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Abstract

Thermal post-buckling analysis of smart sandwich plates has been presented with the incorporation of shape memory alloy
(SMA) and shape memory polymer (SMP) in laminated composite structure under uniform temperature distribution.
Buckling analysis is based on higher order shear deformation theory (HSDT) with von Karman nonlinearity by finite
element method (FEM). Evaluation of critical buckling temperature has been performed under the action of inplane
uniform temperature distribution for different boundary conditions, plate’s aspect and thickness ratio, modulus ratio, ply
orientations of smart SMA hybrid sandwich composite plate. Shape memory alloys itself acting uniquely under tem-
perature variation and with SMA reinforced SMP laminated composite plate this phenomenon extended further under
dynamic temperature condition for thermal buckling behavior. Also SMA with different strain rate and variation in SMA
volume fraction is also presented to understand the cumulative buckling behavior.
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I. Introduction

Smart materials have the characteristics to memorize a stimuli such as temperature, electric or magnetic field and
correspondingly change its shape, natural frequency, stiffness, buckling, hardness and other mechanical properties. Shape
memory alloys (SMA) are one of such class of smart material, which has the capability to regain its original shape/form
from a deformation, when heated at an elevated temperature.! As compared to other smart materials, SMA has the highest
recovery strain field and flexibility, due to its distinct thermo-mechanical, shape memory and pseudo-elastic properties
toward the deviations in load, temperature and stresses.”> Moreover, it has some other significant properties of high
damping capacity, recovery stresses and superelasticity, these salient features which simplifies the complexity of standard
technology, makes SMA even more appealing for sophisticated applications in aerospace, spacecraft, micro-
electromechanical systems (MEMS) and other intelligent systems.’

In the recent decades, laminated composites have found an increasing applications in various engineering structures
due to its high strength to weight ratio and stiffness. Components of aircrafts, missiles and space vehicles are extensively
being developed from these composites. One of the most common problems faced, with these application, includes
volatility in the ambience of thermal load. As a result, researchers have come up with the reinforcement of SMA wires
in the laminates as a viable solution to resist mechanical, thermal or thermo-mechanical loads. Moreover, focus has also
been on the sandwich structures because of its discrete features, in aerospace, civil, electronics, transportation and marine
in previous decades. Sandwich panels consist of a pair of thin sheets, which may be made from metals, laminates of
functionally grade material (FGM), encompassing a low density and weight material such as polymer foam of honeycomb
structure.””” Embedded smart material in the structure has significantly enhance the structural integrity with improved
resistance to vibration and buckling.

Mechanical Engineering Department, SVNIT, Surat, India

Corresponding author:
Achchhe Lal, Mechanical Engineering Department, SYNIT, Surat 395007, India.
Email: lalachchhe@yahoo.co.in




Lal and Markad S345

Buckling and post-buckling analysis of composite beam, plates and shells has been taken into consideration by
researchers, which affects stability of the structures in thermal environment.®” Embedding SMA, such as Nitinol wires,
in the structure has satisfactorily enhanced the thermal buckling resistance, particularly in composites and sandwich panel
subjected to thermal environment.'®'> When SMA wire reinforced composites are subjected to high temperature surplus
strains are recovered, which induces internal tensions. This process create tension in structure and improves its thermal
buckling and post buckling resistivity, and provide hindrance to the resonance in the structure. There are few articles that
deals with thermal buckling of composites or sandwich panels, which provides an opportunity to the authors to analyze the
phenomenon in the current work.

Some relevant work of thermal buckling of composites panel are discussed prior to the focus on SMA reinforcement for
the sake of continuity. Girish and Ramachandra'? presented the buckling analysis for the composite plates developed from
higher order shear deformation theory (HSDT) with von Karman kinematics. Singh et al.'* analyzed free vibrations of
laminated plates with high amplitude vibration using nonlinear von Karman geometric model. Nonlinear response of an
anisotropic laminated composites was evaluated by Reddy and Chao'® with consideration of von Karman nonlinearity
based on first order shear deformation theory FSDT. Khdeir'® performed analysis of thermally buckled analysis of
laminated composites with various orientations and presented comparison of various beam theories, for instance Classical
Beam Theory, FSDT and HSDT. Considering 3 degree of freedom (DOF) shear deformation beam theory, Aydogdu'’
evaluated amplitude of thermal buckling in composites beam. Vosoughi et al.'® also presented post-buckling phenomenon
of thermally buckled laminated composite beams using FSDT with the implementation of numerical GDQ algorithm.

