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Dynamic bending response of SWCNT reinforced composite plates subjected

to hygro-thermo-mechanical loading
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Abstract. The dynamic bending response of single walled carbon nanotube reinforced composite (SWCNTRC) plates
subjected to hygro-thermo-mechanical loading are investigated in this paper. The mechanical load is considered as wind
pressure for dynamic bending responses of SWCNTRC plate. The dynamic version of the High Order shear deformation Theory
(HSDT) for a composite plate with Matrix and SWCNTRC plate is first formulated. Distribution of fibers through the thickness
of the SWCNTRC plate could be uniform or functionally graded (FG). The dynamic displacement response is predicted by
using Nemarck integration method. The effective material properties of SWCNTRC are estimated by using micromechanics
based modeling approach. The effect of different environmental condition, volume fraction of SWCNT, Width-to-thickness
ratio, wind pressure, different SWCNTRC-FG plates, boundary condition, E1/E2 ratio, different temperature on dynamic
displacement response is investigated. The dynamic displacement response is compared with the available literature and it shows

good agreement.
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1. Introduction

The single walled carbon nanotube reinforced composite
(SWCNTRC) broadly applied in the field of mechanical,
civil, aerospace industries, missile, automobile and any
other industries. They are subjected to environmental
condition during service life. They operate in a verity of
thermal and moisture environments. These hygro-thermal
effects are results of temperature and moisture content
variation and are the different in the thermal and hygro
properties of the composites. In the available literature
much of the published works on dynamic response of
composite structure as follows. Kumar et al. (2003)
reported the dynamic instability characteristics of laminated
composite plates subjected to partial follower edge load
with damping. Liew et al. (2004) investigated dynamic
analysis of laminated composite plates with piezoelectric
sensor/actuator patches using the FSDT mesh-free method.
Chen et al. (2005) developed State-space approach for
statics and dynamics of angle-ply laminated cylindrical
panels in cylindrical bending. Agbossou et al. (2006)
presented a layered approach to the non-linear static and
dynamic analysis of rectangular reinforced concrete slabs.
Liew et al. (2007) presented dynamic stability analysis of
composite laminated cylindrical panels via the mesh-free
kp-Ritz method. Patel et al. (2007) investigated dynamic
instability analysis of stiffened shell panels subjected to
partial edge loading along the edge. They used eight-noded
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isoperimetric degenerated shell element and a compatible
three-noded curved beam element to model the shell panels
and the stiffeners, respectively. Santiuste et al. (2008)
presented dynamic analysis of bending-torsion coupled
composite beams using the Flexibility Influence Function
Method. Girhammar et al. (2009) presented exact dynamic
analysis of composite beams with partial interaction. They
also studied partial differential equations and general
solutions for the deflection and internal actions and the
pertaining consistent boundary conditions for composite
Euler—Bernoulli members with interlayer slip subjected to
general dynamic loading. Lei et al. (2015) studied elastic-
dynamic  analysis of carbon nanotube-reinforced
functionally graded plates. The dynamic instability of
damped composite skew plates under non-uniform in-plane
periodic loading was investigated by Kumar et al. (2015).
Shao et al. (2016) presented transient response analysis of
cross-ply composite laminated rectangular plates with
general boundary restraints by the method of reverberation
ray matrix. Li et al. (2016) performed a dynamic analysis
approach for identifying the elastic properties of unstitched
and stitched composite plates. Salami et al. (2016)
developed dynamic extended high order sandwich panel
theory for transient response of sandwich beams with
carbon nanotube reinforced face sheets. The nonlinear
dynamic response of nanotube-reinforced composite plates
resting on elastic foundations in thermal environments was
studied by Wang et al. (2012). Zhang et al. (2013)
performed on nonlinear dynamics analysis of a deploying
composite laminated cantilever plate by using FEM.
Mechanical strength of self-compacting mortar containing
nanoparticles using wavelet-based support vector machine
the mathematical modeling was developed by Khatibinia et
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al. (2016). Shariq et al. (2017) studied effect of the
experimental investigation of effect on time dependent
deflection of reinforced beam due to creep and shrinkage.

