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Effects of Shape Memory Alloys and Carbon Nanotubes on the Nonlinear Aerothermal
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ABSTRACT: In this study, the effect of aerodynamic and thermal forces on the flutter stability of an
epoxy / fiber-based hybrid nanocomposite beam containing shape memory alloy wires and reinforced
by functionally graduated distribution of carbon nanotubes are investigated. Carbon nanotubes help
to increase the stiffness of the nanocomposite beam, and the shape memory alloys will increase the
flutter stability boundaries by inducing tensile stress in the beam due to the increase in temperature
and the aerodynamic pressure. In this study, the Brinson model is supposed to present the properties
of shape memory alloy wires, also, the Euler-Bernoulli beam model is assumed to be in line with van-
Karmen nonlinear strains. The boundaries of buckling stability and aerothermodynamics flutter have
been investigated by studying the natural frequencies of the hybrid nanocomposite beam and the thermal
bifurcation points. The primary objective of this study is to examine the impact of carbon nanotubes
and shape memory alloy wire on improving the behavior of a composite beam flutter under the effect of
airflow and temperature increase, simultaneously. The results showed that applying these two advanced
reinforcing materials has a significant impact on increasing the static and dynamic stabilities of hybrid
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nanocomposite beams in the thermo-aerodynamic environment.

1- Introduction

The application of smart materials in engineering and
sciences has attracted the attention of scientists to study the
behaviors of these structures at different loading conditions.
Shape Memory Alloys (SMAs), which are classified as
intelligent materials, have unique behaviors such as the
capability to deform and recover the original shape at the
combination of mechanical and thermal loads. The specific
properties of SMAs could be used in various industrial sectors
such as aerospace, automotive, and biomechanics [1].

Feng and Li [2] numerically and experimentally studied
the dynamic behavior of a discrete mechanical system
involving mass, damper, and a rod element made of SMAs.
The effect of phase change on the resonant frequency and
the maximum response near the resonant frequency was
investigated. Bernardini and Rega [3] investigated the chaotic
behavior of a single degree of freedom system consisting
of a memory alloy rod element. They studied the influence
of temperature, heat transfer rate, and thermal capacity on
the chaotic behavior of the system. Savi and Paco [4] and
Machado et al. [5] examined the forced and free vibrations of
a two-degree-of-freedom coupling system consisting of SMA
elements in terms of chaotic behaviors and damping effects.
Using numerical and experimental analysis, Lagodas et al.
[6] investigated the damping vibration of the mechanical
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system whose main element was a memory alloy wire.
Frequency response and deformability of memory wire and
the temperature changes during the test were considered.

The dynamic stability of a composite beam reinforced
with memory alloy wires was investigated by Tsai and Chen
[7]. In their research, the composite beam was affected by
the axial force and the instability range of the composite
was identified using the finite element method along with
the harmonic balance method. Khalili et al. [8] investigated
the energy dissipation effects of embedded wires in the
upper and lower surfaces of a composite beam .Hashemi and
Khadem [9] studied the vibrational behavior of a cantilever
beam made of shape memory alloy. The beam is simplified
as a discrete mass and spring system, and the vibration
behavior of the beam for the quasi-elastic working range was
investigated. Daman Pak et al. [10] analyzed the vibration
behavior of two-and three-layer beam containing SMAs
using a numerical method taking into account the influence of
prestressing temperature and beam thickness. Samadpour et
al. [11] considered the nonlinear vibration and thermal post-
buckling analysis of composite beams reinforced by memory
alloy fibers with symmetrical and asymmetrical layers, using
the Euler-Bernoulli theory and Brinson model. Also, Asadi
and Beheshti [ 12] investigated the free vibration of composite
beams reinforced by SMA wires using Timoshenko’s theory
and the Brinson model.

Samadpour et al. [11], studied the nonlinear flutter and
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Fig. 1. Schematic of a hybrid composite beam containing SMA / CNT with three distributions of CNTs and airflow

thermal buckling response of a fiber-reinforced composite
beam with memory alloy wires under simultancous thermal
and aerodynamic loading using the Galerkin method. They
examined the influence of memory alloy wires on improving
the flutter’s behavior of composite beams at supersonic
speeds. Asadi and Beheshti [12] investigated numerically the
aerothermodynamics response of Carbon Nanotube (CNT)
reinforced beams under ultrasonic airflow in a thermal
environment using first-order shear deformation theory and
third-order piston theory at different boundary conditions. Lin
etal. [13] presented a nonlinear analytical model to investigate
the aeroacoustics flutter and the response of composite panels
with memory alloy wires to random excitation using the third-
order shear deformation theory. Rostami et al. [14], studied
the thermal buckling and post-buckling of sheets containing
memory wires considering nonlinear strains using the semi-
analytical method.