SMA has been embedded in the sandwich/composite structures to harness the buckling resistance property of pre-
strained SMA. Initial works mainly focused on the incorporation of SMA wire in various volume fractions to control
buckling of the composites. Rogers and Bakers'® utilized SMA wires in graphite reinforced epoxy composites to enhance
in its natural frequency and control its vibration. Baz et al.> studied the control of SMA wires on the vibration and
buckling behavior on composites. Khalili and Akbari*!' performed experimental critical buckling load evaluation of SMA
embedded in composite panel under different stacking sequence and boundary conditions and concluded effectiveness of
SMA incorporation than any other parameter. Choi et al.?? also experimentally analyzed the performance of SMA fibers
on the active buckling control nature which showed positive results. Moreover, Birman®® studied buckling behavior of
sandwich plates incorporated with functionally graded SMA under influence of uniform temperature rise and uniaxial
compression.

Computational estimation of post-buckling analysis is helpful to design the composites/sandwich structures with better
reliability and opening new avenues to explore possibilities to resist buckling subjected to thermal loading. Lee et al.**
presented numerical simulation of the buckling performance of laminated composite shells embedded with SMA fibers
under thermal loading. Investigation presented the effects of SMA fiber reinforcements on the characteristics of thermal
buckling through numerical analysis in ABAQUS. Park et al.> studied the effects of embedding SMA fibers on the
vibration property of the composites, subjected to thermal buckling through FSDT. The results were encouraging with
increase in the buckling temperature and resultant deflection due to the application of thermal load. Li et al.*® evaluated
free vibration of thermally buckled aluminium plate reinforced with SMA wire based on Brinson’s model, which
estimated in the enhancement of the buckling resistance due to thermal loading. Shiau et al.’ inspected the influence
of SMA fiber spacing on vibration of different ply orientation under the influence of buckling based on HSDT and
principle of virtual work with von-Karman nonlinearity. Parhi and Singh®® calculated the nonlinear free vibration response
of composite with SMA hybridization for spherical and cylindrical composite shell panels. Nejati et al.?? also performed
the non-linear free vibration analysis of double curved sandwich panels, based on HSDT with von Karman geometric
nonlinearity through Hamilton principle, embedded with pre-strained SMA fibers subjected to thermal buckling. Recov-
ery stresses of SMA fibers were simulated by one-dimensional Brinson model and incorporated in the sandwich to
estimate natural frequency and threshold buckling temperature. Embedding of SMA wires in the composite sandwich
estimated to increase natural frequencies and subsequently increase resistance to thermal buckling. Salim et al.>
employed Brinson’s model to simulate SMA’s thermomechanical behavior with incorporation of genetic algorithm to
optimize SMA fiber orientation to maximize natural frequency of laminated composite thermal environment. This
presented the stacking sequence with the maximum natural frequency during vibration under thermal loading.

Panda and Singh*'~? analyzed the buckling nature of laminated composite panel with and without SMA wire rein-
forcements through the HSDT taking Green—Lagrange nonlinearity. Xia and Shen® presented buckling and post-buckling
amplitudes of FGM with piezoelectric actuators in a thermal environment based on nonlinear von Karman HSDT. Tawfik
et al.** analyzed SMA fibers reinforced laminated panels under the influence of combined aerodynamic and thermal
loading through nonlinear FEM based on the von Karman relations. LCP embedded with SMA analyzed for buckling
behavior and also concluded the buckling resistance improvement with the utilization of SMA.>>7 Samadpour et al.*®
predicted the nonlinear vibration behavior to estimate critical buckling temperature (CBT) and natural frequency of
composite plates embedded with SMA wires. The analysis was based on FSDT with the consideration of von Karman
kinematics and Hamilton principle, and 1D Brinson constitutive model was employed to simulate shape memory effect in
SMA. Bayat and Ekhteraei Toussi*® also presented the thermomechanical behavior of SMA reinforced composite plates
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Figure |. Geometry of smart sandwich composite plate.

based on one-dimensional Brinson model in thermal environment. Governing equations were developed using Layer-
Wise Theory (LWT) of beam along with von Karman relations, to obtain closed form solutions of nonlinear equations.

Asadi et al.* analyzed the temperature based constancy of SMA fiber reinforced layered composites through HSDT
and calculated closed-form solution to determine load deflection profile for simply supported condition. Kabir and
Tehrani*! also presented a closed form solution for buckling analysis under thermomechanical loading for a symmetric
LCP embedded with SMA wires using nonlinear von Karman sense FSDT. The effect of SMA behavior considering one
dimensional Brisnson model was more effectively captured with Active strain energy tuning (ASET) than the active
property tuning (APT) method. Karimiasl et al.** performed numerical analysis of buckling phenomenon of hygro-
thermally buckled doubly curved composite shells reinforced with SMA wires using Halpin-Tsai model. Analysis was
based on third order shear deformation theory (TSDT) with consideration of von Karman-Donnell geometric nonlinearity.

From the available literatures it is evident that, there is an opportunity to study post buckling analysis of laminated
sandwich composite plate and SMA embedded sandwich composite plate for estimating its resistance against buckling,
under different boundary conditions (BC), temperature variations, SMA volume fraction variation, plate aspect and
thickness ratio along with the number of layers. Literature survey also revealed that, effect of temperature variation over
shape memory polymer composite (SMPC) embedded with SMA, has not been performed with the current method.