Asadi et al. (2014) investigated nonlinear free vibration
and primary/secondary resonance analyses of shape
memory alloy (SMA) fiber reinforced hybrid composite
beams with symmetric and asymmetric lay-up. The
modeling and active shape/stress control of laminated
beams subjected to the static loading  with
integrated/embedded shape memory alloy (SMA) layer
were studied by Bodaghi et al. (2013). Ebrahimi and Habibi
(2017) presented nonlinear eccentric low-velocity impact
response of polymer-CNT-fiber multiscale nano-composite
plate on elastic foundations in hydrothermal conditions
using the finite element method. Considering the
agglomeration effect of single-walled carbon nanotubes,
free vibration characteristics of functionally graded (FG)
Nano composite sandwich beams resting on Pasternak
foundation were studied by Kamarian et al. (2015).
Kamarian et al. (2016) investigated the natural frequency
analysis of non-uniform nanocomposite beams with
surfacebonded piezoelectric layers by considering the
agglomeration effect of Carbon Nanotubes (CNTs). They
also predicted material properties of the nanocomposite
beam employing Eshelby-Mori-Tanaka approach based on
an equivalent fiber and compared with available
experimental data in the literature.

Zidi et al. (2014) studied the bending response of
functionally graded material (FGM) plate resting on elastic
foundation and subjected to hygro-thermo-mechanical
loading. Al-Basyouni et al. (2015) studied bending and
dynamic behaviors of functionally graded (FG) micro beam
formulation and a modified couple stress theory (MCST)
that considers a variable length scale parameter in
conjunction with the neutral axis concept. Benguediab et al.
(2014) investigated the mechanical buckling properties of a
zigzag double-walled carbon nanotube (DWCNT) with both
chirality and small scale effects. Belabed et al. (2016)
presented an efficient and simple higher order shear and
normal deformation theory for functionally graded material
(FGM) plates. Tounsi et al. (2016) presented a new 3-
unknown non-polynomial shear deformation theory for the
buckling and vibration analyses of functionally graded
material (FGM) sandwich plates. Houari et al. (2016)
developed a new simple higher-order shear deformation
theory for bending and free vibration analysis of
functionally graded (FG) plates. Tounsi et al. (2013)
presented the thermo-elastic bending analysis of
functionally graded sandwich plates for transverse shear
deformation effects by using refined trigonometric shear
deformation theory (RTSDT). Bellifa et al. (2015)
developed a new first-order shear deformation theory for
bending and dynamic behaviors of functionally graded
plates. Bennoun et al. (2014) developed a new five variable
refined plate theory for the free vibration analysis of
functionally graded sandwich plates.

The new trigonometric higher-order theory including the
stretching effect for the static analysis of advanced
composite plates such as functionally graded plates was
developed by Bousahla et al. (2013). Hebali et al. (2014)

