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Abstract. The present work focuses on geometrically nonlinear transient analysis of laminated
smart composite plates integrated with the patches of Active fiber composites (AFC) using
Active constrained layer damping (ACLD) as the distributed actuators. The analysis has been
carried out using generalised energy based finite element model. The coupled
electromechanical finite element model is derived using Von Karman type nonlinear strain
displacement relations and a first-order shear deformation theory (FSDT). Eight-node iso-
parametric serendipity elements are used for discretization of the overall plate integrated with
AFC patch material. The viscoelastic constrained layer is modelled using GHM method. The
numerical results shows the improvement in the active damping characteristics of the
laminated composite plates over the passive damping for suppressing the geometrically
nonlinear transient vibrations of laminated composite plates with AFC as patch material.

1 Introduction

Few decades back there has been improvement in the design of lightweight and flexible
structures, laminated composite structures in the form of beams, plates and shells are being widely
used in a large variety of engineering applications in aeronautical, mechanical, civil, chemical and
other industries over the past few decades. These laminated composite materials are susceptible to
large vibrations with long decay time because of their flexibility and low internal damping. Often
structural fatigue and instability are the results of vibrations which lead to a serious deterioration of the
structural performance induced by mechanical, thermal, hygrothermal or combined hygro-thermo-
mechanical loading. There are many types of useful active materials, such as shape memory alloys,
electrostrictives, magnetostrictives, electro rheological fluids etc. Piezoelectric are the most popular
smart material for adding smartness to the structures [1]. Piezoceramics have a high structural
stiffness, which affords them a strong, voltage dependent actuation authority [2].

The research on smart structures is concerned with the analytical solutions of piezoelectric
laminated plate is carried out [3-6]. Exact analysis for static response of cross ply laminated smart
shells with nonlinear deformations of piezoelectric composite beams with electromechanical
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coupling [7-10]. Finite element analysis of laminate with piezoelectric sensors and actuators is
performed [11]. Nonlinear vibration Analysis for transient vibrations of piezoelectric fiber-reinforced
laminated composite beams is carried out [12-15].

2 Finite Element Model

A smart rectangular laminated composite plate composed of N layer of orthotropic layers is
described in figure 1. Four rectangular patches of ACLD treatment are placed on top surface and are
placed centrally on the substrate plate. The constraining layer of ACLD treatment is made of the AFC

material. The thickness of AFC layer is considered as h; and that of viscoelastic constrained layer of

the ACLD is denoted by hv< The length and width of the plate are denoted by al2,bl2
respectively.

Composite Plate

y
AFC Patches / /

- 8 =t

Figure 1. Schematic diagram of smart laminated composite plates
Integrated with the patches of AFC material in different configurations

The mid-plane of the substrate plate is considered as the reference plane. The origin of the
laminate co-ordinate system (X, Y, Z) is chosen on the reference plane in such a way that the
boundaries of the overall plate coincide with the line x =0,aandy =0,b. Also, hk g and hk are the
thickness co-ordinate Z of the top and bottom surfaces of any layer respective where K is the layer
number. In any layer of the substrate plate the fiber orientation angle with respect to the laminate

coordinate system is denoted by 0. In case of constraining AFC layer of the patches the orientation of
fibers with respect to laminate coordinate system is denoted byy . The fibers are longitudinally

aligned in the plane of the AFC layer parallel to XY plane.

The axial displacements for modelling the kinematics of deformations of the plate coupled
with the ACLD treatment are considered based on the FSDT. The schematic representations of the

kinematics based on FSDT are illustrated in figure 2 and 3. Where, Ujand V,are the generalized
translational displacements of reference point (X, Y) on the mid-plane (Z = 0) of the substrate

composite plate along x and y axes respectively 9X , (I)X and Y, are generalized rotations of the normal
to the middle plane of the substrate, the viscoelastic layer and the AFC layer, respectively about y-
axis. Similarly Gy , (I)y and v, are generalized rotations of the about X - axis. As per figure 2 and 3
the displacements Uand V at a point in any layer of the overall plate along X and Y directions,
respectively can be given by,