Present study clearly analyzes the post-buckling performance of the laminated composite plate (LCP) and SMA
embedded sandwich composite plate. For the analysis, effective HSDT with von-Karman nonlinearity is implemented
with finite element method (FEM). Study includes the effect of variation of number of layers, its orientations, modulus
ratio, plate’s aspect and thickness ratio, temperature variation, amplitude ratio, number of SMA layer along with its
volume fraction and percentage strain rate variation imposed on SMA. Various modes of buckling under different
boundary conditions are presented for better elaboration of the buckling phenomenon. Study also evaluate the effect of
shape memory polymers on buckling behavior of SMA hybrid composite under glass transition region and SMA volume
fraction variation.

2. General mathematical formulation

The post-buckling analysis of smart sandwich composite plate using HSDT with von-Karman nonlinear kinematics
FEM is presented with the programming in MATLAB environment. Using C° continuity, seven degrees of freedom
(DOF), nine noded elemental model prepared with FEM which is utilized for the evaluation of the critical buckling
temperature of the smart sandwich composite plate. For the FEM analysis the smart sandwich composite plate is used
which is shown in Figure 1. The plate is having length ‘a’, width ‘4’ and thickness ‘4’ which is assumed uniform
throughout the analysis until stated.

2.1. Material properties of SMP matrix

Shape memory polymer (SMP) is a category of smart materials, utilized in the current study as a temperature sensitive and
have corresponding dynamic mechanical properties governed by glass transition temperature (7,) of polymers. Tempera-
ture dependent elastic modulii can be experimentally investigated from Dynamic Mechanical Analysis (DMA) or can
derived from curve-fitting of experimental results. Mathematical relation proposed by Mahieux and Reifsnider,** has been
adopted to simulate DMA results of across glass transition region of SMP at uniform frequency, stated in Eq. (1).*
Storage modulus of the material obtained from DMA, has been considered as modulus of SMP, as the loss modulus is
negligible compared to storage modulus.*’

En(T) = (E1 - E») _exp< (%)n“) b (Es— Ey). exp < (Tig)M) +Es exp ( (%)m) (1)

Where, E|, E, and E; are material’s moduli at the initiation of -transition, glass transition and flow region respec-
tively with corresponding values are 2552 MPa, 1876 MPa and 5 MPa respectively. T is considered range of temperature
encompassing T = 22.2°C, T, = 32°C and Ty = 142.5°C, which indicate temperature at the start of 3-transition, glass
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transition and flow region respectively. m;, m, and m; are Weibull exponents with values of 19.3, 58.4, 177.6 respec-
tively as per Gu et al.*> Poissons ratio with respect to temperature is evaluated by Eq. (2) and Eq. (3), Qi et al.*®

1= g + (1= vg) (2)

1
a 1+ exp[—(T - Tm)/z]

vg=1 (3)

Where u, and p, are Poisson’s ratio of the frozen phase and active phase respectively with values of 0.35 and 0.499
respectively. v, is the frozen phase volume fraction, calculated by Eq. (3). T, is reference temperature considered as
27.5°C. Z =17 is the width of the phase transition zone. The values of SMP composite properties in series and parallel are
estimated from the theory of volume averaging by Gu et al.** Similarly, the material properties of overall SMA embedded
SMP sandwich composite are evaluated as,

El = Ecl Vm +ESVS; E2 = (ESECZ)/(ECZVS +Est); G12 = (GSGCI2)/(GCIZVS + G:Vm):, Gl3 = G612§
Gy = (GeasVin + GiVs); Via = VeraVe +vsVs; Vi = Via(E2/E)); (4)
] = (Eclacle +EsasVs)/E1: Qp = (QCZVm + asVs); Qi = 07 pP= pme + psVs;

In Eq. (4) the unknown composite matrix material property evaluated as,

Ee1 = Epyvy + Entm (5)

E.» = (1-C)E., + CE% (6)

teoy = (1 = C)plyy + Cudyy (7)
ECZ

1= —_— 8

Hera = Heoy E., (8)

Ger = (1 = C)G}y, + CGy, ©)

Where E.; and E., are modulus of composites along longitudinal and transverse directions respectively.
Efp =23 x 10°MPa and Ep =82 x 10° MPa are Young’s modulus of fiber along longitudinal and transverse direc-
tions respectively. Gri, = 2.73 x 10*MPa is shear modulus along plane 1-2. G.15 is shear modulus of composite in 1-2
plane. C = 0.2 is transverse contact coefficient between fibers. yt, = 0.25 is Poisson’s ratio of carbon fiber. i 1, and fi.,
indicate Poisson’s ratio of composites along 1-2 and 2—1 plane respectively. The values of properties in series and parallel
are estimated from the following equations, which will be substituted in Egs. (5) to (9). The values of related individual

parameters are taken from Gu et al.*®
E = % (10)
EZy = Eppvy + Entn (11)
ﬂ(l»zl = WpVr + W Vm (12)