developed a new quasi-three-dimensional (3D) hyperbolic
shear deformation theory for the bending and free vibration
analysis of functionally graded plates. Mahi et al. (2013)
presented a new hyperbolic shear deformation theory
applicable to bending and free vibration analysis of
isotropic, functionally graded, sandwich and laminated
composite plates. Mezian et al. (2015) investigated an
efficient and simple refined shear deformation for the
vibration and buckling of exponentially graded material
sandwich plate resting on elastic foundations under various
boundary conditions. Hamidi et al. (2015) studied a simple
but accurate sinusoidal plate theory for the thermo-
mechanical bending analysis of functionally graded
sandwich plates. Laboratory et al. (2015) developed a
simple and refined trigonometric higher-order beam theory
for bending and vibration of functionally graded beams. A
zero-order shear deformation theory for free vibration
analysis of functionally graded (FG) nanoscale plates
resting on elastic foundation presented by Bounouara et al.
(2016). Yahia et al. (2015) developed wave propagation in
functionally graded plates with porosities using various
higher-order shear deformation plate theories. Laboratory et
al. (2015) developed theory for higher-order variation of
transverse shear strain through the depth of the Nano beam,
and satisfy the stress-free boundary conditions on the top
and bottom surfaces of the nanobeam. Bourada et al. (2016)
presented Buckling analysis of isotropic and orthotropic
plates using a novel four variable refined plate theory.
Benahmed et al. (2017) developed an efficient and
simple quasi-3D hyperbolic shear deformation theory for
bending and vibration analyses of functionally graded (FG)
plates resting on two-parameter elastic foundation.
Beldjelili et al. (2016) discussed the hygro-thermo-
mechanical bending behavior of sigmoid functionally
graded material (S-FGM) plate resting on variable two-
parameter elastic foundations using a four-variable refined
plate theory. Bouderba et al. (2106) developed and
validated a simple first-order shear deformation theory for a
variety of numerical examples of the thermal buckling
response of functionally graded sandwich plates with
various boundary conditions. Chikh et al. (2017) presented
a simplified higher order shear deformation theory (HSDT)
for thermal buckling analysis of cross-ply laminated
composite plates. Bouafia et al. (2017) investigated size
dependent bending and free flexural vibration behaviors of
functionally graded (FG) nanobeams using a nonlocal
quasi-3D theory in which both shear deformation and
thickness stretching effects. Bending and buckling analyses
of functionally graded material (FGM) size-dependent
nanoscale beams including the thickness stretching effect
were addressed by Larbi et al. (2015). Bounouara et al.
(2016) presented a new nonlocal hyperbolic refined plate
model for free vibration properties of functionally graded
(FG) plates. Ahouel et al. (2016) developed a nonlocal
trigonometric shear deformation beam theory based on
neutral surface position for bending, buckling, and vibration
of functionally graded (FG) Nano beams using the nonlocal
differential constitutive relations of eringen. Tagrara et al.
(2015) developed a trigonometric refined beam theory for
the bending, buckling and free vibration analysis of carbon
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nanotube-reinforced composite (CNTRC) beams resting on
elastic foundation.

The literature review presented above shows that most
of the researchers has developed different plate theories for
investigate the bending, buckling and vibration
characteristics of composite structure subjected to
mechanical and hygro-thermo-mechanical loading. Earlier
authors’ are investigated of bending, vibration and post
buckling of liner-nonlinear laminated and functionally
graded SWCNT, carbon or glass fiber polymer composite
structure subjected to hygro-thermo-mechanical loading.
No work dealing with dynamic bending response of
SWCNT reinforced composite plates subjected to hygro-
thermo-mechanical loading is reported in the literature to
the best of the authors’ knowledge. The contribution of this
paper is to investigate the dynamic bending response of
SWCNT response of SWCNT functionally graded
reinforced Composites Plate subjected to hygro-thermo-
mechanical loading based on HSDT frame work.

The main objective of this study to extend the Seven
degree of freedom of Finite element formulation based on
HSDT to the dynamic bending response of SWCNTRC-FG
plates subjected to hygro-thermo-mechanical loading,
Motivated by aircraft wing structure under hygro-thermal
environmental condition and wind pressure as mechanical
loading. In polymer Nano-composite material is mead up
Matrix and SWCNT. The matrix material is more sensitive
in hygro-thermal environment (combine temperature and
moisture). Mechanical load is considered as wind pressure;
the wind pressure is applied on composite structure with
hygro-thermal uniform filed. In present study, an attempted
is mead to investigate above mention problem using
Newmark’s time integration method based on HSDT. The
properties of SWCNTRC plate is estimated by using
micromechanics approach. The main objective of this work
is too focused on dynamic bending response subjected to
different environmental and loading condition of composite
structure. The results obtained for dynamic displacement
response for SWCNTRC plate with width-to-thickness
ratio, boundary condition, wind pressure, different FG plate,
E./E; ratio and volume fraction of SWCNT.

