{€m} = |:

{esr} = [ev ey]T

lew) = [0 01", e} =l wl )

Similar to the strain vectors given by Eq. (4), the in-plane stresses
and the transverse shear stresses at any point in the overall plate are
described by the following stress vectors:

{Uh} = [o, Oy 0’,\'y]Ts {UY} = [o%: Gyz]T (8)
where o, o, are the normal stresses along x and y directions, re-
spectively; oy, is the in-plane shear stress; and o,. and o, are the
transverse shear stresses.

The constitutive relations for the material of the PFRC layer can
be expressed as*?

——

vq;,

——
I

[C]{ei} - [a ]
o} = [Cil{er) = [2 ]y ©)

w4 =[] e} +[¢] ) +# ey a0

where for the kth layer, [C ,’j] and [C.f] are the matrices of trans-
formed elastic coefficients referred to laminate coordinate (x, y,
z) system; [Ei] and [Ef] are the matrices of corresponding trans-
formed piezoelectric constants; {E¥} and {D*} are the electric field
and electric displacement vectors, respectively; and [£¢] is the matrix
of transformed dielectric constants. The electric field and displace-
ment vectors appearing in Egs. (9) and (10) are given by

Y =[E* EX EY, w4 =[pt bt b an
in which EX, EX, and EF are the electric field along x, y, and z axes,
respectively, and DX, D*, and D are the corresponding electric
displacements. The coefficient matrices [C}], [C¥], [ef], [¢*], and
[€¥] of Egs. (9) and (10) are given by

C_vlkl 6{(2 C{{G |:C—,k ck i|
] — 55 45

[éf]: élfz é§2 C§6 ’ [C]" Ck Ck
Cls Cis Cos o

0 0 & L
5 - - és es 0
[e/,j] =10 0 eé‘z , [ef] =L
0
& Cla €
0 0 e =

(1=, &, o (12)
0 0 &,

Note that for the PFRC layer the value of k is to be considered as
N +2, and if the elastic, dielectric, and piezoelectric coefficients
of any layer are known with respect to its material coordinate sys-
tem then the various elements of the coefficient matrices of that
layer can be derived by using the standard transformation rule.*® If
the electrical terms are dropped, Eq. (9) represents the constitutive
equations for each orthotropic layer (k =1, 2, 3, ..., N) of the lam-
inated substrate. The material of the viscoelastic layer is assumed
to be linearly viscoelastic and istropic. Because the present study
is concerned with the frequency response analysis, the viscoelastic
material can be modeled by using the complex modulus approach,
which is a frequency-domain-based model. In the complex modu-
lus approach, the shear modulus G and Young’s modulus E of the
viscoelastic material are described as!®~2¢
G=G'(1+in), E =2G(1+v) (13)

in which G’ is the storage modulus, v is the Poisson’s ratio, and
n is the loss factor at a particular operating temperature and fre-
quency. Accordingly, the elastic coefficient matrix [CV *!] of the
viscoelastic material derived by using Eq. (13) turns out to be com-
plex, and in the absence of electrical terms Eq. (9) also represents
the constitutive relation of the viscoelastic material.'?~26

The total potential energy T, and the kinetic energy T} of the plate
coupled with the patches of ACLD treatment can be written as®’

- /{EN”}{DN”}dQ} —/{d}T{f}dA (14)
Q A

[ a2
_ ! k2 | w2 s
Tk_z kél/Qp(u + 07+ w”) dR (15)

in which {f} is the externally applied surface traction vector acting
over a surface area A, 2 represents the volume of the concerned
domain, and p* is the mass density of the kth layer in concern. The
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overall plate is discretized by eight noded isoparametric quadrilat-
eral elements. Using Eq. (3), the generalized displacement vectors
forith (i=1,2,3, ..., 8) node of an element can be expressed as

{d } /\I gyi]T

{doi} =i by v Wil (16)