IConAMMA-2017 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 310 (2018) 012100 doi:10.1088/1757-899X/310/1/012100

u(x,y,z,t) = uo(x,y,t)+(z —<z —2>j6x (x,y,t)+(<z —2>—(z—hN+2>j¢x (xy,t)+

<Z _hN+2>Yx (X1 Y, t)
2.1)

h h
v(xy,z,t)= VO(X,y,t) +(Z _<Z _E>jey (x,y,t)+[<z _§>_<Z _hN+2>j¢y (X'y’t)+ 2.2)
(2=hyo) 1, (X ¥:1)
h h
W(X,y,z,t)=Wo(x,y,t)+(2—<z—§>]92(X,y,t)+(<z—§>—<z—hw>j¢z(X,y,t)+ 23

<Z - hN+2>YZ (X’ Y, t)
In which, a function within the bracket < >represents the appropriate singularity functions for

satisfying the continuity conditions between any two continua.
For the simplification of the analysis, the generalized displacement variables are separated into

translational {dt} and rotational {dr} variables as follows:
{d}=1{d }+[z]{d.} (2.4)
Where' {d} = [u v W]T’ {dt} = [UO VO WO]T and {dr} = l:ex 9y 9y ¢x ¢y ¢z Yx Yy Y. ]T

In order to implement the selective integration rule for avoiding the shear locking in thin plates and for
computing the element stiffness matrices corresponding to the transverse shear deformations, the state
of strain at any point in the overall plate is divided into the following two strain vectors i.e. in-plane

strains {ab} and transverse shear strains {ash } and

0O
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Figure 2. Deformation of any transverse cross-section of the laminated plate
Integrated with the ACLD treatment which is parallel to yz plane.
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Figure 3. Deformation of any transverse cross-section of the laminated plate
Integrated with the ACLD treatment which is parallel to xz plane

are given by Eq. 2.5, similarly, state of stress is plate is given by following two stress vectors i.e. in-
plane stress {Gb} and transverse shear stress{ } and are expressed by Eq. 2.6.

{Sb} = [8x 8y 8xy 8z ]Tand {Ssh} = [sz yz ] (2-5)

— T _ T

{c,}=[o, o, o,, 0,] and {6, }=[o,, 5, ] (2.6)
The electric field in the AFC patches is considered to act only in the Z and X directions respectively.
Hence for the laminated composite plate coupled with the patches of the ACLD treatment the total
potential energy T and the kinetic energy T, can be expressed as,

%[Z | Qe 3 tov 3 + ek} {ok a2 - | EiDidv}— [pwaa @

10, Qo A
N+2

T, :%LZ;L’ p (UZ+V2+W2)dQ} (2.8)

Where, pis externally applied transversely distributed load acting over a surface area A, €2, and

pk represent the volume and mass density of the k" layer. The subscript i =X for AFC and Z for

PFRC material. The value of the kK is 1 to N for substrate, N +1for viscoelastic layer, N + 2 for the
AFC layer and the dot (L) over the variables denoted the derivative of respective variable with respect
to time.

The constitutive relations for the orthotropic layers of the substrate plate are given by,

{ok}=[Ch |{eh} and {of | =[ C, |{eh | k=123,.....N (2.9)
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Where [CE] - Cll(Z Clz(z CE(; Cgs ’[C:J — {Cgs CZ5}

k k
C45 C44

The material used for viscoelastic layer is assumed to be isotropic and behaves linearly. The
constitutive relation for the time domain analysis of the overall plate undergoing ACLD treatment can
be given by the Stieltjes integral [1].

t

+. a S|

(o, :_“G(t—t)%&c (2.10)
0 T

where, G(t) is relaxation function of viscoelastic material. Eight noded iso-parametric elements are
used to discretize the overall plate. Now utilizing the constitutive relations given by Eq. 2.9, the total
potential energy Tp of a typical element integrated with the patch of AFC material using ACLD
treatment is given by

T = %[{df}T[Kft]{df}+{df}T[Kfr]{df}+{d?}T[Kfr]{df}+{df}T[K?r]{df}

HAY K[ G(t—1) —{dor +H{AY [KS 1 Bt -0 {d3er

A [KS, 1] 6t 0) {100+ TG 1] Bt 0)—{dor @.11)

—{dEHFL IV~ 2{dHFS, - 2AdHFS, - {de ) [Fe]-{ae ) [F:)
- “‘3;\2’ TN

p

In the expression for Tg given in Eq.2.11,V is voltage difference applied between the electrodes for