2 ,ufE/’2Vf + ,umEme

0 = 13
Hean Eyvr + Enm (13)
Gr12G
Glyp = 2 e— (14)
EleVm + GmI//
G?lZ = Gf12Vf + Gme (15)
2.2. Displacement field equation
The suitable streamlined form of the displacement field can be written as, Jagtap et al.*’
U =ulx,y) +81(2)p.(x,) + g2(2)Px(x,y)
V:v(x,y)+g1(z)¢y(x.,y)+g2(z)§py(x,y) (16)
W =w(x,y)

In this equation slopes in x and y directions represented as,
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P 0
¢x:a_:‘ qz,:a—vyv, g1(z) = 1%z — (4/3hy)2° and ga(z) = —(4/3hy)23 (17)

2.3. Relation between strain and displacement

With the slight deformation assumption, linear strain in laminas are represented as,

Ex Ou/0ox

&y v/ 0y

€; ] 0

Yo [ ) Ou/Ox+ Ov/Oy (18)
Vxz Ou/0z 4 Ow/0x

Yz 0v/0z 4+ Ow/dy

Corresponding to displacement fields, strain vectors presented as

{E} = {Ex‘gy., Yy X5z )/j;z}r
g ={e} —{eu} —{&} (19)
{e}={a1 AT a, AT 0 0 0}

Midplane strain vectors and displacement vector can be written as,

Et=(e1 & e K & ko kK & k e & kK k) (20)
g=(u v w & & ¢, ¢,) (21)
The linear strain vector can be written as,{s;} = [L]{g} and [L] is defined in (A1).
The nonlinear strain vector can be inscribed as, Lal et al.*®
1
{ew} =5 [l{¢} (22)
Ox ay 1| ox
Where, [4] = ow  ow ; ¢ = 5 | ow (23)
0 — = 0 0 —
Ox dy dy

2.4. Relation between strain and stress

The elastic constitutive relations for three mutually orthogonal planes of material symmetry exist subjected to uniform
temperature and o, = 0 the relation between strain and stress for SMA embedded composite of kth layer with reference to
reference coordinate system by following relation, Kumar and Singh*’

(o) = [0 & + (o7~ ([2), (Vi) AT (24)

k . . . . .

Here @] and @ ,, are the reduced transferred stiffness matrix of smart composite plate and composite matrix respec-

tively and given in (A2). {0, } is the recovery stress generated in SMA due to temperature variation AT as shown in Figure 1.6
from Tawfik.’® ¥, and V/,, are the volume fraction of SMA and matrix respectively.

2.5. Finite element modeling

To analyze the presented model using FEM, the element geometry and displacement vector can be represented as follows,
Lal et al.*®

¢ NN

{q}e = ZN{E{%} , X= Z]Vi{xi}v Y= ZNl{yl} (25)

Here, total nodes per element is defined by NN and N defines the shape function for i node. x; and y; are Cartesian
coordinate for i” node.
Using [B;] for ith node and differential operator [L], relationship between strain-displacement defined as, [B,;] = [L]N;
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2.6. Strain energy in composite plate

Total train energy in the composite plate is the combination of linear and nonlinear strain energy combination and it is
represented as,

1 NE ,
1 =23 ¢ (+ k)t = {a} 1K+ Kul{a} (26)

i=1

NE and i are the number of elements and elemental, respectively and ¢ is the global displacement vector. In natural
coordinate system (Z,n), elemental stiffness matrix defined as,

11
ki) = [B)" [D][B] detl.J]dédn (27)
/1
dx dy
dé dé
Where the Jacobean [J] is, [J] = A dy (28)
dn di

ko1 © :% / B (D){A°}{ G }dxdy;

Ale)
st =5 [ {GY 1Y (D2){8Y vy

“ (29)
st =5 [{GY 1Y (D) A H Gy

Ale)
NE

1
K, = 5 Z ey + ks + ks
p

In this equation D;, D,, D; are the elastic stiffness matrices of the composite plate respectively and shown in (A3) and (A4).

2.7. Work done and strain energy due to thermal loading

Due to thermal load application, the work potential stored can be given as,

Nr = ; / [Ol{e:}dz ; Ny = kz_;z_/ [Ol{e:}zdz Np = kz_;z/ [O]{c,)23dz 50

Zk—1

NE=Nr + Ny + Np

Where N} is the final thermal compressive load acting over the plate.

1= %Z |0 2K )| = "} (K g}
Where, - G1)

[Kg] :%/B(E;TNSB?;

A

2.8. Governing equation

The equilibrium equation governing the present problem for the laminate can be obtained by minimizing the total potential
energy with respect to generalized displacements (O(]], — [[,)/9¢ = 0),

(K - K] {1} = 0
[Kl{q} = A[K¢{q} (32)
Where, [K] = [Kj]+ [Ku] with [Ky] = [Ku1] + [Kuz] + [Kus)
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Table I. Convergence study of FE solution for various mesh size.