{di} = [uoi  voi wi]T,

Thus the generalized displacement vectors at any point within the
element can be written as

{d)=mNafdc},  id) = N{de}

{d} = N,1{a;, } (17)
wherein the nodal generalized translational displacement vector

{d;}, the nodal generalized rotational vectors {d¢} and {d‘,}, and
the shape function matrices [N,], [N, ], and [N ] are

{df} = [{d,l}T {dn}" {d,g}T]T
{ar} =[ta.)" tda) ey ]
{dze-l} = [{drn}T {d12)" {d,»]g}T]T
INI=[Na No - - Ng]
[Nr] = [er Nr2 . . NI‘S]
[Nl] = [A_]r] 1\_’1'2 . . N/‘S]
Nti :}’l,'[/, Nri :ni[r]\_]ri :nll_r (18)

in which /,, I,, and I, are the identity matrices of appropriate sizes
and n; is the shape function of natural coordinates associated with
the ith node of the element. Using the relations given by Eqs. (5-7),
the strain vectors at any point within the element can be expressed
as

{ev}e = [Bol{d!} + z[Bw1{d}

{€oho = [Bul{d:} + (h/D)[Bu){de) + (z — h/2)[Buo], {dt, }
(€s)p = [Bul{d:} + (h/2)[Bal{d:} + [Z11[Bs], {d, }
{e)e = [Bu){d!} + [Bu1{d¢}

{es}y = [Bul{d} + [Bil.{d!, }

{ex}p = [Bts]{df} + [Brs]p {dfl} (19)

In Eq. (19), the nodal generalized strain-displacement matrices are
given by

[Bol =[Bw1 Bwz -+ Busl

[Bil =[Bw1 Bio -+ Busl

[Bs] =[Bsi B -+ Busl

[Bs] =[Bwi Bwa -+ Busgl
(Bl =[Ba Bin +++ Big)

[Bisly = [Brvsl Brvsz BrUSS]
[Bwl, = [Br%l BrTJZ BrIIZS]

[Bilp = [Brlil Br[:2 Br[:'S] (20)

in which

nix 0

By = [Bwi O], Bpi=1| 0 n,

n[,y njx
B 0 0 niy B n, 0 on;
ts1 — O O f’ll y ’ st — O /’l, ) nl,\ a)t

on; ~ » Brbi 0~
niy = 8_);’ Br'f,i =[Byi O], Br’bl = |: o Brbii|
=10 Bgl,  BY=I[Bg O] 1)

wherein O, 0,and O are the (3 x 1), (3 x 2), and (2 x 2) null matri-
ces, respectively. The poling direction in the fibers is transverse to the
fiber direction, and hence the electric field is considered to act along
the thickness direction of the PFRC layer only. Thus, the electric
field vector given by Eq. (11) can be written for the PFRC layer as

(EV*2 =10 0 —(1/h)]"V (22)

where V is the potential difference across the thickness of the PFRC
layer and spatially constant over the surface of the PFRC layer.

Substituting Egs. (9) and (10) into Eq. (14) and then using
Egs. (19) and (22), the total potential energy T of a typical ele-
ment augmented with the ACLD treatment can be written as

1y = S[{ar) ika{ar) + {ar) [k {ae) + o) [k {ar)
+{ac [alary +{ary (& ar )+ {an ) (&5 {ar)
+{acy (K e ) + () [Ka] {ar)
+{an V(K] {arn} —2fa} (v —2{ac) { £}y

T( . AT e

2 {5, V] - e @)
The elemental stiffness matrices [K;], [K], [K], [KS, ], [KE ],
[K;,]; the elemental electroelastic couplmg vectors {F 1, {F ‘1,

