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Abstract

The present work deals with the active vibration control of composite beam under thermal environment using finite
element method. The effect of fiber orientation and temperature on natural frequency and damping of the system are
investigated for different boundary conditions. The temperature-dependent properties of viscoelastic core are considered.
Results are presented for frequencies and loss factor with different core material and core thickness. Characteristics of loss
factor and frequency near the buckling temperature are discussed, and the effect of core thickness on buckling temperature
is also investigated.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Among the various types of damping treatments active constrained layer damping (ACLD) treatment is
found to be more effective for the structural members, which judiciously combines the advantages of both the
passive and active damping treatments. ACLD treatments applied to composite beams are very rare in open
literature. Ray and Reddy [1,2] presented the active control of the vibration of laminated circular cylindrical
composite shells have been demonstrated using optimally placed patches of ACLD treatment. They also
investigated the analysis of ACLD of laminated thin composite shells using piezoelectric fiber-reinforced
composite (PFRC) materials. Ray and Mallik [3,4] have theoretically investigated the effectiveness of PFRC
material in the development of new actuators as smart structures. They have also extended the study to the
plate-type structures. Ray and Baz [5] have optimized the energy dissipation characteristics of ACLD
treatments of plates using rational design procedure. Ray et al. [6] presented the effectiveness of the ACLD
treatments in enhancing the damping characteristics of thin cylindrical shells. A finite element model is
developed to describe the dynamic interaction between the shells and the ACLD treatments. Chantalakhana
and Stanway [7] conducted the experiment and numerical study of the application of ACLD to a
clamped—clamped plate.

Sung and Kam [8] investigated on composite beams treated with active constraining layer. Sun and Huang
[9] studied the vibration suppression of laminated composite beams with a piezo-electric damping layer.
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Khatua and Cheung [10] presented the formulation of for bending and vibration of multiplayer beams and
plates with constrained cores. Gaudenzi et al. [11] investigated the vibration control of an active laminated
beam. Balamurugan and Narayanan [12] presented a finite element formulation and active vibration control of
isotropic beams with smart constrained layer damping. Hau and Fung [13] studied the effect of ACLD
treatment configuration on damping performance of a flexible beam. Pradeep and Ganesan [14] presented the
vibration behavior of ACLD treated isotropic beams under thermal environment.

Literature on ACLD composite beam under thermal environment, considering thermally induced pre-
stresses and temperature-dependent shear modulus of the core is not reported. The present work deals with
vibration study of an ACLD composite beam subjected to a tip temperature with different boundary
conditions using Finite Element Method (FEM). The loss factor and natural frequency variation with respect
to temperature considering the temperature-dependent material loss factor of the core are reported. The loss
factor and frequency variation with respect to fiber orientation also studied. In addition, the relative influence
of a structural damping of composite material, passive damping of viscoelastic material and active damping is
analyzed.

2. Finite element formulation

A finite element model has been developed to describe the dynamic behavior of a composite beam with
ACLD treatment under thermal environment. Thermally induced pre-stresses are calculated for the composite
beam. The two noded elements are used to evaluate the temperature field in the beam. For this purpose to
start with Fourier heat conduction equation is used to evaluate temperatures in the beam. The sandwich
beam element is developed based on the displacement field proposed by Khatua and Cheung [10] (refer to
Fig. 1).

The sensor is rigidly bounded to the composite beam and viscoelastic layer (VEL) is placed in between
the sensor and actuator. The actuator, sensor and composite beam act as stiff layer, the configuration of
the FEM model with degree of freedom per node is shown in Fig. 1. In the present study the base beam
is made of Graphite/Epoxy composite material. The geometry of the beam used is similar to Hau and
Fung [13] and the material properties for the present study are referred from Refs. [13,15,16] which are given
in Table 1.