45/0/0/45 45/—A45/45/—45/45/—45
Number of element (nel) a/h =50 a’h = 100 a/h =50 a/h = 100
3x3 0.650 0.187 0.668 0.180
4 x 4 0.518 0.157 0.594 0.158
5x5 0.516 0.155 0.566 0.159
6 x6 0.515 0.156 0.596 0.166

Table 2. Validation and variation of NCBT with plate aspect ratio.

2 4

Layer a’h Matsunaga et al®! Noor and Burton® Singh et al>? Mirzaei and Kiani® Present
[0/90/0] 10 0.07467 — — — 0.0771
20 0.02291 0.02308 0.02308 0.02346 0.02298
100 0.000991 0.000996 0.0009917 0.000992 0.00106
[0/90] 10 0.04323 — — — 0.0784
20 0.01178 — — — 0.0261
100 0.0004857 — — — 0.00122
[0] 10 0.05782 — — — 0.05469
20 0.01739 0.01771 0.01752 0.01739 0.01731
100 0.0007463 0.0007463 0.0007463 0.0007469 0.000758

The Eq. (32) is nonlinear buckling equation which is evaluated and solved as eigenvalue problem. In the expression A =
AT,, is the critical buckling temperature.

3. Results and discussion

Present thermal buckling analysis of composite panel/plate is divided in three sections. In the first section, convergence
and validation study is performed to present effectiveness and accuracy of the user-defined MATLAB program. In the
second section, thermal buckling analysis of laminated composite plate is carried out. Thermal buckling analysis of smart
sandwich composite plate is performed in the third section. Under the study, various boundary conditions (BC) are
implemented which are indicated as,

SSSS—1: u=v=w=6,=¢,=0 at y=0 and b SSSS—I: u=w=0i=¢
u=v=w=0,=¢,=0 at x=0 and ¢ u=v=w=0,=¢,=0 at x=

CSCS:u=v=w=b=¢,=0,=¢,=0 aty=0and b CCCC:u=v=w=0,=¢,=0,=¢,=0 aty=0 and b
u=v=w=6,=¢,=0 at x=0 and «a u=v=w=0=¢,=6,=¢,=0 at x=0 and a

3.1. Convergence and validation study

Table 1 indicates that, as number of element increases—that is reducing the mesh size, graph starts converging for 3 x 3
element size. For the study, square laminated composite panel with clamped boundary condition has been used and results
are tabulated for two different plate aspect ratio and number of layer combinations. Thus for the following analysis 16
elements are utilized and not changed unless stated.

In Table 2, the accuracy of the behavior for present laminated composite plate is verified by comparing the result
with the available literatures. For the study, square laminated composite plate with varying aspect ratio under SSSS-1
BC is considered. The results by HSDT are in close agreement with the’'>* with the following material properties
termed as R1,

E1 =15x E,, G12 =0.5x Es, G23 = 0.3356 % Er, v = 03, V3 = 049, o) = 0.015 x Qp, Qp = 1 x (&%)

Nondimensionalised critical buckling temperature (NCBT) obtained as, 7., = AT,

Table 3 indicates the second validation study of simply supported square LCP with the ply orientation of [45/—45/45/
—45/45/—45]. Values from Table 3 indicate nature of the variation of NCBT with the plate aspect ratio also shows
comparison of result with the Lee®> performed by classical laminated plate theory, first order and higher order shear
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Table 3. Validation of NCBT with plate aspect ratio.
Lee®
a/h CLT FSDT HSDT(A) Kumar and Singh*’ Present
5 49.3760 21.3622 21.3179 15 21.0370
10 12.3440 9.2963 9.2626 83 9.19062
15 5.4862 4.7885 4.7783 53 4.79372
20 3.0860 2.8433 2.8485 33 2.88414
50 0.4938 0.4874 0.4873 1.0 0.50559
80 0.1929 0.1919 0.1919 0.8 0.20030
100 0.1234 0.1230 0.1230 0.35 0.12868
0.035
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Figure 2. Variation of NCBT with plate aspect ratio (a/b).
Table 4. Effect of ply orientation on NCBT under thermal buckling load.
Ply Orientation SSSS-1 CCcCC CSCS CFCF
[90/90] 0.01537 0.03191 0.02244 0.00991
[0/0] 0.01538 0.03209 0.02515 0.00896
[0/90] 0.03117 0.05905 0.04674 0.02083
[45/45] 0.03697 0.06629 0.05353 0.02238
[0/90/0] 0.02505 0.05283 0.04021 0.01520
[90/0/90] 0.02507 0.05281 0.03818 0.01665
[45/0/45] 0.03696 0.06587 0.05213 0.02200
[45/90/45] 0.03697 0.06568 0.05208 0.02245
[45/0/45/0] 0.03364 0.05832 0.04667 0.01882
[0/90/90/0] 0.03416 0.08315 0.05111 0.02369
[90/0/0/90] 0.03420 0.08334 0.06006 0.02604
[90/0/90/0] 0.03621 0.08975 0.06724 0.03157
[30/60/60/30] 0.03657 0.07148 0.05608 0.02234
[30/60/30/60] 0.03651 0.07052 0.05608 0.02533
[30/60/—60/—30] 0.03676 0.06138 0.04039 0.01950