2. Seven degree of finite element formulation

In the present work, finite element formulation for
SWCNTRC plate is based on HSDT because it represents
the kinematics better, not require shear correction factors,
and can yield more accurate stress distributions (Reddy
1982).

2.1 The displacement field

Displacement field is taken from (Chavan et al. 2017)

4 (ow ow
U=U+zy,-2*—| —+v, |=u+f@w, +1@—
l//x 3h2 [ax ‘//xj 1( )V/x 2( ) ax
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From Eq. (1), it is seen that the expressions for in-plane

displacement u and v involve the derivatives of out of
plane displacementW. As a result of this, second order
derivatives would be present in the strain vector, thus
necessitating the employment of C* continuity for finite
element analysis. The complexity and difficulty involved
with making a choice of C* continuity are well known.

Expressing the displacement field in the following form
avoids this

U=u+ fl(z)‘//x + fz (Z)ex =U+ fl(Z)W1 + fz (2)01
v=v+f,@Qy, +f,@0,=u+ 1y, + 1,20, @

W=Ww
Where
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X

It can be seen that the number of degrees of freedom
(DOF) per node, by treating ¢, and 6, as separate DOFs,

increases from 5 to 7 for HSDT model. However, the strain
vector will be having only first order derivatives, and hence
a C° continuous element would be sufficient for the finite
element analysis, (Chavan et al. 2017). In the present study,
nine noded quadratic isoperimetric elements have been used
with 63 DOF per element, as shown in Fig. 2.

2.2 Strain displacement relation

The SWCNTRC plate of present’s dynamic bending
response, linear mechanical strain  vector strain

vector{gM} due to mechanical load and hygro-thermal
strain vectors{ghym} corresponding to displacement fields

{e} :{8M}+{8hyro} 3

Strain vector {8M } due to Wind pressure (mechanical
loading) only, can be written as

{gM } = {gx gy j/xy Y xz4 yyz }T @

Where, &°(i=1 2 ...6) and k°(i=1, 2 ... 6) are

mid-plane strains and curvatures and are given by, (Chavan
et al. 2017)
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d) FG-X

Fig. 1 SWCNTRC plate and Different configuration of SWCNT-FG (a)UD, (b) FG-A, (c)FG-0O, (d) FG-X and (e) FG-V
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Stress-strain relation for SWCNTRC plate due to hygro-
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Fig. 2 SWCNTRC plate meshed with 4X4 using nine noded isoperimetric element
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The hygro-thermal coefficient in (x, y) coordinate is
given by

a g | | sin‘d cos’ 6
. a
a Xy (= cos’ f sin“f {11 Zn} ©)
o 7| |2sinfcoss -2singeos) (2 2
y Ay
Where, & and y is the coefficients of thermal

expansion and coefficients of hygral expansion respectively.
2.4 Micromechanics analysis
The effective material properties of SWCNTRC plate

are obtained by using micromechanics. The carbon
nanotube composite plate is mead up of matrix PMMA and

SWCNT. The bounding of SWCNT and matrix is taken to
be perfect. In this study consider the SWCNTRC plate with
five configurations of SWCNTRC-FG plates over the
thickness as shown in Fig 1. The mathematically model of
SWCNTRC-FG plates is given by (Chavan 2017).

Venr =V * 0 oo ub
2
Venr :2£1— mv * e FG-O
2|z|+h
CNT :( | L +JV* ----- FG-V
---------- FG-X (10)
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Where, W, and p.; are mass fraction and
density of SWCNT respectively. p, is density of matrix.
Mass density and total volume fraction of SWCNTRC is
defined as
P =Vent Pont +VinPn and VT 4V" =1 (11)

The matrix material is more sensitive to the temperature
and moisture, the hygro-thermal degradation of matrix
property only considered for evaluating SWCNTRC
material properties. The mechanical property retention ratio
is given by Gadade et al. (2016)

Fm= {—TCW il } (12)
Tco _To

Where, T =T ,+AT is the temperature at which

change the property of composite material. Tcyw and Teo are
fiber transition temperature for wet and reference dry
condition respectively. The fiber transition temperature can
be defined as Gadade et al. (2016)