{Fj,}; and the elemental load vector {F*} appearing in Eq. (23)
are given by

be ae

(k] = / / (Bl [DwllBi] + (Bl [D]By]) dx dy
0 0
be ae

(k7] = / / (IBo]" [Dw][Bi] + [B]" [Disl[Brs]) dx dy
0 0
be ae

(k] = / / (1B [Dep][Bi] + [Brs]" [Dirs1[ Bis]) dx dy

m f / [Bo)" [Dutvlo[Beols + [Bwl” [Duivlp[Bivl,

+ [Bi)" [Duslo[Bis)y + [Bis]" [Diss]p[B], ) dx dy
"1 / / [Brb] rrlb] [Brb]v + [Brb]T [Dnlb]p[Brb]p dx dy
(K& = / / (IBw 1} [Duzplo[Bivly + [Beo] [ D] [ Bio ]
0 0
+ (B! [Drxslu[Bisly + [Brs]], [Dres]p[Br],) dx dy

be  pace
{ﬂ;} = / / ([B[b]T{Ftb}p + [B(S]T{F[S}p) dx dy

{re) f / [Bio]" {Fan}p dx dy
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Note that as the elastic coefficient matrices of the viscoelastic ma-
i) f / (Bl {Frinky + [Bslj {Fris}y) d dy terial are complex, the elemental stiffness matrices are complex for
an element augmented with the ACLD treatment. Using Eq. (17)
. be pac r in Eq. (15), the kinetic energy T, of the element can be obtained
{F} = [N] {f}dx dy as
wherein a, and b, are the length and width of the element in consid- T = % { } M f]{ e} (24)
eration and the various rigidity matrices originated in the elemental i1 which
matrices are mnwhic
ae be
N+2 phepr [M"]=/ / m[N,1"[N,]dx dy
[Dw] = Z/ [C,’j] dz o Jo
k=1 Yhk

N
LSy =Y et = h) + oy 4 0Ny
[Ds] = / C_‘f dz k=1

> ) el

The rotary inertia of the overall plate has been neglected to
estimate the kinetic energy of the overall plate as the substrate

hi 41 N+2 hi 41 h . . . .. .
[Dyp] = Z dz + Z plates considered here are very thin. Applying the principle of vir-
— S tual work,?* the following governing equations of an element are
* obtained:

N hj 41 e[ ie e e e e e e
(Dul= f [c]a: (rd;} + (K7} + (K - kadn ) = {7}V + )

k=1l (25)

M2 T -
o= [ e e el )+ kel + [ ) = L]y o
hN 11

hi+1 N+2 Mt g2 [ "1] {de} [ f”]{d‘} [K:rZ]{dﬁl} = {frqp}v @n

[Dm] = Z / C"] dz + Z /}; 4 C”] dz Equations (25) and (26) also represent the formulation of an element
k=1 k=N+1oh without integration with the ACLD treatment. In that case, the ele-

Iy o h mental stiffness matrices [K, ], [K{, ], [K;,] and the electroelastic

[Dyinly = / (z - _> [C}IJ‘H 1] dz coupling matrices {F LAFS ), {F,l }turn out to be the null matrices,

Iy 2 and the other elemental stifiness matrices become real. The method

of formulation leads to the derivation of the relations between the

hwes N2 nodal rotational degrees of freedom {d;, } and the remaining degrees
[Dupl, = / [Ch ][Z 1]dz of freedom {d;} and {d} of an element integrated with the patch of
w2 ACLD treatment as manifested by Eq. (27). Also, the edge boundary
hy i3 conditions will be considered as simply supported for the bound-
[Disl, = / [C‘!V +2] dz aries of the substrate composite plates only. Because the rotational
Iy 4o degrees of freedom {d;,} are not explicitly involved with the edges
of the substrate plate, these degrees of freedom are condensed at the
[Drs] = [Dis], [Drslp = [Duslp, [Dixsly = [Dirs]” elemental level yielding the set of elemental equations of motion in
e N terms of the nodal degrees of freedom {d} and {d¢} as follows:
Dyiply = —(z==)[CV*"]dz (e ( ve ,
pak= [ 55l )+ [k} + e} = v + 1
s d d} ={F v 29
[Dus], = / %[Cb” )1z dz (i far) + [R5 ter) = () &
hy +2 in which the augmented elemental matrices are given by