V .
AFC of the patch of ACLD treatment such that E, =—h— (wherei=x for AFC). The element

p
stiffness matrices[Kft], [KH,[KH, [Kﬁr], [Ke ], [Ke ], [Ke ], element electro-elastic

tsv trsv rrsv

coupling vectors {Ft‘:)n} , {Ft%p ,a} , {Ffbp ,a} and element load vector {Fe} are given by
a, b, a, b,
[Ki1= [ [[Bo]"Dy][B, Jxdy [K§,1= [ [[Bo] D, 1By Jixdly
0.0 0.0
a, b, a, b,
[Kip]= | [[Bo]" [[Dyl][B, Jxdy [K 1= [ [[B,,]"[[Dyry]][B,, Joxdly
0.0 0.0

[KGsp] =

trbp

[Bo] (Dol (B kXY , [K o], = | [ [Bro]" [[Dyo Ty JIB il

[ R
O — T
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{F}- H[N]{f}dxdy{ 3= H[Bb]( Nj{}dz)dxdy

hN+2

Fe}- j j [B,,]"(- Nf[ 3]{e}dz)dxdy,

Fej=]
0

b, a,

e e

[T([Bo] {Po Jiray . K21 = j j [B,.I"[D,][B, Kixdy

o) S—

(B4 ]"{P Joxay {Fs)
[Ki]= I j [B.I"[[D,]][B, Jixdy . [K,.]= I j [B.1"[[D,.,]][B, kixdy
[Kp1= j j [B.I"[D 1B, Mixdy , [K{,1= IE[BEJT[[Dtrs]p,a][Brs]dxdy
(Koo = j j [B.J'[[Dr]ya |[BJixdly , [KE, 1= hv}:if[Bts]T[Bts]dxdy

[K,,]=h j j [B,1'(Z,][B, Joxdy , [, 1=h, | [[B.ZI[Z]B, Joxdy 12

where, @,andD, are the length and width of the element under consideration and the various rigidity
matrices originated in the above elemental matrices.
The expression for kinetic energy T of the element is given by,

e 1 qe e Je
T =E{dt}[|\/| Hd3} (2.13)

in which

a, b, N
[M]= | [ N[N Jdxdy and m=>"p*(h,., ~h,)+p""(h,)+p"2(h,)
00 k=1

As the thickness of the substrate plate is less, the rotary inertia of the overall plate has been
neglected while calculating the kinetic energy of the plate. Using principle of virtual work, the
following governing equations of motion of an element are obtained:

[MHEY I HO + G O+ e[ 6 ganpor
(2.14)
+[km]j G(t- r)—{d 3ot ={F 3+ [{Fopd +{Fipad |V + {Fe}

and
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K2 B+ [ M+ [T B(E-1) (k3o
t ° (2.15)
1] B0 SN = IV + (R )

The values of { F:;n} ,{Ft%p,a} , and{Ffbp,a} will be zero for an element without integrated ACLD

patch. On assembly the elemental equations turn out to be Global equations of motion which are given
by

[MIX 3+ [K X3 K X 1K 1 Gt -) a%{xt}ar

t (2.16)
K, 1] G(t-7) %{Xr}@r ={F}+ [{Fpu +{F} |V +{Fo)
(KX I, X3 K ][ B 1) X e
i (2.17)

HK ][ G0 X Yo ~{F IV +{F,

in which [M]is the global mass matrix, [K], [K, ], [K.], [K, ], [Ki, ] [Kyo ] [K,] are global
stiffness matrices, {Ftpn}’ {Ftp}’ {Frp} are global electroelastic coupling vectors, {Ftt} ,{F

tr } arc

thermal related force VeCtOI’S,{Xt}, {Xr} are global nodal generalized displacement vectors, {F} is the

global nodal mechanical force vector. The element stiffness matrices [Kﬁ], [Ktr] are quadratic in
displacement variables. Thus the global equations of motion given by Eqs. 2.16 and 2.17 turn out to be
nonlinear, Where{zt (S)} and {Zr(s)} are the Laplace transforms of {Zt} and {Zr} respectively.
Using time domain representation of the auxiliary dissipation coordinates equation of governing

coupled electro-elastic open loop behaviour of laminated composite plate integrated with the patches
of ACLD treatment can be represented by

[MICG+[CTHXG+ K TG ={F }+{F,}V +{F} (2.18)
in which
[M] 0 O [K,] [K.]  [K,] 0o 0 0
[MT=| 0 I, 0|,[K]=|-&%, &3, 0 |, [C]=|0 2806 O
0 0 I, O[K,] -0 K,] &I K,] 0 0 2&
X3 {F} {F,}
X1=[{Z}]. [F1=90 "[F1=1 0 } {F)={F}-[K K. {F} (@19
{2} 0 {F.}