Tow =(0.005C* —0.1C +1.0)T,, (13)

Where, C=C,+AC is the weight percentage of

moisture in the matrix material.
Elastic Properties of SWCNTRC plate are defined by
(Gadade et al. 2016)

E,=EVN + FmE V_ (14)

FmEm 6;CNT
1_w[1_ FmEmJ (15)
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aCNTvCNT C]_NT+ameEm
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ICNTV CNT E 1clr\rr CCNTm " va m ElnI , (20)
ClNT (V CNT pCNT CCNTm Ty pm)

X =

VCNT (1+VCNT )CCNTmZCNT Ly (1+Vm)Zm
(V CNTpCNTCCNTm +V mZm)

X2 = p_V1CzNT7(11 (21)

Cenmn 1S the moisture concentration ratio. 7N and
™" are the swelling coefficient of the CNT and matrix

respectively, "' =0.
2.5 Potential energy of SWCNTRC plate
The total strain energy of SWCNTRC plate is consist of

strain energy due to wind pressure and strain energy due to
hydrothermal loading is defined as

U=U,+U, (22)

Strain energy due to wind pressure (mechanical loading)
of SWCNTRC plate is defined as

1 T
UI:E./[{gM} [c]dA (23)

The strain energy due to hygro-thermal (combined
temperature and moisture) loading is given by

o 3

I
[ Ny, NTHXy] o

A ( @j Niny Ny [ o j
) oX

Where, Ny, . Npy, and Ny, are the hygro-

VR
j5)
< | <

dA (25)

thermal stress resultants.
2.6 kinetic energy of SWCNTRC plate

The kinetic energy of the SWCNTRC plate is given by

N 1) L e
T:E.U{Zjh Py {ukaWk}{ukaWk}T dz fixdy (26)
k=1 "%

Where, P, is mass density and U,V,W, are velocity
along x,y and z direction.

2.7 finite element modeling

The finite element method (FEM) is a numerical
technique being used for finding an approximate solution to
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a wide variety of engineering problems through bending
Approach. In the present paper nine nodded isoperimetric
elements with seven degree of freedom per node is
employed for finite element plate modeling.

NN NN NN
q:ZNiqi; X:zNiXi; y:zNiyi (27)
i-1 i-1 i1

Shape function of isoperimetric nine noded elements is
taken from (Reddy 2000) as shown in Fig. 2.

N, =3 (67 =¢)(r" )

N, =32 +6)(7 =)
N, =3¢+ )(n +)
N, =3(6 =€) +n)

(28)
=302 +n)

N =5 (6 ) (1)

N, =2 (1-¢")(n" +)
N = (67 =€) (1) iNe = (1-67) (1)

Where, N; and g; are the interpolation function and
vector of unknown displacements for the " node,
respectively, NN is the number of nodes per element and x;
and y; are Cartesian coordinate of the i node. The
equilibrium Equation governing the present problem for the
SWCNTRC plate can obtain by minimizing potential

energy with respect to displacement, can be written as

ou

a_

Substitute Eg. (25) and Eg. (23) into Eg. (22) again
substitute  Eq. (22) into Eq. (29) we get

{Fu} :[Kij]{qi} (30)

0 (29)

(o) ={FI[K]" (31)

NE NE
Where, {E}:Z{FM}e +Z:{FTH}e is global force
vector (mechanié:I and r

hygro-thermal  loading),

[KJ_J = ENZ_E;[KE] is  global stiffness matrix,

NE
e
aj=219)
e=
Eqg. (31) is then solved for SWCNTRC plate acted upon
by  hygro-thermo-mechanical loading to obtained
displacement.

is global displacement vector.