deformation theory. Study shows the appreciable agreement of present result with the considered literature results. The
NCBT is nondimensionalised as, T,, = AT, 10° and for the present analysis material properties utilized termed as R2,

E1 =21 x EU, E2 = 1.7E0 =E3, GIZ = G13 = 0.65E0, G23 = 0.639E0, Vi = V13 = 021, V23 = 033, Eo = 109

o) = —0.21(Y0, Qy = 16@0

3.2. Parametric study—Thermal buckling analysis of composite laminated plate

Figure 2 shows the nature variation in NCBT with the varying plate dimensions for the layer orientation of [0/90/0], plate
thickness ratio (a/h) = 100, 50 and 20, with R2 set of material properties and SSSS-1 BC. Observation shows that, as
aspect ratio increases, NCBT also increases. One more observation is also highlighted, that is, as thickness ratio (a/h)
increases NCBT declines because of the thickness variation from thick to thin.

Effect of ply orientations and BC over NCBT is compiled in Table 4. Tabulated values proves that the thermal buckling
resistance in longitudinal direction of the composite laminate is more as compared to transverse direction. Another
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Figure 3. Effect of fiber orientation (f) over NCBT.

Table 5. Variation of NCBT of LCP with plate thickness ratio and amplitude W,,,/h.

a’h Wax/h Mode | Mode 2 Mode 3 Mode 4
5 0 0.19538 0.20497 0.21657 0.22783
0.1 0.20057 0.22132 0.23288 0.23884
0.2 0.20944 0.21812 0.24219 0.24479
0.3 0.20870 0.22296 0.22907 0.23579
10 0 0.14240 0.16023 0.16601 0.18561
0.1 0.14314 0.16626 0.16674 0.18741
0.2 0.14518 0.16898 0.18256 0.19352
0.3 0.14808 0.17256 0.19719 0.19859
20 0 0.07087 0.09052 0.09223 0.11735
0.1 0.07108 0.09158 0.09242 0.11772
0.2 0.07170 0.09293 0.09476 0.11879
0.3 0.07267 0.09376 0.09997 0.12058
50 0 0.01694 0.02552 0.02568 0.03898
0.1 0.01699 0.02572 0.02577 0.03905
0.2 001714 0.02584 0.02649 0.03926
0.3 0.01739 0.02605 0.02767 0.03963

observation indicates that, with cross ply laminates maximum NCBT is noticeably high as compared to single orientation,
but the highest buckling resistance observed with angle ply laminates. Moreover, the highest NCBT is obtained with full
clamped boundary condition whereas the lowest is at clamped free boundary condition.

Figure 3 shows the nature of variation of the NCBT with the orientation of fiber in four layered laminated composite
plate of (6/-0/ 6/-0) with the thickness ratio of 20, SSSS-1 BC and R1 set of material properties. The maximum critical
buckling temperature is noticed for the ply orientation of 40° to 50°. The result also highlight the effect of the nonlinearity,
that is, amplitude variation from 0 to 0.15. Moreover, as the W ., /h varied, the amplitude of 7., increased by 0.5 to 1.5%.

Study of LCP for analyzing NCBT against square plate thickness ratio and amplitude ratio variation is shown in the
Table 5. For the study R1 set of material property with ply orientation (45/—45/45/—45) under clamped BC has been
considered. Post buckling analysis of LCP indicates increase of NCBT in the range of 15%, 24%, 39% and 56% as
thickness ratio vary from 5 to 50, which is thick to thin. Here Mode 1 to Mode 4 denotes the first critical buckling
temperature to fourth value. For the thickness ratio of 5, NCBT varies 6% for varying amplitude ratio 0 to 0.3, similarly
variation is 4%, 3% for remaining thickness ratio variation with amplitude ratio. For better understanding of the thermal
buckling analysis of composite laminated plate refer Figure S1 and S2 from supplementary file.

3.3. Parametric study—Buckling analysis of smart composite laminated plate

In section 3.2, study of LC for post buckling analysis with varying different parameter were performed with corresponding
justification of the influence of individual parameter. Here, SMA wires are incorporated in the laminated composite (LC)
plate to form sandwich of LC-SMA-LC configuration. Study includes the effect of temperature, plate aspect ratio,
thickness ratio and BC variation over the performance of plate in terms of NCBT. For the study R3 set of material
properties of LC are considered, which is stated as following.