uat = [ - 3)2[@7 e [Kki] = [&:] - [Ka][Ke] ' [Ke]
[Dusas], = };Nl”[zl]r (CY )iz [Kee] = [K5] - [K;l][Kfrz]_lI [ke]
CARTARITA LA
= [ [ N CA TSI AN

hN 1 . .
’ The elemental equations of motion can be assembled to form the

h 2 N4+27E global equations of motion in such a manner that each patch can be
{Fs}p = [es ][E ]dz activated separately as follows:
hN 41
hy 42 o - j j
h _ J J
(Fal, :/ (5)[ () oz [MUX) + [KJ(X) + KX, ) = ;{Ftp}v +(F) (30)
hN +1 J=
BN 12 m ) )
- T e
(Frp)y = / 2z [6f 2| (EYdz,  {Fady = (Fuby (Kl (X} + (K (X,) = > (Fa)V? 3D
hN +1 i=
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where [ M] is the global mass matrix; [K], [K ], [K ] are the global
stiffness matrices; {X} and {X,} are the global nodal translational
and rotational degrees of freedom; {F{;,;} and {Frl’,} are the global
electroelastic coupling matrices corresponding to the jth patch; V/
is the voltage applied to this patch; m is the number of patches;
and {F} is global nodal force vector. After invoking the boundary
conditions, the global rotational degrees of freedom can be con-
densed to obtain the global open-loop equations of motion in terms
of translational degrees of freedom only as follows:

m

[MIX) + [K*UX) =D {F]}V/ + (F) (32)

j=1
in which
[K*] = [Ky] — [Kel[Kn] ' [Ku]"
{Fi} = {F} - KKl {F}

Recalling that the elemental stiffness matrix for an element aug-
mented with the ACLD treatment is complex, one can realize that the
global stiffness matrix [K *] is a complex matrix, and its imaginary
part is responsible for contribution to the dissipation of energy.'*~2
Hence, when the piezoelectric constraining layer is not subjected to
any voltage (i.e., V =0), the equations of motion given by Eq. (32)
represent the modeling of the passive constrained layer damping of
the substrate plates.'*~26

III. Closed-Loop Model

To supply the control voltage for activating the patches of the
ACLD treatment, a simple velocity feedback control law has been
employed. According to this law, the control voltage for each patch
can be expressed in terms of the derivatives of the global nodal
degrees of freedom as follows:

V=Kl =—KJIN'1{X} (33)

in which K (j is the control gain for the jth patch and [N/] is a unit
vector defining the location of sensing the velocity signal that will
be fed back to this patch. Finally substituting Eq. (33) into Eq. (32),
the equations of motion governing the closed-loop dynamics of the
substrates activated by the patches of ACLD treatments are obtained
as follows:

[MUX} + [C{X} + [K*I{X} = {F} (34)

wherein

[Cal = KJ{FJ}IN]

Jj=1

is the active damping matrix. Note that if the control gains are zero,
Eq. (34) reduces to Eq. (32) representing the passive constrained
layer damping of the substrates. Thus for nonzero values of the
control gain, Eq. (34) represents the modeling of the substrate plates
undergoing both passive and active damping simultaneously, which
is the essence of the active constrained layer damping treatment.