The following assumptions are made in deriving the finite element model:

1. The sensor layer is perfectly bounded to the base beam.

2. The combined base beam and sensor layer behave like an equivalent single layer.

3. The transverse shear in the stiff layers is neglected.

4. The core material is viscoelastic with temperature-dependent complex shear modulus [16]

Actuator u
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w,0,u,u, w, @, u,, u,

Fig. 1. Composite beam with hybrid damping treatment.
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Table 1
System parameters

Geometry (m) Properties
Piezoelectric layer L=0.2616 p = 7600 kg/m°, E = 6.49 x 10"°N/m?
b=0.0127 dy; = —1.75%107""m/V
1 = 0.000762 e;3=52N/Vm
£33 = 1.5x 107%F/m
Core L=0.2616 G 7— 30-c) = 0.187(1 +0.388i) GPa (DYAD606)
b=0.0127 pe = 1200 kg/m* (DYAD606)
1, = 0.00025 G 7_ 30-cy = 0.575(1+0.3i) GPa (EC2216)
pe = 1250kg/m> (EC2216)
Base beam L=0.2616 K, =4.62W/mK, K, =0.72W/mK
b=0.0127 Ey = 137.8 GPa, E»; = 8.96 GPa, G, = 7.1 GPa
1, = 0.002286 oy = 1600kg/m>, vi» = 0.3
n1p = 0.0045, 1, = 0.0422, 1, = 0.075
a1 =—03x 107K, 0y = 26.08 x 107°K~!

The composite beam treated with ACLD along with four degrees of freedom per node (w,0,u;,u») used for
the modeling of the beam as shown in Fig. 1. The equation of motion for the sandwich composite beam under
thermal environment can be written as

[M{6} + [ClHd6} + [[K] + [K, o6} = 0, (1)

where [M], [C], [K], [K,], {0} are the mass matrix, piezo electric damping matrix, complex stiffness matrix
resulting due to viscoelastic core, geometric stiffness matrix and displacement vector, respectively. The
expressions for stiffness matrix, mass matrix and geometric stiffness matrix are similar to the formulation
presented in Refs. [10,17,18] except that the composite layers have to be accounted with the relevant
constitutive matrix. Details of derivation of above matrixes at elemental level are described in the subsequent
sections.

2.1. Stiffness matrix and thermal load vector

The stress—strain relations are written in the form of stress and moment resultants for composite laminates
which are given in Refs. [18]. These stress and moment resultants are reduced to a beam which are used for the
formulation as follows.

The stress—strain relations for a generally orthotropic lamina are given by

Oxx On O On [ &e —2x(AT)
Oy =101 On On &y — oy(AT) 3, ()
Oxy On 9n QOn Exy — Uy(AT)

where a,,, a,, and a,, are thermal expansion coefficients in the principal directions. AT is the temperature rise
and Q; are plane stress-reduced stiffness coefficients.

From Eq. (2), the stress and moment resultants are obtained by the integration of stresses over the thickness
‘h’ of the stiff layer:

Ny 02 O xx M, 02 O xx
Ny | = / Oy |dz | My | = / Oy | zdz. (3)
Ny, —h/2 Oxy M,y —h/2 Oxy
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Eq. (3) can be written as

N (A A A By B B ( &k Nixx

Ny, Ay Ay Axs By Bxn B 83}7 Ny

Nw | |4 An A B Bn By &, Nixy @
My (" | Bu Bia Bz Du D Dis|) ky, M (7

M,, By Bn By Dy Dn Dy |k, My,

My | Bsi Bn By Dsi Dy Dy | ky, My

where A4, B; and Dj; are extensional stiffness, flexural-extensional coupling stiffness and flexural stiffness,
respectively. These are expressed as follows:

nlay

(458,05 =Y / QL2 2) dz ij=1,23, (5)

Q_:7/7 is the reduced stiffness coefficients of the mth layer with ply thickness z,, to z,,4 1.
The thermal stress resultants [V,] and moment resultants [M,] are defined as

Ntxx_ [ axx 1
nlay Zm+1
[N]= | Now =Z/ o7 | mw [(AT)dz i,j=1,2,3, (6)
Ntxy m=1+2m 2O£Xy
M[Xx_ [ chx 1
nlay “m+1
(M= | My | =3 / o7 | oy |(AT)zdz =123, )
Mtxy m=1+"2m 2O£Xy
Eq. (4) can be rewritten into two Eqgs. (8) and (9) as follows:
&),
Nw | [4n Bi ). N Ain Az Bz Bis 82}, N ixx ®)
M. [ |Bu D) ke By Bis D Diz|| ky M |’
-
A>i By A Az By B 8% Niyy Nyy
A3z1 Bs & N A Az B Bss 8% Nixy B Ny o)
By Doy | | ks By Bys Dn Do | ky My, () My, [
B3 Dy By, Bsz Dxn Dsz] | ky My My,

Since in case of a beam there are no stress and moment resultants in y—y and x—y directions because a beam
is one-dimensional, so in the above equation

Ny =Ny =M, =M,=0.