3. Governing equation
The governing equation for the dynamic response of
SWCNTRC plate can be derived using Hamilton principle,

which is generalization of the virtual displacement.
Lagrange equation for a conservative system can be written

%(a?;}]*a?:}*a{aqi}{%i{q}zdv}:o )

Substitute U and T from Egs. (22) and (26) and Eq. (31)
into EqQ. (32) one obtained as

[MJ{d}+[K]{a}={F} (33)

matrix,  {d}

Where,  [M]=mass =acceleration

vector, {G} =velocity vector and {q} is displacement

vector.The Numerical time integration by newmark method
(Reddy 2000) as

fat.)}={a()}+ot {at)}+ o) fa(t, )} (34)

{q(tsﬂ)} = {Q(ts)}+5ts {q(ts+a )} (35)

fA(t.. ) = a)aft )+ {d(,)), 0<ast @)

é‘ts :ts+1 _ts
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current time and t ., is next time. Substituting the Eg.
(36) into the Eq. (34) and solving { ¢} , We obtained.

, Ot is time increment and T  is

{a}.,={d},+a{al +a{d}., @
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(1*7)
,a,=a 5'[5,8 =
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a =(1-a)dt, a, =adt,, a;=

1 .
yzoz > Unconditional stable.
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Table 1 Temperature dependent material property of (10, 10) SWCNT is given by (Wang et al. 2012)
(L=9.23 nm, R=0.68, t=0.067, V3" =0.172  p" =1400kg/m®)

Temperature(K) ElclNT (TPa) EZCZNT (TPa) GICZNT (TPa) a " (x107° / K) as)" (x107° / K)
300 5.6466 7.0800 1.9445 3.4584 5.1682
500 5.5308 6.9348 1.9643 4.5361 5.0189
700 5.4744 6.8641 1.9644 4.6677 4.8943
The second equation in Eq. (37) with [M]s+1 and using The effect of the time step on the accuracy of the

Eq. (40) at t =1, to replace, [M],, {d}. e obtained

K. = (Fy (39)

[K]:[K]s+1+a3[M]s+1 !
[FI=F] M1, (o (o, vafa), +afa),)
An alternative from of Eq. (38) is given by
['2]{61}54 = {ﬁ} (40)
1

[K]=IM],+ KD, :

PP ALt 210,210

is given by

Where,

Where,

Determine {¢j},

({a}], o =M {{F -0y (41)

4. Result and discussion

A dynamic bending analysis of SWCNTRC plate
subjected to hygro-thermo-mechanical loading for FE code
in MATLAB-13a has been developed. In the present HSDT
model a nine noded isoperimetric element with 63 DOF per
element as shown in Fig. 2. Nine nodes per element are
used to discretizing the SWCNTRC plate with 4X4
meshing. We first need to determine the effective material
properties of SWCNTRC. Poly (methyl methacrylate)
PMMA is selected for matrix and material properties of
which are taken from (Wang et al. 2012)

" =1150 k%3 . 7"=033
a™ = 45(1+0.0005AT )x10°® / K,
T, =216°C

E" =(3.52-0.0034T )GPa

The (10,10) SWCNTs are selected as reinforcements
(Wang et al. 2012) and the material properties of which at
300,500 and 700K are obtained from molecular dynamic
simulation and are listed Table 1.

v"=0.34

solution was investigated by using parametric study under

hygro-thermo-mechanical ~step  loading. The non-

dimensional central transvers deflection,
3

w, = W Eh” 102, at selective time for time step is 0 to
gpa’*

0.2 seconds. Over all analysis 6t=002 is used.

y=0.5and o=0.5 so that-constant average acceleration
(stable) condition. The boundary condition can be written as
a) All edges are simply supported (SSSS):

u=sv=w=y, =6,=0 at x=0 and a ;

u=v=w=y,=6 =0 aty=0andb.

b) All edges are clamped (Ccco):
u=v=w=y, =y, =60,=60,=0 atx=0,aandy=0,b

¢) Two opposite edges are clamped and other two are
simply supported (CSCS):

u=v=w=y, =y, =6,=60,=0atx=0andy=0

u=w=y, =6, =0at x=a and

u=w=y, =60, =0aty=b
Where, a & b are length and width of SWCNTR
composite plate respectively.