Where, |Zand|Zr are the identity matrices of appropriate sizes associated with the dissipation

coordinates, {Z,} and {Z, }respectively.
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3. Numerical results:

In order to assess the performance of the ACLD patches made of AFC material in controlling
the nonlinear vibrations of laminated composite plates, numerical results are computed using the finite
element model. Both symmetric cross-ply and antisymmetric cross-ply thin square substrates
integrated with four patches of ACLD treatment (Figure 1) is considered for evaluating the numerical
results. The elastic and piezoelectric properties of the othotropic layers of substrate plates and the AFC
patches are considered for evaluating the numerical results. The thicknesses of the AFC patch, the
viscoelastic patch and the laminated plates are considered as 250 pm, 50.8 pm and 3 mm,
respectively. Also, the orthotropic layers of the substrate plate are of equal thickness. Unless otherwise
mentioned, the piezoelectric fiber orientation angle Y in the AFC patch is considered to be 0°.

A

Considering a single term GHM expression, the values of 0L, & and ® are used as 11.42, 1.0261eS5,

20 respectively. The shear modulus G” and the density of the viscoelastic material P, are 1.822e6 Pa

and 1104 kg/m® respectively. The mechanical load p acting upward is assumed to be uniformly
distributed while the aspect ratio a/h is considered to be 300. The boundary conditions used for
evaluating the numerical results are considered as follows:

The open loop and closed-loop behaviour of the substrates are studied by the evaluation of
transverse deflection at the centre of the plate (a/2,b/2,h/2) on the top of the substrates. A

uniformly distributed transverse pulse step load is applied to set the overall plate into motion. It has
been found [8, 9] that if the value of the non-dimensional form Q =pa‘/ (ETh4) of the applied

mechanical load exceeds the value 40, the overall plate undergoes nonlinear deformations. Hence, for
the purpose of computing the nonlinear transient responses, the non-dimensional values of the applied
pulse load are considered more than 50.

Also to validate the present model for open and closed loop nonlinear transient responses
using ACLD treatment made of AFC material for smart patches placed at the center and with identical

conditions for a simply-supported symmetric cross-ply (0°/90°/0°)square substrate plate, the

results shown in figures 5 and 6 indicate that the results obtained by the present scheme agree in an
excellent manner with the existing one. Thus validating the present finite element model with ACLD
treatment made of AFC material.
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Figure 4. Comparison of present model for Nonlinear dynamic response
of a simply- supported (SS1) symmetric cross-ply (0° /90° / 0°) square
substrate plate undergoing active constrained layer damping ( a/h=200
Load=500 N/m?) using AFC material under passive mode ( K;=0 )
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Figure 5. Nonlinear dynamic response of a simply-supported (SS1)

symmetric crossply (0°/90°/0°) square substrate plate undergoing active

constrained layer damping (for a/h=300, Q=100) using AFC

100
Active, Kd=250
80 ~Active, Kd=500 iy
60 b -
—_ 40 H
=
=
= 20H
-
@
=g
= o
=
==
S -20
=
=3
< a0
60} B
-80F -
-1 000 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time, T (s)
Figure 6. Control voltages required for the active constrained layer
damping of nonlinear transient vibrations of the simply supported (SS1)
symmetric cross ply (0°/90°/0°) square substrate plate(for a/h=300,Q=100)
using AFC
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Figure 7. Phase plot of the simply supported (SS1) symmetric cross ply
(0°/90°/0°) square substrate plate when the active constrained layer damping
patches control the nonlinear vibrations (for a/h=300, Q=100) using AFC
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Figure 8. Nonlinear dynamic response of a simply-supported (SS1) symmetric

cross-ply  (0°/90°/0°/90°)  square substrate plate undergoing active
constrained layer damping (for a/h=300, Q= 100) using  AFC
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Figure 9. Control voltages required for the active constrained layer damping of
nonlinear transient vibrations of the simply supported (SS1) symmetric cross

ply (0°/90°/0°/90°) square substrate plate (for a/h=300, Q=100) using AFC
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4. Conclusions:

A three dimensional finite element model has been prepared for identifying the performance

of AFC material in controlling geometrically nonlinear static deformations of laminated composite
plates. The numerical results highlighted that the AFC material shows the improvement in the active
damping characteristics of the laminated composite plates over the passive damping for suppressing
the geometrically transient vibrations deformations of laminated composite plates.
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