After applying the assumptions of the beam, Eq. (9) can be written as

ﬁgy Ay Ay By Bu1! Niyy Ax B
& | |42 As Bn B Ny Azt By | | &, (10)
ky, [ | Bz Bx Dn Dy My By Do | | kxx

kyy By, By D3 Dss My B31  Ds
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T
Substituting the value of {82,}, sgy kyy kxy} from Eq. (10) into Eq. (8) and after simplification leads to the
following equation:

Nxx . ATI BTI 8905 N;kxx (1 1)
Mxx N BTI DTI kxx M;kxx ’
where
A»n Axz By Byl [Aa Ba
A}, By _ A Bu A Az B Bis Az Az By Bss A3z By
By, Dy | |Bu Dy By, Biz Dy Dy By By; Dy Dy By Dy ’
By B3z D3y Dy B31 D3

Ay Ax By Bil ' Ny

N |4 A Bun Bi An Az By Bss Nixy Nixx
Mj.| | Ba Bz Dn Dis By By Dypn Dy My, My |
By, Bz Dy Dss My
Eq. (11) can be written as follows:
(E} = [D*]yfe}y — [D7] - (12)

where i = 1 for top stiff layer and 2 for bottom stiff layer

Nxx S?CX N;kxx
=49 " b = CEE PO IR SV

The total potential of a composite sandwich beam under thermal load is given by

* %
All Bll

sk *
Bll Dll

U=U,+ U, (13)

where U, and U, are the potential due to mechanical and thermal effects, respectively, which are expressed as
follows:

1 / (8)sl ' [D*]sl (S)Sl
Un =3b (8. [D"], (®)e 3 dx, (14)
0 (8)52 [D*].Q (8)32

C(@a ) [ [P
Uf = —b (8)(,' [DT](- dx~ (15)
" l@a) | D],

The suffixes 51, 55 and ¢ refers to the quantities corresponding to the bottom stiff layer, top stiff layer and
core, respectively. The finite element formulation is similar to the Khatua and Cheung’s [10] formulation and
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the procedure is given as follows:

our u

<p0> ng 0

0 ow w!

(&) Fex sl ox? 0!
@ 3 =4 () 3=1Q 0z s =[BIos; {0)=4{ , ¢ (16)

©)o &, 0wy “

xx J o @ W2

0X? 6

where [B] is the strain-displacement matrix, same as given by Khatua and Cheung [10] and {4} is a
vector of elemental nodal displacements. The Eq. (16) is substituted in the Egs. (14) and (15) and minimization
of total potential with respect to nodal displacements {5}, which gives the following finite element
equation:

[K] {0} = {Fi}, (17)

(K] = [K]g + K]},

where [K] is the stiffness matrix which consists of the real [K]z and the imaginary part [K]; due to the complex
shear modulus of viscoelastic core, and {F,} is the thermal load vector which is defined as follows:

i
[K]=b / [B"[DI[B] dx, (18)
0
!
(Fl=b /O [B[D1]dx, (19)
where
[D*]sl [Dﬂ sl
[D] = [D*]. D] = | [D]]
[D*]SZ [Dﬂ 52

2.2. Geometric stiffness matrix

The geometric stiffness matrix is derived as follows. For a sandwich beam, the work done by membrane
initial stresses during large transverse displacements is given by
ow\?
ox/,

8_w2
0x/,

where [U,] is the strain energy, (N9) _and (dw/ 6x)f are initial stress resultants and nonlinear strains, i = 1 and
2 for top and bottom stiff layers, respectively.