In recent years, Carbon Nanotubes Reinforced Composite
Structures (CNTRCs) have had extensive applications
in various industries and engineering fields due to their
extraordinary mechanical strength/stiffness features [15]. The
existence of CNTRCs improves the strength and stability of the
structure due to its better mechanical and chemical properties
[16], which inspire scientists to emphasize supplementary
the study of deformation, vibration, and buckling of these
structures. Thanks to the outstanding properties of CNTRCs
and specific properties of SMA materials, the hybrid
nanocomposite structures with integrated SMA wires offer
great potential for use in engineering, advanced aerospace,
military, and automotive structural applications. These
structures are applied as smart structures to control the free
vibration, suppress the forced vibration and decrease the
deflection, delay the buckling, decrease the post-buckling
deflection, and flutter control. These composite structures are
frequently subjected to large thermal gradients while being
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exposed to the actual environments like the aerodynamic
pressure or solar radiations [17].

Natural frequency analysis of the CNT-reinforced
composite structure embedded with SMA fiber has been
considered numerically via a micromechanical multiscale
FE material model by Mehar et al. [18]. The multiscale,
multi-fiber-reinforced (SMA/CNT) polymeric composite
was under the elevated thermal environment. Also, Mehar et
al. [19] have made an effort to predict the thermal buckling
load parameter of nanotube-reinforced hybrid composite
shell panel embedded with SMA fiber through a higher-order
isoperimetric Finite Element (FE) technique. They showed
the thermal stability of the hybrid (SMA/CNT/polymer)
composite is increasing with higher volume fractions of CNT
and SMA. As observed above, in all mentioned literatures no
investigation has been carried out on the simultaneous effect of
SMA fibers and carbon nanotubes on flutter suppression and
the analysis of nonlinear aerothermal flutter characteristics of
hybrid nanocomposite beam

In this study, a novel graded hybrid reinforcement is
proposed for a nanocomposite beam. Both reinforcing
materials, SMA wires, and CNTs are used in the structure to
create a hybrid composite with new material properties. The
novelties can be declared as presenting a new composite design
for developing the modeling for the aerothermodynamics
flutter behavior of a hybrid nanocomposite beam. The
main objective is to simultaneously examine the impact of
CNTs and alloy memory wire on improving the behavior of
composite beam flutter under the effect of ultrasonic flow and
significant heat increase.

2- Mathematical Modeling and Equilibrium Equations
2- 1- Hybrid nanocomposite properties

Consider alaminated composite beam, as shownin Fig. 1. The
beam is made of epoxy and long graphite fibers and is assumed
to be in a thermal environment with uniform temperature.
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Table 1. Material properties of epoxy [20]

Property

Value

Young modulus
Poisson ratio

Glass transition temperature

3.1 GPa
0.35
112.5°C

Coefficient of Thermal Expansion (CTE) 66x10°1/°C

In the present study, the first two tactics (using SMA
wires and CNTs) are examined. In the first step, shape
memory wires are embedded in the composite medium to
produce tensile recovery stress in the structure. Then, CNTs
are added to the epoxy to form a new polymer matrix with
better material properties. Finally, both reinforcing materials,
SMA wires, and CNTs, are used in the structure to create a
hybrid composite with new material properties and tensile
recovery stress as follows:

{o}=[0],, (e} -aria},, ) +{a™ "} O

Table 1 shows the thermo-mechanical properties of epoxy
LY5052 applied in the present work.

Therefore, using the micro-mechanical model [21] in Eq.
(2), the thermo-mechanical characteristics of the graphite
fiber/epoxy composite beam can be calculated.
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In which the subscripts 72 and f mean the matrix and
fiber, respectively. Also, parameters E , G, o, L and Vf
denote young modulus, shear modulus, Poisson ratio, thermal
expansion coefficient, material density, and volume fraction
of fibers, respectively

The material properties of long graphite fibers are
provided in Table 2. It should be mentioned that the volume
fraction of long fibers is assumed to be 55% in the present
work according to Ref. [21].