E2 =10.3 GP(Z, E2 = E3, E1 = 181 GPa, G12 =17.17 GPa7 G12 = G13, G23 =6.21 GPC!7 Vi =113 = 0287
va3 = 0.33, g = 107%, a1 = 0.02a, az = 22.5a9
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Nitinol SMA wires are utilized in the study, which has temperature dependent modulus as shown in Tawfik.>®
Eo = 0.1 GPa, G = 24.86 GPa, a; = 10.26x107%, v, = 0.33

Figure 4 shows the nondimensional critical buckling temperature (NCBT) variation with the SMA volume fraction and
its validation with the Kumar and Singh®® performed by layerwise theory. The result indicate the same nature of variation
with the available results and also shows the effect of utilization of smart composite sandwich plate under clamped
boundary condition. As the SMA volume fraction is added in regular composite plate, the capacity in terms of resistance
against thermal buckling 7, improves.

Figure 5 (a) shows the nature of variation of NCBT with plate thickness ratio under clamped boundary condition for (0/
SMA/SMA/0) orientated composite sandwich plate. In this analysis, the difference between without and with SMA layer
are clearly visible. When comparing without and with SMA laminate, then it is observed that with 5% SMA volume
fraction 38%, 33%, 25%, 14% and 11% more critical buckling resistance in terms of NCBT obtained at varying thickness
ratios. Similarly when comparing 10% SMA laminated composite and without SMA composite laminate, then corre-
sponding variation in NCBT will be 28%, 24%, 18%, and 12%. So with minor incorporation of SMA wires, and utilizing
its shape memory behavior, the critical buckling resistance of the structure can get improved. The effect of induced pre-
strains with increasing temperature over NCBT for sandwich composite clamped plate having thickness ratio of 50 is
shown in Figure 5 (b). During heating cycle, pre-strain is induced to increase thermal buckling resistance for the plate.
From Tawfik,>® it is observed that, till 40°C elastic modulus and recovery stress remains constant, but above this
temperature, these values starts varying. So from 50°C, NCBT increases approximately by 16% for 2% strain compared
to 1% strain and 2—-8% for 3% strain as compared to 2% strain.

Figure 6 shows the first four buckling modes for clamped and simply supported BC for the amplitude ratio of 0,
0.5 and 1for four layered (45/SMA/SMA/45) composite sandwich plate with thickness ratio of 50. More resistance
against buckling is observed in clamped BC as compared to SSSS-1. The difference of 19% and 11% are observed for
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amplitude ratio of 0 to 0.5 and 0.5 to 1 under mode 1, and similarly for clamped condition that difference is 3% and
9-10% respectively.

The nature of variation of NCBT with the amplitude ratio under different temperature variation is shown in Figure 7,
for the (45/SMA/SMA/45) clamped sandwich layup with the plate thickness ratio of 50 and &, = 1%. It can be observed
that for the different temperature variation, with variation of amplitude ratio from 0 to 1.2, NCBT increases by 32%. Also,
as temperature increases from 40° C to 50° C, then NCBT increases by 8%, whereas, during temperature variation from
50° C to 60° C, it increases by 2%. Thus, the study highlights effect of temperature variation over buckling resistance in
structure with the SMA reinforcement. Supplementary inferences are presented in Figure S3, S4 and S5 from supple-
mentary file to elaborate the buckling analysis of smart composite laminated plate.

3.4. Effect of shape memory polymers on buckling behavior of SMA hybrid composite

The dynamic variation in SMPC material parameter exists in the vicinity of glass transition temperature (7,), which
shows the longitudinal, transverse and shear behavior is stable before and after this range as given in Figure 8. Figure 8
(a) has been plotted from Eq. 1 and The trajectory follows the similar behavior of SMP as indicated in previous
results.*®

SMA reinforced laminates have dynamic property in the austenite and martensite region of alloy whereas dynamic
property of SMP is governed by its glass transition region. Longitudinal, transverse and shear modulus of carbon is
considered as 230 GPa, 8.2 GPa and 27.3 GPa respectively.’” The laminate behaves with dual dynamic property because
of the combined property of SMP and SMA. Figure 9 (a) indicates combined behavior of unidirectional SMA reinforced
SMP sandwich composite laminated plates with a/h = 15 and edges clamped at ends. The laminate has 10% SMA fiber in
second and third layers whereas in the first and fourth layers 10% carbon fiber is reinforced. Tawfik™ indicates that, in a
region 0°C to 30°C, temperature dependent elastic modulus of SMA fiber doesn’t show much variation as well as
recovery stresses remains zero during same interval. But at the same, dynamic variation in elastic modulus of SMPC
is observed. Figure 9 (a and b) highlights the abrupt decline which is due to the volatile material behavior of SMP matrix
and SMA fiber reinforcements in the similar temperature span. It can be observed that instantaneous drop is regulated by