IV. Numerical Results

In this section, the numerical results are evaluated using the finite
element model derived in the preceding section. Both cross-ply
and angle-ply thin square substrates integrated with two patches
of ACLD treatment are considered as the numerical examples. The
locations of the patches have been selected on the basis of a recent
study?® on optimal placement of ACLD treatments such that dissi-
pation of energy corresponding to first two modes (1,1) and (1,2)
becomes maximum and are shown in Fig. 3. Unless otherwise men-
tioned, the thicknesses of the PFRC layer, the viscoelastic layer,
and the piezoelectric fiber orientation in the PFRC layer are consid-
ered as 250 pum, 50.8 um, and 0 deg, respectively. The thickness of

Table 1 Elastic constants of the PFRC3? and substrate layers®®

Cu, Ci, Cpn, Cau, Css, Ces, o,
Material GPa GPa GPa GPa GPa GPa kgm’
PFRC 32.6 43 7.2 1.05 129 129 3640
Substrate 17293 1.73 692 1.15 2.87 345 1600

layers

Table 2 Piezoelectric properties of the PFRC layer3?

Coefficient Value
e31, C/m? —6.76
e, C/m? —0.076
€11, F/m 0.037 x 10~
€2, F/m 10.46 x 107
£33, F/m 10.46 x 10~
y
Patch 2 Laminated Plate
Patch 1
al2 |a
al/4
X

|ai| a2 | ad|
I T T 1

Fig. 3 Schematic representation of the locations of the patches on the
top surface of the substrate.

each layer of the substrate plates is assumed as 1 mm. The materi-
als of the piezoelectric fiber and the matrix of the PFRC layer are
PZTS5H and epoxy, respectively. Considering 40% fiber volume frac-
tion, the elastic and piezoelectric properties of the PFRC layer with
respect to its material coordinate system are evaluated by the mi-
cromechanics model developed by the authors®® and are presented
in Tables 1 and 2, respectively. Table 1 also contains the material
properties of the orthotropic layers of the substrates. The value of
the piezoelectric coefficient e3, of the PFRC material used in this
study with respect to the material coordinate system is much lower
than that of e3; as shown in Table 2, and hence this piezoelectric
coefficient has not been considered for computing the numerical re-
sults. But the value of the transformed piezoelectric constant &3, %2
will be appreciable when the fiber orientation in the PFRC is other
than 0 deg and has been considered here to compute the numerical
results through the use of the constitutive relations (9) and (10),
which are based on the transformed coefficient matrices given by
Eq. (12). Because of the formulation by using first-order shear de-
formation theories, the coefficient es3; of the PFRC is not useful
here, and also, as the electric fields in the x and y directions are
not considered in this study, the computation of numerical results
does not require the other piezoelectric coefficients e;s and e,4 of the
PFRC material considered here. At an ambient temperature, the loss
factor of the viscoelastic layer considered for numerical results re-
mains invariant®® within the frequency range of interest (0-600 Hz)
and considering this ambient temperature the values of the complex
shear modulus, the Poisson’s ratio, and the density of the viscoelastic
layer are used as 20(1 + i) MPa, 0.49 and 1140 kg/m?, respectively.?
The following simply supported boundary conditions*® are used for
the cross-ply substrates to evaluate the numerical results:

v=w=~60,=0 at
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Table 3 Fundamental natural frequencies (zo) of symmetric

Table 6 Comparison of the dynamical characteristics

cross-ply (0/90 deg/90 deg/0) square substrates with negligible of a plate/ACLD system
thickness of PFRC layer
Closed-loop

Source a/h=10 a/h=20 a/h=100 Natural Open-loop damping
Present FEM 15.058 17.639 18.831 frequency. Hz damping ratio rato
Analytical®® 15.061 17.641 18.835 Source Istmode 2nd mode Istmode 2nd mode  Ist mode

Present FEM 5.72 24.97 0.0316 0.0292 0.064

20
Table 4 Fundamental natural frequencies (zo) of antisymmetric Baz and Ro 376 2499 0.0314 0.0286 0.065
cross-ply (0 deg/90 deg/0 deg/90 deg/-/-/-) square substrates with
negligible thickness of PFRC layer .
12X 10
a/h=10 a/h=20 a/h=100 — Gain=0
Source N=2 N=8 N=2 N=8 N=2 N=8 === Gain=600
___________________________________ Gain=1500