Here, the recovery stress of SMA wires is calculated based
on the simplified form of the Brinson model in which the
martensite volume fraction is separated into stress-induced
&, and temperature-induced components &, . Based on
the simplified Brinson model; the recovery stress can be
calculated in the following form [22]:

C=¢ter

©)
o, =E (&)(e—¢,&, )+ OAT

Where &; denotes the maximum residual strain, ® is
related to the CTE of SMAs, AT is temperature variations,
and E refers to young’s modulus of SMA wires expressed
based on the Reuss model as:

E,

E (&) =—A—
1+(A—1j5 “)
EM

In which, £, and E,, are defined as young’s modulus
of the SMA in the pure austenite and pure martensite phases,
respectively. According to Brinson martensite fractions
during the heating stage can be calculated as:

f=§—° COSI:L(T—AS _ O J:l+1
2 Af_As CA (5)

R
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Table 2. Material properties of the graphite fibers and graphite/epoxy composite [21]

Value
Property : ; :

graphite/epoxy composite graphite fibers
Longitudinal Young modulus 129.62 GPa 213.13 GPa
Transverse Young modulus 7.23 GPa 23.11 GPa
Poisson ratio 0.27 0.2
Shear modulus 2.71 GPa 8.97 GPa
Transverse CTE 29.13x10°1/°C -0.54x101/°C
Longitudinal CTE 0.18x10°1/°C 10.08x10°¢1/°C

Table 3. Material properties of 0.3 wt% CNT-reinforced
epoxy polymer [23].

Property Value
Young modulus 3.38 GPa
Poisson ratio 0.35
Glass transition temperature ~ 110.5 °C
CTE 44x10°1/°C

where the subscript 0 represents the initial state of a
parameter, since the martensite fraction depends on the stress
and temperature, Eq. (3) must be coupled with Eq. (5) to
formulate a complete governing equation for SMAs.

The Material properties of implemented SMA wires
are [10] : p = 6450 kg/m’, o = 10.26x10°/°C , v =0.33
Transformation temperatures: M , =9 °C, M  =18.4°C, A,
=34.5°C, Af =49 °C. Moduli: E , =67GPa, E,, =26.3 GPa,
® =0.55 MPa/ °C . Phase diagram parameters: C » =8 MPa
/°C, C,=13.8 MPa/°C,( ;" ,0;") = (100,170) MPa.

In the present study, the role of adding 0.3 wt.%
MWCNTs, in enhancing material properties of LY-5052
epoxy is investigated. Having some material properties of
epoxy and CNT, it is possible to calculate the Young modulus

of CNT-reinforced epoxy polymer with acceptable accuracy
as follows [23]:

_ §1+2(INT /dNT)’hVNT +§1+277LVNT

Nen 8 L=nVyr 8 1=mVyr &
~ (Eyr /E,)-1

= (Enr/E,)+2(lyr /dyr) ©
_(ENT/EP)—I

nT_(ENT/Ep)+2
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Table 4. Material properties of nanocomposite (graphite/
CNT/epoxy) [21]

Property Value
Longitudinal Young modulus  129.74 GPa
Transverse Young modulus 7.71 GPa
Poisson ratio 0.27
Shear modulus 2.89 GPa
Transverse CTE 21.7x10°1/°C
Longitudinal CTE -0.02x10° 1/°C

Where E_ and E,, denote young’s modulus of

the epoxy and nanotubes, respectively. [y, , dy,
and V', also represents the length, the outer diameter, and
the volume fraction of MWCNTs.

Table 3 indicates the thermo-mechanical properties of the
epoxy polymer reinforced by 0.3 wt% nanotubes.

Employing the rule of mixture, the material properties
of graphite fiber/CNT/epoxy can be calculated, which are
shown in Table 4.

2- 2- Equilibrium equations
The nonlinear strain-displacement relationship based
on the von Karman assumption can be expressed as

2 2
:6u 1 6w2 ow [24].
otropic lamina, which is subjected to the

ooox 2\ ox

2
for a k-th ort
thermomechanical loadings, for an orthotropic laminated

The stress-strain relation

composite beam with arbitrary fiber orientation, can be
written as o =0/ (gf —af AT )+cos2 (9" )V_Yk of where (
T, o) is the reference temperature, AT is the temperature
difference between current temperature (7' ) and 0" the ply
angle in the k-th layer. Furthermore, during the temperature

. k
rise O

. show the effective recovery stress of SMA fibers.