1

v =40 [ ((40),0),)

dx, (20)
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The above Eq. (20) can be written as

(aw) T
1 ! a 1 (Ng)\l
U] = Eb/o ow (N9, ow dx, 1)
(&), (&),
(&)
0x/,
o | = [Bol0}. (22)
(&),
Substituting Eq. (22) in Eq. (21) we get
1
Uy =101 [K,] 1), (23)

where [K,] is called the geometric stiffness matrix given by

I
K,] = b /0 (8,)" "] {B,) dx. (24)
2.3. Damping matrix

Damping matrix [C] is evaluated using piezoelectric constitutive equations as follows. In general, a piezoelectric
material responds to force or pressure and generates a charge or voltage this is called direct piezoelectric effect
given by Eq. (25). On the other hand, the material exhibits stress or strain changes when a strong external charge
or voltage is applied, this effect is called converse piezoelectric effect given by Eq. (26) presented in Ref. [19].

{D} =[e] {S}+I[e] (E} (25)
(o) =I[c] {S) —[e]" {E}, (26)

where {a}, {S}, {D}, {E}, [el, [c], [¢] denote the stress, strain, electric displacement, electric field vectors,
piezoelectric, elasticity and dielectric matrix, respectively. The direct piezoelectric effect (25) can be written for
three-dimensional cases as follows [19]:

S
Sh
D, el epn e e es e g &1 £,
3
Dy 3 = |exn en exn en exs ex 5 + €2 E; 5. 27
4
D; e31 ey ey ey €3 e 33 E;
Ss
S

According to the assumptions of beam theory, the strains in second and third directions are neglected and also
it is assumed that there are no shear strains in the stiff layer. The above equation is reduced to beam as follows:

oo
Ox ox? 0
D, 0 0 0 0 es5 O 0 0
D, V=10 0 0 eyq 0 O 0 + 0 % , (28)
D; e3; en ey 0 0 0 0 €33 -
ts
0
0

where S = ((Ou/0x) — z(@zw/axz)) and E; = —(¢,/t,).
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After simplification, the average sensor voltage ¢, obtained by integrating over the area of the sensor is

given by
_ Xty 4ty
¢, = fsb / ° es; e 0 0 0 3[B]{o}dx), (29)
e33Ads \Jo 2

where ay, ts, tp, b, Ay, €33, €31, [B], {0} are the average sensor output voltage over the surface of the
sensor, thickness of the sensor, thickness of the base beam, breadth of the beam, surface area of the sensor,
dielectric constant, stress electric coefficient, matrix of strain displacement and vector of nodal displacements,
respectively. The actuating voltage ¢, according to negative feedback velocity algorithm is given by

$o=—Go,, (30)
where ¢,, G are the actuating voltage and control gain, respectively:
Gtb Yty + 1 .
= es1 ey 0 0 0 3Blold 31
b0 833AS</0{ T e }[]{}x>, (D)
bq = Kugs{0), (32)

where

Gtb [Y(tht+ 1
Kups = —— e31 e 0 0 0} Bldx.
o=t [0 (5]

Since the mechanical strains in actuator layer are negligible, then Eq. (26) reduces to

{o) = —lel" {E). (33)
The virtual work expression is given by
= / {8} o} do. (34)
Substituting Eq. (33) into Eq. (34) we get
= [ e, (35)
ou_ 0w’
ox ox? 0
0 0 0 0 0 es5 07"
:_/ 0 0 0 0 ey 0 0 (Zp dv. (36)
‘ 0 e33 ep ez 0 0 0 _Z_a
0 a
0
After simplification, the elemental damping matrix [C] is given by
[C] = {b/' [B]'{0 0 0 0 e }T dx|Kygs- (37)
0

2.4. Evaluation of loss factor and frequency

The combined composite and viscoelastic (C+V) damping loss factor for nth mode at atmospheric
temperature can be calculated by

, (38)
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where [K]z and [K]; are the real and imaginary parts of the stiffness matrices [K], respectively, and ¢,, is nth
mode eigenvector.

The following eigenvalue problem has to be solved to get the natural frequencies under thermal
environment:

(K] + [K],] — &’ [M] =0, (39)

where o is the natural frequency.