Present FEM  8.899 12538  9.492 14218 9.692 14915
Analytical®® 8925  12.565 9.495 14229 9.688  14.912

Table 5 Fundamental natural frequencies (zo) of antisymmetric
angle-ply (—6/6/—6/6/-/-/-) square substrates with negligible
thickness of PFRC layer

0 =5 deg 6 =30 deg 0 =45 deg
alh Source N=2 N=6 N=2 N=6 N=2 N=6

10  Present FEM 14.187 14.786 12.795 18.092 13.186 18.899
Analytical® 14226 14.841 12.871 18.126 13.259 18.953
20 Present FEM 16.643 17.569 13.832 21.641 14.213 22.815
Analytical®  16.657 17.618 13.847 21.650 14.233 22.867
100 Present FEM 17.772 18.928 14217 23.286 14.613 24.726
Analytical®®  17.781 18.935 14.223 23.295 14.621 24.740

whereas those for the angle-ply substrate are considered as*®

upy=w==0,=0 at x=0,a

vp=w=0,=0 at y=0,b

To verify the validity of the present finite element model (FEM),
first the natural frequencies of the substrates integrated with the
inactivated patches of ACLD treatment of negligible thickness are
computed and subsequently compared with the existing analytical
results®® of identical substrates without integrated with the patches.
A nondimensional frequency parameter @ has been used for pre-
senting the fundamental natural frequencies of the plates and is
defined as

@ = (wa*/h)\/p/Er (35)

in which w epresents the natural frequencies of the overall plates
and p and Er are the density and transverse Young’s modulus of
the orthotropic layers of the substrates, respectively. Tables 3-5
demonstrate this comparison of the fundamental natural frequen-
cies of symmetric cross-ply, antisymmetric cross-ply, and antisym-
metric angle-ply substrates, respectively. It can be observed from
these tables that the results are in excellent agreement, validating the
model derived here. Next, using this FEM, the natural frequencies,
passive and active damping ratios of an aluminum plate integrated
with a patch of ACLD treatment as considered by Baz and Ro? have
been determined and are compared the predictions by Baz and Ro?
as shown in Table 6. As can be noticed from this table, the excellent
agreement of the results verifies the modeling method of the ACLD
treatment presented here.

The open-loop and closed-loop behavior of the substrates are
studied by the frequency response functions evaluated at a point
(a/2,a/4, h/2) on the top of the substrates. A time-harmonic point
force is considered to act at a point (a/4, a/4, h/2) to excite the
first few modes of the substrates. The control voltage supplied to
the patch number 1 is negatively proportional to the velocity at
the point (a/2, a/4, h/2) and that supplied to the patch number 2 is
negatively proportional to the velocity at the point (a /2, 3a /4, h/2).
The control gain is chosen arbitrarily such that the first few modes
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Fig. 4 Frequency response of symmetric cross-ply (0 deg/90 deg/0 deg)
square substrate plate (a/h =100).
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Fig. 5 Control voltage for active constrained layer damping of sym-
metric cross-ply (0 deg/90 deg/0 deg) square substrate plate (a/h =100).

are efficiently controlled. Figure 4 illustrates the frequency response
functions for symmetric square cross-ply (0 deg/90 deg/0 deg) sub-
strate plate with a/h =100. Displayed in the figure are the re-
sponses when the patches are passive (Gain=0) and active with
different gains. It is evident from the figure that the active patches
significantly improves the damping characteristics of the plate for
both modes over the passive damping (Gain =0). As the gain in-
creases, attenuation of the amplitudes of vibration also increases.
The control voltages corresponding to the gains used are quite
nominal, as shown in Fig. 5. The frequency response function at
the same point of a thin (a/# = 100) antisymmetric angle-ply sub-
strate (—45 deg/45 deg/—45 deg/45 deg) has been shown in Figs. 6
and 7 demonstrates the corresponding control voltage. In this case
also, the patches efficiently attenuate the amplitudes of vibrations
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=== Gain=600
------ Gain=1500
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Amplitude (m)

Frequency (Hz)

Fig. 6 Frequency response of antisymmetric angle-ply (—45 deg/
45 deg/—45 deg/45 deg) square substrate plate (a/h =100).

