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The aim of the present work is to analyze free flexural vibration and buckling of single-walled
carbon nanotubes (SWCNT') under compressive axial loading based on different constitutive
equations and beam theories. The models contain a material length scale parameter that
can capture the size effect, unlike the classical Euler-Bernoulli or Reddy beam theory. The
equations of motion of the Reddy and the Huu-Tai beam theories are reformulated using
different gradient elasticity theories, including stress, strain and combined strain/inertia.
The equations of motion are derived from Hamilton’s principle in terms of the generalized
displacements. Analytical solutions of free vibration and buckling are presented to bring out
the effect of the nonlocal behavior on natural frequencies and buckling loads. The presented
theoretical analysis is illustrated by a numerical example, and the results are qualitatively
compared by another results.

Keywords: natural frequency, critical buckling load, gradient elasticity theories, nonlocal
behavior

1. Introduction

Vibration and buckling problems of straight carbon nanotubes (CNT) (Spitalsky et al., 2010;
Salvetat et al., 1999)occupy an important place in micro- and nano-scale devices and systems.
Examples include nanosensors (Chopra et al., 2003, nanoactuators (Baughman et al., 1999,
nanooscillators (Nishio et al., 2005), micro-resonators (Bak et al., 2008) and field emission devices
(De Heer et al., 1995; Saito and Uemura, 2000), etc. In order to make full potential application
of CNT, it is essential to understand their mechanical behavior well. In many papers, analytical
analyses of the mechanical behavior of CNT have been proposed besides the experimental work
by Ruoff et al. (2003). Carbon nanotubes can be modeled using atomistic (Zhang et al., 2005) or
continuum mechanics methods (Li and Chou, 2003). The atomic methods are limited to systems
with a small number of molecules or atoms and therefore they are restricted to the study of small
scale modeling. Unlike atomistic modeling, continuum models view CNT as a continuous beam.
For realistic analysis of CNT, one must incorporate small-scale effects to achieve solutions with
acceptable accuracy (Wang and Wang, 2007). Since the classical continuum models are scale free,
for the modeling of CN'T structures one can use modified elasticity theories like Eringen theory
(Eringen, 1983; Eringen and Edelen, 1972) or strain gradient theories (Lam et al., 2003; Kong
et al., 2009; Akgoz and Civalek, 2011). In this way, the internal size scale could be considered
in the constitutive equation simply as a material parameter. In the theory of nonlocal elasticity,
the stress at a reference point is considered to be a functional of the strain field at every point
in the body. It can be concluded that continuum mechanics with size-effect could potentially
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play a useful role in the analysis related to nanostructures (Adali, 2012; Muc, 2011; Murmu and
Adhikari, 2010a,b, 2011).