The combined composite and viscoelastic (C+ V) damping loss factor for a given temperature can be
calculated by

$, (K19,
= n . 40
" (K0 + (K),)6, “
For obtaining the active loss factor, the following eigenvalue problem is solved:
—[C] M1 [ (o6} [KI+IK,] [0] {96} @
0]  [M] gy | |10 (M] || {oc} [

where the eigenvalues 4 are complex conjugates and are given by A = Ag, £ i4;, whose imaginary values give
natural frequencies. The nth modal active loss factor is given by

- ;LRn

Nan = ﬁ
\/ /an + /“In

Table 2
Comparison of frequency and loss factor at different modes

Mode no. Frequency Loss factor
Present Ref. [14] Present Ref. [14]
1 22791 228.95 0.057 0.058
2 639.99 642.90 0.155 0.158
3 1287.05 1292.81 0.267 0.276
4 2199.89 2209.52 0.241 0.250
0 1.2
3.0x10” + —a— EC 2216 core —=— EC 2216 core
- —e— DYAD 606 core 1.0 4 o —— DYAD 606 core
£ 2.5x10°
z
£ 2.0x10° 1 5 %]
g g
S 1.5x10° - < 0.6+
o 2
8 1.0x10° ~ 04
%)
8
5.0x10 K 0.2 4
0.0
T T T T T T T 0.0 T T T T T T T
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Temperature “C Temperature “C

Fig. 2. Viscoelastic properties of EC2216 and DYAD606 core material [16].



The total loss factor for the nth mode is the sum of composite, viscoelastic and active loss factors of the nth

mode given by
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3. Results and discussion

To establish the hybrid damping, a closed loop feed back system with feed back gain 0.01 is used in the
present study. The results obtained by the present study for isotropic ACLD beam under room temperature
are compared with those reported by Pradeep and Ganesan [14]. The frequencies and loss factor at different

Ny = My + Nan-

modes have a good agreement with the results presented in Ref. [14] as shown in Table 2.

Loss factor

0.44
0.40
0.36
0.32
0.28
0.24
0.20
0.16
0.12
0.08
0.04
0.00

Loss factor

0.40

Mode 1 —— C damping

—e— C+V damping

—a— C+V+A da

0.28
0.24 4
0.20 A
0.16 4
0.12 4
0.08
0.04 4

Loss factor

0.36 1 Mode 2 —— C damping
032 1 —e— C+V damping
’ —a— C+V+A damping

35 40 45

Temperature "'C

T T 0.00 .

50 55 30 35 40

Temperature “C

0.35

—s— C+V damping
—a— C+V+A damping

45 50 55

N 0.30
1 . 0.25 1 .
Mode 3 —— C damping Mode 4 —— C damping

0.20 4 —=— C+V damping
—a— C+V+A damping

0.15 |

Loss factor

0.10 A
0.05 A

t y 0.00 " 7

30

35 40 45

Temperature “C

2400 -N"‘M

2100 A
1800 -

Natural frequency (Hz)

1200 +
900 -

0] T TT————— ]

300

0

50 55 30 35 40

Mode number —*— é

—a—73

B—N"\

30 35 40 45 50 55

Temperature "C

45 50 55

Temperature “C

Fig. 3. Loss factor and frequency with tip temperature for a beam with EC2216 as core, ¢, = 0.25mm.
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3.1. Beam with fixed—fixed (F-F) boundary condition

In order to understand the different types of damping present in the system, the study has been carried out
for the following cases:

Case 1: Structural damping of composite alone (C) accounted for the study.

Case 2: Composite and viscoelastic (C+ V) damping accounted for the study.

Case 3: Composite, viscoelastic and active (C+V + A) damping accounted for the study.