Control Voltage (Volt)

Frequency (Hz)

Fig. 7 Control voltage for active constrained layer damping of anti-
symmetric angle-ply (—45 deg/45 deg/—45 deg/45 deg) square substrate
plate (a/h =100).

enhancing the damping characteristics of the plate with low control
voltage.

The important aspect of this finite element analysis is to investi-
gate the effect of variation of fiber orientation v in the PFRC layer
onits capability of enhancing the damping characteristics of the sub-
strates. For this using a particular value of control gain (K j = 600)
for both the patches, the percentage attenuations of vibrations are
computed with different values of ¢ considering various cases of
cross-ply and angle-ply substrates. Figure 8 demonstrates that for
controlling the first mode of vibration of thin (a/ /& = 100) symmet-
ric cross-ply (0 deg/90 deg/0 deg) plate the maximum attenuation
is achieved when ¥ =0 deg, whereas for thin (a/# = 100) four-
layered antisymmetric cross-ply substrates the control authority of
the PFRC layer becomes maximum when v = 0 or 90 deg according
as the fiber orientation in the top layer of the substrate plate being
treated with the patches be 90 or 0 deg, respectively. Although not
shown here, the results remain same even if the number of layers
changes. The first mode (1,1) of all of the substrate plates is abending
mode. Hence, in case of symmetric cross-ply (0 deg/90 deg/O deg)
plate in which the coupling of stretching and bending is absent the
maximum attenuation is achieved when ¥ = 0 deg for which &} 2
is maximum. In case of antisymmetric cross-ply plates, the cou-
pling of bending and stretching should be reduced to achieve better
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Fig. 8 Variation of control authority of the patches with respect to the
piezoelectric fiber angle 1/ in the PFRC layer for controlling first mode
of vibration of cross-ply square plates (a/k = 100).
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Fig. 9 Variation of control authority of the patches with respect to the
piezoelectric fiber angle 1) in the PFRC layer for controlling first mode
of vibration of antisymmetric angle-ply square plates (a/h =100).

control of bending mode. With a very low value of Young’s mod-
ulus, the viscoelastic layer does not contribute appreciably to the
stretching-bending coupling stiffness of the overall plate. It can be
shown that to reduce the magnitude of stretching-bending coupling
stiffness if the fiber orientation in the top layer of the antisymmetric
cross-ply plate is 90 deg then the fiber orientation in the PFRC layer
should be 0 deg or vice versa. Figure 8 corroborates this phenom-
ena while achieving maximum attenuation in case of antisymmetric
cross-ply plates. Figure 8 also shows that the attenuating capability
of the patches does not depend on the sign of the fiber orientation
in the PFRC layer for controlling the first mode of vibration. This
can be attributed to the fact that the values of the transformed elas-
tic constants C¥, and C, are zero for the orthotropic layers of the
symmetric cross-ply laminates resulting in no sign-sensitive cou-
pling between bending and in-plane twist. The effect of variations
of fiber orientation in the PFRC layer on the damping of first mode of
vibration of antisymmetric angle-ply (—6/0/—6/6/ - - -) substrate
plates has been studied for different values of fiber angle € in the
orthotropic layers of the substrates. Figure 9 demonstrates this ef-
fect for the specific cases of four-layered (N = 4) substrates when
0 =45 or —45 deg and 30 or —30 deg. It can be observed from this
figure that unlike the cross-ply plates the capability of the patches
is sensitive to the sign of the piezoelectric fiber angle ¥ and is also
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true for other angle-ply substrates with different number of layers
not shown here. This might be caused by the fact that the trans-
formed elastic constants C¥, and C%, are sensitive to the sign of the
fiber orientation in the orthotropic layers of the angle-ply substrate
plates resulting in sign sensitive coupling stiffness between bending
and in-plane twist. The values of the piezoelectric fiber angle
for which the attenuating capability of the patches becomes maxi-
mum to control the first mode of vibration have been determined for
different antisymmetric angle-ply plates with different number of
layers and are listed in Table 7. It can be observed from this table that
the piezoelectric fiber angle varies with the number of orthotropic
layers present in the antisymmetric angle-ply plates to maximize the