Lal and Markad

S355

m

-
[=}
(]
T

-
T

—
Storage Modulus (E_) MPa &
a

10

Present

Experiment [45]

280

300

320

340

Temperature (T) K

Elastic Modulus SMPC (E ) MPa

i i i i
3 40 50 60

Temperature (T) °C

T 80 90 100

(c)

Elastic Modulus SMPC (E,) MPa

(e)

2500

a2
8

2
2

g

2
38

! !
0w 20 30 4 & &
Temperature (T) °C

05

T 80 90 100

g 04
=
e
e 8
2 g " =tk
3 2 — 2
5 2 02
e K]
E oo
E 0.1 J
£
w
= i i i [ gso 300 320 340 360 380
1]

i i i i i
] F ) 4 &0 60 10 B G0 100

Temperature (T) K
Temperature (T) "C

Figure 8. Influence of variation of temperature on modulus: (a) of SMP E,, (b) longitudinal, (c) transverse (d) shear modulus and (e)
Poissons ratio of SMPC.

modulus of SMP matrix, which regulates the profile of buckling load. After 40°C, in accordance with Tawfik>° the elastic
modulus of SMA fiber instantaneously increases, which regulates sudden rise in buckling resistance of SMA reinforced
SMPC beam. Figure 9 (a and b) indicates conclusive comparison of positive effect of combined shape memory properties
of SMA and SMP on buckling resistance of material at elevated temperature. This is primarily due to the recovery stresses
of SMA generated at elevated temperatures which enhances the stability of material as compared to normal SMPC or
laminated composite structure. Figure 9 (c¢) shows the elaborated part of Figure 9 (a). Figure shows that with the strain rate
and temperature variation, the NCBL also increases.

Figure 10 shows the analysis of SMA embedded SMPC sandwich plate with the varying volume fraction of the SMA
for the (0/SMA/SMA/0) plate under SSSS-1 BC. For the presented SMA embedded SMPC sandwich plate, whenever the
SMA volume fraction increases, the NCBT also increases by 17%, 12% and 11% for the Vs of 5% to 20%.



S356 Polymers and Polymer Composites 29(95)

(b)

_
=]
~—

N
2 2
k-3 =
[ [}
2y E
= i
gs £y
a4
@ e
s2 55
F35 aE
g'— Egzs
3 5 i
s 53 5 ¢
z i
24 1 Il 1 1 1 1 ] Il
0 0 30 40 S50 60 {0 8 9

C’)

Nondimensional critical buckling
temperature

Temperature (T)

Figure 9. Variation in NCBL with the (a) combined influence of SMPC and SMA (b) SMPC only and (c) enlarge view of with strain rate
and temperature.

temperature (T ”]

Nondimensional critical buckling

H { i
L 1 i —

10 20 30 40 50

Thickness ratio (a/h)

Figure 10. Variation in NCBT with the SMA volume fraction.

4. Conclusions and future scope

Under induced uniform thermal loading, non-linear thermal post-buckling analysis of laminated composite plate, smart
sandwich composite plate and for first time the combined effect of SMA and SMP is analyzed using higher order shear
deformation theory and von Karman kinematics. The following observations are listed down during the study,

1. The thermal buckling resistance in longitudinal direction of the composite laminate is higher than that in transverse
direction. Also, with angle ply laminate, the highest thermal buckling resistance is observed among all the
considered plate configurations.

2. For four layered lamination whenever ply orientations varies from 0° to 90°, the maximum NCBT were noted
between 40° — 50° range and also results elaborate effect of minor amplitude ratio application over NCBT
increased by 05 to 1.5%.
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had

NCBT is minimum at simply supported BC whereas it is maximum with clamped BC.

4. Analysis indicates that, with minor incorporation of SMA wires, and utilizing its shape memory behavior, the
critical buckling resistance of the structure can be appreciably improved.

5. With increasing prestrain induced rate in SMA, the NCBT can also be enhanced, as the result clearly differentiate
the effect of increasing SMA layers over thermal buckling analysis.

6. When analyzing effect of temperature and amplitude ratio variation over NCBT, as temperature increases from 40°
C to 50° C, then NCBT increases by 8%, whereas, during temperature variation from 50° C to 60° C, it increases
by 2%.

7. Due to the combined effect of the SMA-SMP, corresponding smart sandwich indicate improved buckling resis-

tance for the wide range of temperature, except for the break-point observed in the analysis.

For the suggested model and method, first time the combined effect of SMA embedded SMPC has been studied from
buckling point of view. Still there are plenty of opportunities available for extending the study, such as analyzing the effect
of the nonlinear and nonuniform temperature variation effect on thermal buckling and vibration of smart composite
panels. As great variety of fibers are available, so it could be possible to perform series test, to prove accuracy and validity
of the model. For thermo-electro-mechanical finite deformation for smart materials, multi configuration theory can be
utilized.
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