Composite damping is the property of the material obtained from the experiment. The composite and
viscoelastic loss factor under thermal environment are evaluated by Eq. (40), which uses modal strain energy
method, and the total damping is calculated by Eq. (42), which uses the state space approach. The present
study is carried out for different core materials and core thickness by considering the complex shear modulus

0.40 0.50
0.35 1 Mode 1 —=— C damping 0451 Mode 2 —— C damping
030 —e— C+V damping 0.40 1 —— C+V damping
R —a— C+V+A damping —a— C+V+A damping
0.35 4
5 0.25 A 5
£ 020 3
©»n S
S 0.15 - é
0.10 4
0.05 4 0.05 |
0.00 T T T T T T 0.00 t T T T T T
35 40 45 50 55 60 65 32 36 40 44 48 52 56 60
Temperature °C Temperature °C
0.50 - 0.50
Mode 3 —— C dampin .
0.45 - e C+V dgmging 0.45 - Mode 4 —— C damping
—a— C+V+A dampin, C+V damping
0.40 1 ping 0.40 —a— C+V+A damping
0.35 /—\A 0.35 1 N
5 030 5 0.30 1
8 0251 & 0251
2 0.20 | 2 0.20 1
~0.15 1 = 0.15 1
0.10 1 0.10 7
0.05 1 . = 0.05 * * . M
0.00 ¥ T T y T t y 0.00 ¥ T T T T t t
32 36 40 44 48 52 56 60 32 36 40 44 48 52 56 60
Temperature °C Temperature °C
3000
2700 -
E 2400 'M
= 2100 4 Mode number ——1
Q — D
S 1800 a3
g 1500 -%
S
= 1200 A
2 900 -
<
Z e00] .,
300 ﬂmﬂ\"‘“&
0

35 40 45 50 55 60

Temperature °C

Fig. 4. Loss factor and frequency with tip temperature for a beam with EC2216 as core, 3¢, = 0.75 mm.
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of the core. The variation of shear modulus and loss factor with temperature for two types of cores is given by
Nashif et al. [16] as shown in Fig. 2.

3.1.1. Effect of temperature on frequency and loss factor for different core thickness and core material

To start with, the study has been carried out for zero fiber angle with damping material EC2216. The
variation of natural frequency and loss factor with temperature is shown in Fig. 3 for core thickness 0.25 mm.
It is seen from Fig. 3 that the composite damping and combined composite and viscoelastic damping increases
with temperature for all the modes. The first and second mode shows that the total damping factor increases
with temperature. For the higher modes, the total damping reaches a maximum value and falls down. This
behavior imitates the variation of material loss factor with temperature as given in Ref. [16] shown in Fig. 2.

0.40 0.6
0.36] Model Mode 2
0.32 ] —— C damping 054 ¢ damping
—e— C+V damping —e— C+V damping
0281 o C+V+A damping 044 ——C+V+A damping
3 024 5
3] 3]
£ 0.20 A S 0.3 1
£ 0.16 2
— 012 1 — 0.2 1
0.08 A 0.14
0.04 A
0.00 T - T T T 0.0 e TR
3 35 40 45 50 55 60 30 35 40 45 50 55 60
Temperature °C Temperature “C
1.2 cd ] 1.2
1 Mode 3 —— C damping ;
o] oS Smene S I
0:9 ] —— C+V+A damping V9 —a— C+V+A damping
5 0.8 1 .. 0.8
5 0.7 1 %
= 067 E 0.6
2 0.5 g
e} 3 A
~ 0.4 A 4 = 044 A
0.3
0.2 1 0.2
0.0 T T T T T 0.0 T T T T T
30 35 40 45 50 55 60 30 35 40 45 50 55 60
Temperature °C Temperature “C
2700
Mode number —— 1
2400 - ——2
2100 + 3
& —~V4
. 1800
Q
S 1500 A
g
£ 1200 \\
s
5 900 4
<
e
300 -—N-\H\
O T T T

30 35 40 45 50 55
Temperature “C

Fig. 5. Loss factor and frequency with tip temperature for a beam with DYADG606 as core, 37, = 0.75mm.
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The influence of geometric stiffness matrix is felt on the first and second mode and hence the damping goes on
increasing as the denominator of Eq. (40) decreases. In case of higher modes, the buckling temperature is
much higher and the material property of viscoelastic core dominates and hence the damping follows the
variation pattern similar to that given in Ref. [16] shown in Fig. 2. The frequency is found by solving
the eigenvalue problem given by Eq. (39). When the temperature approaches the buckling temperature, the
frequency tends to zero and loss factor value shoots up as shown in Fig. 3. The active damping in the system
increases with temperature for first two modes. The contribution of active damping to the total damping
(C+V+ A damping) is much higher compared to other two types of damping. The dominant mechanism of

Sharnappa et al. | Journal of Sound and Vibration 305 (2007) 728-749

damping is active damping.