Table 7 Piezoelectric fiber angle for achieving maximum control
authority of the patches to control the fundamental mode of
vibration of antisymmetric angle-ply (—6/0/—6/6/-/-/-) square plates

14
0, deg N =2, deg N =4, deg N =6, deg
+15 F24 F27 F28
+30 F26 F33 F34
+45 F31 F40 F41
+60 F37 F46 F48
+75 F47 F53 F54
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piezoelectric fiber angle 1) in the PFRC layer for controlling second
mode of vibration of cross-ply square plates (a/h =100).
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piezoelectric fiber angle v in the PFRC layer for controlling second
mode of vibration of antisymmetric angle-ply square plates (a/k =100).

control authority of the patches. It can also be noticed from Table 7
and Fig. 9 that the sign of this piezoelectric fiber angle in the PFRC
layer is opposite to that of the orthotropic layer of the substrate be-
ing integrated with the patches. For controlling the second mode
of vibration, the capability of the PFRC layer also varies with the
fiber angle in the PFRC layer. For both antisymmetric cross-ply and
angle-ply substrate plates, maximum attenuation of second mode of
vibration will be achieved by the active patches if the fiber angle
in the PFRC layer is 90 deg as shown in Figs. 10 and 11 for some
specific cases.

V. Conclusions

In this paper, a finite element analysis of active constrained layer
damping of thin laminated composite plates has been carried out to
demonstrate the performance of piezoelectric fiber-reinforced com-
posite (PFRC) layer as the constraining layer of active constrained
layer damp (ACLD) treatment. The finite element model is based
on three first-order shear deformation theories. Both symmetric/
antisymmetric cross-ply and antisymmetric angle-ply laminated
substrates are considered for evaluation of numerical results. Two
patches are used, which are placed on the top surface of the plates
such that the first two modes are efficiently controlled. The results
illustrate the significant enhancement of damping characteristics of
the plates over the passive damping. The analysis revealed that the
fiber orientation in the PFRC layer plays a significant role in at-
tenuating the vibration of laminated plates. In case of symmetric
cross-ply plates, if the piezoelectric fiber angle in the PFRC layer
be 0 and 90 deg then the capability of the patches become maximum
for controlling first and second mode of vibrations, respectively. For
antisymmetric cross-ply substrate plates, if the fiber angle in the or-
thotropic layer of the substrate being integrated with the patches be
0 or 90 deg, the fiber angle in the PFRC layer should be 90 or 0 deg
to attain the maximum damping of first mode of vibration. For con-
trolling the first mode of vibration of antisymmetric angle-ply plates,
the values of the piezoelectric fiber angle in the PFRC layer have
been determined to attain the maximum control authority of the
patches and were found to vary with the number of layers in the
substrates, and the sign of this piezoelectric fiber angle is oppo-
site to that of the orthotropic layer of the substrate being integrated
with the patches. When the fiber angle in the PFRC layer is 90 deg,
the control authority of the patches becomes maximum for control-
ling the second mode of vibrations of both antisymmetric cross-ply
and angle-ply substrate plates. It is also observed that the control
authority of the PFRC layer is independent of the sign of the fiber
orientation angle in the PFRC layer for cross-ply substrates, whereas
it is dependent on the sign of this fiber orientation for angleply sub-
strates.

The control of other higher modes requires the determination of
optimal placement and number of the patches. This important and
challenging task is a natural extension of this work and is currently
under investigation.
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