Also, O{f describes the thermal expansion coefficients [24].
The resultant force and moment for the SMA composite
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laminate are defined as:

@+%@q2
{Nxx}_|:All Bu} ox 2\ ox

M Bn Dn oA

Ox 2
NT N’
+
M7 M’

Which superscripts # refer to the in-plane forces and 7'
refer to moments induced by SMA fibers and temperature
rise, and can be written as

Iy

r r\_ z r 2 k
(N M )—kzzlhkfla V.cos (0 )(l,z)dz .
(NT,MT): i }]l( (Qnax+Q12ay)k AT (1,z)dz
kzlhk—l

Moreover, A,,,B,,,D,, are coupling and bending
stiffness parameters and obtained as follows:

n

h —
(AnaBn»Dn):Z Jk (Q“)k(l,z,z2)dz )

kzlhk—l

For hybrid laminated composite beams reinforced
with SMA fibers, equations of motion may be obtained
from Hamilton’s principle. Based on Hamilton’s principle,
when the following condition in a structure is satisfied, an
equilibrium position occurs:

t
f(5U+5W—5K)dt:O (10)

h

Where OU ,0K and OW are the virtual strain energy,
the virtual kinetic energy, and the virtual work due to the
external work, respectively, and expressed as follow:

oU =_U 0,.0¢. . dV
0K = [[ p(Wow+ udi)dV (11)
W = [[ APSWdV

Where AP is the aerodynamic load and can be written

based on the supersonic piston theory which is a linear
function of the lateral deflection. After some mathematical
manipulations and integration by parts to eliminate the virtual
displacements, the equations of motion are created as:

.0 ON
e e

. 0 (. ow
[OW +a7(111/l —[2 aj‘i‘ (12)

2 2
0 szx N 0 m;
Oox ox

0

+AP =0

hy

where 1, =24 | p"z dz and pk is the mass density
h

k-1
of the constituent materials in the A-th layer. The simplified
version of the nonlinear governing equation, by assuming in-
plane and rotational inertia terms are negligible, is expressed

as:
ON . 0o
ox 03
2 2
Iyt Ty T, Ap_g
ox ox

Theboundariesofthecompositebeamareassumedtobefully
stationagf A}n the in-plane direction, i.e., u (O,t ) =u (L ,t ) =0

. From xX_—() can be concluded that the axial load N -

X .. .
along the x axis is constant. According to the resultant
force from Eq. (8) and integrating the above equation, yields

15(ow ) B,ow «x
- 11 T r
u(x,t) {( j dx + o 11(N N +C1(t)>+ Cz(t)

. At the fixed edges conditions, the parameters C, (t) and

C, (¢ ) can be obtained.

Finally, the nonlinear governing equation of motion of the
hybrid laminated composite beam with embedded SMA fiber
was developed as follows:

2\ A4

ot? A, Jox*
2
NT —N’—%L[;ﬂj dx Zz—v‘;mp (14)
0 X X
By Jow (Lt) ow (0¢)] ow i
L ox ox ox?
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Besides, based on the supersonic piston theory [25]:

ow ow
Ap=—¢ 2 N
‘a

2

JM2-1 ’ (15)

(i

g =
(w21

Where p is free stream air density, U, is velocity,
and M is "‘Mach number. As the aerodynamic damping
term in Eq. (14) permanently balances the flutter boundary
to examine the aerothermal characteristics of the supersonic
beam using the SMA actuation, to develop the flutter equation
of the beam, we can use the aerodynamic load without the
aerodynamic damping.

o*w o*w r
I, —+D,—+| N' =N — 16)
0 a2 "ot (
A L(ow) | o8> ow  ow
A (_j dx _;V_g__g_:
2L\ ax o ox o

2- 3- Solution method and flutter analysis

In this section, the flutter velocity and critical buckling
temperature of the laminated composite beam with embedded
SMA fibers are calculated with the Galerkin procedure. To
solve Eq. (16), In the Galerkin technique, a sum of some
auxiliary functions is considered where each of them
satisfies the boundary conditions. In this work, we use the
Eigenfunctions of the vibrating Euler-Bernoulli beam as the
admissible function of the Galerkin method. The acceptable
function for the beam with two simply supported edges can
be expressed as:

v .
w(x,t)=e” Y W;sin (?} (17)

i=0

Substituting  Eq.  (17) into  the ~Eq.  (16)
results by  sin ['ﬂ and

and multiplying the
L .
he ‘relation

integrating over the domain [0, L ],
(M 1Q* +[K ], +[K 1y, +{FY —{F}Y —{F}*") = {0}
is obtained where the ecigenvalues Q=7+iw are in
general complex numbers, which 7 is the measurement

of the damping and @ is the Eigen frequency. By solving
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Table 5. Comparison of frequency parameter