Loss factor
=}
1=
X
)

0.35

0.30 4
0.25 4
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Loss factor

0.10 A
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Mode | —— C damping 0.18 - Mode 2 —— C damping
—— C+V damping 0.16 . —— C+V damping
—— C+V+A damping 0'14 —4— C+V+A damping
g 012
Q
£ 0.10
& 0.08 |
=
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//F% 002 .+ e ]
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Mode 3 —=— C damping
—— C+V damping 0.25 ‘\‘\M‘“
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= 0.20 Mode 4 —— C damping
% —— C+V damping
£ 0.15/ —— C+V+A damping
8
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Fig. 6. Loss factor and frequency with fiber angle for a beam with EC2216 as core, ¢, = 0.25mm.
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3.1.1.1. Influence of core thickness. Figs. 3 and 4 shows the variation of frequency and damping for EC2216
core with thickness 0.25 and 0.75 mm, respectively, at zero fiber angle. It is seen from the figures that as the
core thickness increases viscoelastic damping in the beam increases. The buckling temperature increases
slightly with an increase in the core thickness as expected. The natural frequency increases with core thickness,
because increase in core thickness leads to increase in the stiffness of the structure.

3.1.1.2. Influence of core material. Figs. 4 and 5 show the variation of loss factor and frequency with
temperature using EC2216 and DYADG606 core material, respectively, at zero fiber angle. The comparison of
Figs. 4 and 5 shows that core material play a very important role in total damping of the beam. For the beam,
composite damping has no appreciable effect in both the cases. The combination of composite and viscoelastic
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damping of DYADG606 core material is more for all temperatures and all modes compared to EC2216 core.
The viscoelastic damping of DY AD606 core is more at all temperatures because of the sudden fall in the shear
modulus at all temperatures compared to EC2216 core material shown in Fig. 2. Total loss factor increases
with increase in temperature for all modes in case of DYAD606 compared to EC2216 shown in Figs. 5 and 4,
respectively. The buckling temperature and natural frequency of the beam with DYAD®606 core is lower than
that of EC2216 core which is due to the lower modulus of DYAD606 core shown in Fig. 2.

3.1.2. Effect of fiber angle on frequency and loss factor for different core thickness and core material
Fig. 6 shows the variation of natural frequency and loss factor for different fiber orientations of the
composite beam with EC2216 core at room temperature. The composite and viscoelastic damping are
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calculated by Eq. (38). The natural frequency decreases with an increase in the fiber angle from 0° to 90°. At
higher modes, there is maximum reduction in frequency with fiber orientation compared to the fundamental
mode. It is clearly observed from the figure that for the fundamental mode, the composite damping increases
with the increase in the fiber angle from 0° to 45° and then onwards decreases. The combined composite and
viscoelastic damping curve follows the same pattern of composite damping curve. This is because of
composites having inherent damping, which is relatively higher than conventional isotropic materials. Hence,
addition of viscoelastic damping may not play an important role. It is clear from the graph that the influence
of active damping dominates in all modes. The total loss factor decreases with an increase in the fiber angle.

3.1.2.1. Influence of core thickness. Figs. 6 and 7 show the variation of frequency and loss factor for the
EC2216 core thickness 0.25 and 0.75mm, respectively. On increasing the core thickness of the beam, the
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frequency increases for all modes because the structure becomes stiffer. Viscoelastic damping increases by
increasing the core thickness of the beam for all modes. The total loss factor increases in all the modes due to
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the effect of viscoelastic damping shown in Figs. 6 and 7.