4.1 Comparison studies

The comparison study is carried out in this section. As
mentioned earlier, there is no work reported on dynamic
analysis of SWCNTRC plate. However, in this study to
assure the validity of dynamic analysis of SWCNTRC plate
based on HSDT. The forced time-domain responses of
SWCNTRC plate subjected to hygro-thermo-mechanical
loads are presented. The non-dimensional central deflection
versus time (t) curves for a laminated square plate subjected
to hygro-thermo-mechanical loading is plotted as shown in
Fig. 3. The non-dimensional central deflection versus time
(t) curves for a laminated square plate subjected to hygro-
thermo-mechanical load are plotted and compared in Fig. 4.

With their material properties of plate is given (Wang et
al. 2016) for validation purpose, E=71.238Gpa, v=0.33;
The alumina face sheet and Ec=60MPa Gc=21MPa v_ =0.2

for the PVC foam core. The mass density of plate is taken
tobe p=308.27%9/.
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Fig. 3 Comparison of dynamic displacement response of composite plate subjected to hygro-thermo-mechanical load
with (T=300K, C=0 and Vcn7=0.17)
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Fig. 4 Non-dimensional central transvers deflection W, versus time (t) for simply supported plate subjected to hygro-
thermo-mechanical loading
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Fig. 5 The effects of functionally graded SWCNT reinforced on the dynamic displacement resonance of SWCNTRC-
FG plates under hygro-thermo-mechanical loading
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Fig. 6 The effects of boundary condition on the dynamic displacement response of SWCNTRC plates subjected to
hygro-thermo-mechanical loading
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Fig. 7 The effects of width-to-thickness ratio (a’/h) on the dynamic displacement response of SWCNTRC plates
subjected to hygro-thermo-mechanical loading with T=500k, C=1% and V¢N1=0.17
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Fig. 8 The effects of different temperature on the dynamic displacement response of SWCNTRC plates under hygro-
thermo-mechanical loading
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Fig. 9 The effects of different wind pressure on the dynamic displacement response of SWCNTRC plates subjected to
hygro-thermo-mechanical loading with T=500k, C=1% and Vcn7=0.17

The Geometric properties and force data of Sandwich
plate is given by 0.5 mm thick alumina face sheet and
13 mm thick PVC core and a=b=500 mm and q,=40Pa
respectively. These two comparisons show that the present
results agree well with published results.

4.2 Parametric studies

Parametric studies are first carried out to examine the
dynamic displacement response of FG-SWCNTRC plates
subjected to hygro-thermo-mechanical loading. Five types
of FG-CNTRC plates, i.e., UD, FG-V, FG-O, FG-A and FG-
X, are considered. The plate geometric parameter are taken
to be a/b = 1, b/h = 20, h = 0.358 mm and hygrothermal
properties are (T=300, 500, 700K) and moisture content
(C=1%) respectively. The time step for newmark integration
scheme is 6t =0.002. The mechanical load considered as
wind pressure to be a suddenly applied uniform load with g
= 0.5 MPa. Fig. 4 presents the dynamic response of five
types of FG-SWCNTRC plates. The width-to-thickness
ratio and volume fraction are taken to be 20 and 0.17
respectively. It can be seen that the FG-X and FG-V plates
are lowest deflection while FG-O and FG-A plates are large
deflection. Hence, above study only UD and FG-X plate are
considered. Fig. 5 shows effects of functional graded
SWCNT reinforced on the dynamic displacement resonance
of FG-SWCNTRC plates under hygro-thermo-mechanical
loading. It can be seen that FG-X plate is harder than that of

other type of plate in hygro-thermal environment. Fig. 6
depict the effects of boundary condition on the dynamic
displacement response of SWCNTRC plates subjected to
hygro-thermo-mechanical loading with temperature=500k
and moisture 1% and volume fraction of SWCNT=0.17. It
can be seen that the curve of deflection higher for CFCF
boundary condition while lower deflection in CCCC
boundary condition. Hence, CCCC boundary condition is
large stiffness as compared to other type of boundary
condition. Fig. 7 presents effects of width-to-thickness ratio
(a/h) on the dynamic displacement response of SWCNTRC
plates subjected to hygro-thermo-mechanical loading with
T=500k, C=1% and Vnt=0.17. It can be seen that the curve
of deflection higher at a/h=30.