Q=wl /pm /E, for the beam with /5 =10, V.,.=0.12
Pattern of CNTs
Model
UD FG-X
Yas and Samadi [26] 1.2581 1.3859
Ki et al.[27] 1.2576 1.3852
Present 1.2580 1.3839

complex eigenvalues of the system, the natural frequencies
and damping ratio of the system can be calculated using the
final equation as:

[p]2* +[K], +[K],, +{F} ~{FY ~{F}]=0  qs)

It is obvious when flutter occurs, two successive Eigen
frequencies of structures will unify at flutter velocity which
is a specific flight velocity of the aircraft. As a result, if one
would enhance the aerothermal flutter response of an aircraft
structure, one should move towards the right of the coalescent
point of the two Eigen frequencies or increase the flutter
velocity.

3- Numerical Results and Discussion
3- 1- Validation

Firstly, to validate the results of the analysis of the
eigenvalues, the dimensionless natural frequency of beam
reinforced with CNT at different reinforced phase patterns is
presented in Table 5. The results show the high accuracy and
precision of the present model.

In addition, to validate the results of stability diagrams
in thermo-aerodynamic conditions, the results of the present
analysis with the article of Samadpour et al. [11] for a
symmetrical layer beam [0/0/90] with shape memory alloy
wires in two layers that are furthest from the center of the
beam are compared for two different length-to-thickness
ratios and are showed in Fig. 2 .The vertical axis of the
diagram represents the dimensionless aerodynamic pressure

2 3
pwu(n L Fe .
7(;) CE i the

parameter defined as [11]: A= £ \/27
m MOO _1

young modulus of the matrix at the reference temperature).
The results showed a good agreement between the present
analysis and the reference article. According to Fig. 2, with
increasing the L / h ratio of the beam, its flexural stiffness
is reduced and we will see a smaller range of stability and
a decrease in the maximum dimensionless aerodynamic
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Fig. 2. Validation of aerothermodynamics stability diagrams of composite beams containing

SMA wires, when V', =10%,

pressure .According to Fig. 2, the area of each curve can be
divided into three areas. The first area is flat and is a balanced
area in which the beam is not buckled or flattened. The second
area is related to the buckling beam, which, of course, is still
dynamically stable, in which the thermal load prevails over
the beam stiffness and the aerodynamic stiffness. In addition,
the beam suffers from static instability due to the thermal
load. The third region is also dynamically unstable and has a
fluttering phenomenon due to aecrodynamic pressure.

3- 2- Parametric study of dynamic stability

The effect of SMA and CNT volume fractions on the
stability curve of beam flutter under thermal field and
aerodynamics load are demonstrated in Fig. 3.

According to Fig. 3, for a beam without CNT ( V', =0
), by doubling the memory alloy in the beam, the critical
buckling temperature is approximately doubled because the
presence of alloys has increased the bearing capacity of the
axial beam load. Moreover, when V' =10% , the maximum
critical aerodynamic pressure for the CNT / SMA hybrid
nanocomposite beam with V' =0.14 at T =385"C is
almost doubled in the beam without CNT.

Fig. 4 illustrated stability curves of flutter nanocomposite
beam reinforced with SMA wire and uniform distribution of

& =1%

CNT for different volume fractions of CNTs and prestressed
SMA wires. According to Fig. 4, two entirely distinct
turning points are seen in the stability curves of the beam,
which have the maximum aerodynamic critical pressure
and the maximum critical temperature. These two points
almost correspond to the start temperature of the austenite
phase and the end temperature of the intelligent material
phase transition. Because the austenite phase completion
temperature is a function of the amount of prestressing in the
fibers, these points are varied for different curves.