3.1.2.2. Effect of core material.

DYADG606 core material compared to EC2216.
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Figs. 7 and 8 show the variation of loss factor and frequency with fiber
orientation for the core materials EC2216 and DYADG606, respectively. The frequency of DYAD606 core
decreases for all modes compared to EC2216 core. The core material plays an important role in viscoelastic
damping. The viscoelastic damping for the DYADG606 core is considerably more for all modes compared to
EC2216 core. The total damping of the structure with DYADG606 as core material increases for modes when
compared with EC2216 core material. This behavior can be attributed to fall in the shear modulus of
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3.2. Beam with fixed—simply supported (F-S) boundary condition

3.2.1. Effect of temperature on frequency and loss factor for different core thickness and core material

Fig. 9 shows the variation of frequency and damping with temperature for fixed—simply supported
boundary condition at zero fiber angle. For the temperature range considered, the frequency and damping
remains constant with increase in temperature. This may be expected because fixed—simply supported beams in
general have very high bucking temperature. The present analysis is carried out for a lower temperature range
because the viscoelastic material cannot withstand higher temperatures. Comparing Figs. 3 and 9, the natural
frequency of fixed—simply supported beam is lower than the fixed—fixed beam at atmospheric temperature. The
buckling temperature of fixed—fixed beam is lower than the fixed—simply supported beam. This is due to the
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fact that the thermal stresses developed in fixed—fixed beam are very high compared to fixed—simply-supported
beam.

Figs. 9 and 10 show the variation of frequency and loss factor with core thickness 0.25 and 0.75 mm,
respectively. As the core thickness increases, natural frequency increases slightly and viscoelastic damping
increases for all the modes. Figs. 10 and 11 show the variation of frequency and loss factor with temperature
using EC22216 core and DYADG606 core materials, respectively. The frequency of beam with DYADG606 core
decreases with the increase in the temperature compared to EC2216 because of lower modulus of DYAD606
core compared to EC2216 core. The viscoelastic damping of the beam with DYADG606 core increases with an
increase in temperature for certain limits, then onwards it decreases, because the shear modulus of DYAD606
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material decreases suddenly with temperature compared with EC2216 given in Ref. [16] as shown in Fig. 2,
due to which the denominator of the expression (40) decreases and viscoelastic loss factor increases.

3.2.2. Effect of fiber angle on frequency and loss factor for different core thickness and core material

Fig. 12 shows the variation of frequency and damping with fiber angle for fixed—simply supported beam.
Comparing the Figs. 6 and 12, frequency and loss factor of fixed—simply supported beam at fundamental mode
is less than the fixed—fixed beam. Figs. 12 and 13 show the variation of frequency and damping with fiber angle
for core thickness 0.25 and 0.75mm at atmospheric temperature, respectively. Frequency and damping
increases with an increase in the core thickness, the reason for this being the same as discussed in the foregoing
Section 3.1.2.1. Fig. 14 shows the variation of frequency and loss factor with DYADG606 as core material.
Comparing Figs. 13 and 14, frequency of the beam of the DYADG606 core has a slightly lower natural frequency
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than the EC2216 core. Viscoelastic damping of DYAD606 core material has a higher value compared to the
EC2216 core, the explanation for this being the same as discussed in Section 3.1.2.2. Comparing Figs. 8 and 14,
the frequency and total loss factor of fixed—simply supported beam is lower than the fixed—fixed beam.

4. Conclusions

In the present study, for the first time in the literature, dynamic analysis of ACLD composite beam under
thermal environment is investigated. Frequency and damping variations with respect to temperature as well as
fiber angle are carried out for two different boundary conditions (F—-F, F-S).

1. Buckling temperature for fixed—fixed boundary conditions is very low compared to fixed—simply supported
boundary conditions.
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2. Increasing the core thickness, viscoelastic damping increases and also buckling temperature increases
slightly.

3. Effect of core material considerably affects the thermal buckling temperature and vibration behavior.

4. Near the buckling temperature the frequency attains to zero for the first mode, and the loss factor increases
tremendously.

5. The frequency and damping decreases with an increase in the fiber angle. The change of natural frequency
and damping is more at higher modes compare to that of fundamental modes.

6. The combined composite and viscoelastic damping does not have much influence on the total damping; the
active damping is the predominant mechanism of damping.
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