Increase the deflection with increasing width-to-
thickness ratio of SWCNTRC plate in hygro-thermal
environment is found. Fig. 8 shows effects of different
temperature on the dynamic displacement response of
SWCNTRC plates under hygro-thermo-mechanical loading.
It can be seen that non-dimensional central deflection is
higher at T=700K while lower deflection at T=300K. When,
increased the displacement with an increasing temperature
of SWCNTRC plate. Fig. 9 shows the effects of different
wind pressure on the dynamic displacement response of
SWCNTRC plates subjected to hygro-thermo-mechanical
loading with T=500k, C=1% and V¢\r=0.17. It can be seen
that increased the deflection of SWCNTRC plates with
increasing wind pressure.
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Fig. 10 The effects of different volume fraction of SWCNT on the dynamic displacement response of SWCNTRC plates
under hygro-thermo-mechanical loading
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Fig. 11 The effects of E;/E, ratio on the dynamic displacement response of SWCNTRC plates under hygro-thermo-
mechanical loading with T=500k, C=1% and V¢n7=0.17
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Fig. 14 Non-dimensional shear stress (7, ) versus time (t) for simply supported SWCNTRC plate subjected to hygro-
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Fig. 10 presents the effect of volume fraction of
SWCNT with CCCC boundary condition on dynamic
displacement response of SWCNTRC plates subjected to
hygro-thermo-mechanical loading. It can be seen that
decrease the deflection of SWCNTRC plates with
increasing volume fraction of SWCNT.

Fig. 11 shows the effects of E,/E, ratio on the dynamic
displacement response of SWCNTRC plates under hygro-
thermo-mechanical loading with T=500K, C=1% and
Vent=0.17. It can be seen that decrease the deflection of
SWCNTRC plates with increasing E1/E2. Figs. 12-15
shows normal and shear stresses of SWCNTRC plate
subjected to hygro-thermo-mechanical loading with
T=500K C=1% by various volume fraction of SWCNT. The
normal and shear stresses are decreased due to increasing
volume fraction of SWCNT

5 Conclusions

The dynamic version of the High Order shear
deformation Theory (HSDT) for single carbon nanotube
reinforced composite (SWCNTRC) plate. Dynamic
responses of SWCNTRC plates subjected to hygro-thermo-
mechanical loading have been presented. However, for
dynamic analysis, the solution is obtained in the time
domain by implementing Newmark method. The
mechanical load as wind pressure is considered for dynamic
response of SWCNTRC plate. Two cases of in-plane
boundary conditions are considered. The parametric studies
have been carried out after two comparisons which
demonstrated the accuracy and effectiveness of the present
method. The effects of boundary conditions on dynamic
bending response of the SWCNTRC plate are investigated.
In each type of boundary condition the effects of carbon
nanotube volume fraction and their distribution pattern,
width-to-thickness ratio on many essential involved
parameters of the SWCNTRC plate with functionally
graded carbon nanotube reinforced composite (FG-
CNTRC) are studied in detail. Finally concluded following
points

e The five different grading profiles, namely, UD,
FG-V, FG-X,FG-A and FG-O on the time domain
response  of the SWCNTRC plate, the
displacement amplitude is the highest for FG-O,
outof FG-A, UD, FG-X and FG-V.

e The central deflection of SWCNTRC plate is
increased with increasing the hygro-thermo-
mechanical load.

e The non-dimensional central displacement of
SWCNTRC plate is increased with an increasing
the a/h of the SWCNTRC plate subjected to hygro-
thermal environment.

The central deflection decreased with increasing volume

fraction of SWCNT of SWCNTRC plate subjected to
hygro-thermo-mechanical loading.
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