As shown in Fig. 4, by doubling the pre-stress percentage,
the maximum critical aerodynamic pressure of the beam at
100° C is increased by 70%. Changing the prestressing and
the volume fraction of the shape memory alloy wires, the
stability range is shifted to the right and higher temperatures
because the critical buckling temperature has increased
despite this memory alloy. Also, with increasing prestress and
volume fraction of the alloys, the amount of dimensionless
critical aerodynamic pressure has not changed much, because
these alloys can increase the crucial pressure at specific
temperatures. However, it is observed that the presence of
carbon nanotubes has led to an increase in the maximum
necessary aerodynamic pressure and their critical buckling
temperature. On the other hand, as the volume fraction of

223



H. Heidari et al., AUT J. Mech. Eng., 6(2) (2022) 217-228, DOI: 10.22060/ajme.2022.20395.6000

9
I/-:' = O ’ ch = 0 —
8 s " KZS%s chzo -—— =
7 /\ “ K =10% , V;-m =0 —
g 6 ..." / \ ’.-.‘.- K = 10% , I/.gm — 0‘ ]4 _________
% .:':/ AN
25 i N .
& 7 N
2 4 N “
g S <
a 3 e g / JRY < ~ .
o) e N - .
s ., < }
5 b ’ ~ . ~ - ..
< S o - ~ o e
1 -’ '\"\ /\ -----
s P s
0 P .
0 100 200 300 400
Temperature (A7)

Fig. 3. Effect of SMA and CNT volume fractions on the stability curves of the beam ( L/h =50 , & =1%)

8
€0 — nos —_—
! €0 — 0. ———
6 Eo_nos e
g 80:f)oA V;nt:O.ll — —
% : & _noy V=028 —.=
§ .
o4 N
'Qé) NN
\ .
£ 3 N
5 <N
5 NN
<2 O~
~ o~ 2
"--.ZI/". _,7.
1 R0 A
VA4
0 “ oy .
0 50 100 150 200 250 300 350 400 450

Temperature (47)

Fig. 4. Stability curves of flutter composite beam reinforced for different volume fractions of
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Fig. 5. Effect of CNT distribution in a hybrid composite beam containing CNT / SMA on its stability boundar-
ies and aerothermodynamic flutter

the nanotubes in the beam increases, the points Z,, Z,, and Z,
correspond to the existing curves to the right and up at higher
temperatures and critical aerodynamic pressures.

Effects of CNT distribution on stability boundaries and
aerothermodynamics of hybrid nanocomposite beam are
plotted in Fig. 5. According to Fig. 5, the placement of
nanotubes in the central layers of the composite and the
FG-O arrangement has reduced the beam stability range
relative to the uniform distribution of nanotubes in the
layers (UD). On the other hand, their placement in the
layers far from the center of the composite has increased
the stability of the filter compared to the UD composite
beam. Since the addition of nanotubes to each layer
increases the effective modulus of that layer, so adding
them to the composite intermediate layers and in the
FG-O arrangement keeps the beam flexural stiffness to a
minimum compared to the FG-X and UD distributions. For
example, in nanocomposite beams containing CNT/SMA
values and parameters L/h =50, V =5%,&,=1%
and V_, =0.11, the maximum critical aerodynamic
pressure for the FG-X arrangement at 7' =50"C is
doubled and 1.4 times the value in FG-O and UD forms,
respectively.

4- Conclusion

The main objective of the current study is to simultaneously
examine the impact of carbon nanotubes and alloy memory
wire on improving the behavior of composite beam flutter
under the effect of ultrasonic flow and significant heat
increase. Then the maximum critical aerodynamic pressure
and maximum critical buckling temperature for this hybrid
composite beam were calculated. The results showed that
the simultaneous application of two advanced reinforcing
materials has a remarkable influence on increasing the
static and dynamic stability of laminated composite beams
against the effects of thermal-aerodynamic loading. The most
important results are:

By changing the prestress amount and the volume fraction
of the memory alloys, the stability range is shifted to the
right and higher temperatures because the critical buckling
temperature has increased despite this memory alloy.

As the volume fraction of nanotubes in the beam
increases, the range of the stability curve increases towards
higher temperatures and critical acrodynamic pressures.

The placement of nanotubes in the interlayer layers of
the composite and the FG-O arrangement has reduced the
beam stability range relative to the uniform distribution
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of nanotubes in the layers (UD). On the other hand, their
placement in layers away from the center of the composite
has increased the flutter compared to the UD composite beam.

By doubling the pre-stress percentage, the maximum
critical aerodynamic pressure of the beam at 100 °C is
increased by 70%.

when V. =10%, the max. critical aerodynamic pressure
for the CNT / SMA hybrid nanocomposite beam with

Vi=0.14 at T =385°C is doubled in the beam
without CNT.

For the CNT / SMA hybrid nanocomposite beam, the
max. critical aerodynamic pressure for the FG-X arrangement
at T =50 °C is doubled and 1.4 times the value in FG-O
and UD forms, respectively.
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