The first application of the Eringen nonlocal constitutive relation on the Euler-Bernoulli
beam is the work of Peddinson et al. (2003). They investigated the deflection behavior of the
nonlocal Euler-Bernoulli beam for different boundary conditions and possible application in
microelectromechanical systems (MEMS). A new nonlocal shear deformation beam theory for
bending, buckling and vibration of nanobeams was proposed by Huu-Tai (2012). The author
derived the general equation of motion and took into account a quadratic variation of the shear
strains across the thickness, based on nonlocal constitutive relation of Eringen. In the paper by
Reddy and Pang (2008), the equations of motion of Euler-Bernoulli and Timoshenko beam the-
ories were reformulated by the Eringen nonlocal theory, and then used to evaluate static bending,
vibrations and buckling response of beams with various boundary conditions. Recently, nonlocal
Euler-Bernoulli, Timoshenko, Reddy and Levinson beam theories were formulated by Reddy
(2007) in a unified manner using Hamilton’s principle and nonlocal elastic constitutive relation
of Eringen. The analytical solution of natural frequency, critical buckling load and transversal
deflection have been obtained for all presented beam theories. A comparison of stress gradient
(Eringen’s nonlocal theory) and two strain gradient theories applied to free vibration analysis of
Euler-Bernoulli and Timoshenko beams was carried out by Ansari et al. (2012). Wang and Vara-
dan (2006) studied the influence of scale-effect on natural frequencies and comparison with local
natural frequencies of both single-walled CNT and double-walled CNT. They concluded that
the classical continuum models are still valid and convenient for studying vibration responses of
long and wide CN'T’s, especially for lower modes. The dynamic behavior of CNT embedded in an
elastic medium (matrix) investigated by using nonlocal Timoshenko beam theory for both the
stress gradient (Eringen nonlocal theory) and strain gradient approach were considered by Wang
and Wang (2013). Their results show a significant dependence of frequencies on the surrounding
medium and nonlocal parameter. The use of the nonlocal Timoshenko beam theory for analyzing
free vibration and buckling behavior of nano-composite structures reinforced by single-walled
carbon nanotubes (SWCNT) was proposed by Yas and Samadi (2012). They investigated the
influence of geometrical and physical parameters such as nanotube volume fraction, foundation
stiffness parameters, slenderness ratios and boundary conditions on the natural frequencies and
critical buckling load. Liu and Reddy (2011) obtained a new model for static and free vibrations
problems of a simply supported curved beam based on the nonlocal Timoshenko beam theory.
Static and dynamic analyses of nanobeams based on the nonlocal Euler-Bernoulli, Timoshenko,
Reddy, Levinson and Aydogdu beam theories were presented in Aydogdu (2009). The influence
of the nonlocality and length of a nanobeam on natural frequencies, deflection and critical lo-
ad were investigated in detail for each considered model. Based on the nonlocal elasticity and
Euler-Bernoulli beam theory, the governing equation of transversal vibration of a nonuniform
cantilever nanobeam was investigated by Murmu and Pradhan (2009). They obtained numerical
results for the natural frequency from the governing equation by using the differential quadra-
ture method and analyzing the influence of small-scale effects on the dynamic behavior of the
nanocantilever.In the paper by Askes and Aifantis (2009), nonlocal and strain gradient elasticity
theory were employed to obtain equations of motion for Euler-Bernoulli and Timoshenko beam
theory. They investigated the influence of various material parameters of high order continuum
theories on flexural wave dispersion in CNTs, and then compared the results with the results
obtained by molecular dynamic (MD) simulations. Hosseini-Ara et al. (2012) proposed a new
method to investigate the buckling behavior of short clamped CNTs, developed on the basis
of the strain gradient theory and Timoshenko beam kinematics. They determined exact critical
buckling loads using a linear polynomial and also investigated the influence of the scale coeffi-
cients, aspect ratio and transverse shear deformation on buckling of short clamped CNTs. Based
on the strain gradient elasticity theory, the governing equation of motion for Euler-Bernoulli and
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higher shear deformation beam theories were derived by Akgoz and Civalek (2012, 2013). Also,
they analyzed the influence of different material parameters on the dynamic and static behavior
of a micro-size beam for different boundary conditions.

In the present paper, as an extension of the work by Ansari et al. (2012), we apply different
gradient elasticity theories on the Reddy and Huu-Tai beam theories and obtain the governing
equation for free flexural vibrations and buckling of SWCNT under axial loading. The discussions
are limited only to the case of a simply supported straight nanotube. The natural frequencies
and critical buckling load are obtained in the analytical form, based on Hamilton’s principle by
making use the stress gradient (nonlocal Eringen theory) and both strain gradient and combi-
ned strain/inertia gradient theories. The resulting equation for natural frequencies and critical
buckling load contains a scale parameter and can capture the size effect. The differences between
the natural frequencies and critical buckling load for stress gradient, strain gradient, combined
strain/inertia theory and classical elasticity theory are shown and compared with the results by
Ansari et al. (2012), and excellent agreement is shown.

2. Structural model and theoretical formulation

The Reddy and Huu-Tai beam theories are adopted in this study. These theories, which do not
require shear correction factor, account for both small the scale effect and quadratic variation
of shear strains and, consequently, shear stresses through thickness of the beam. In order to
derive the equation of motions, we define the rectangular Cartesian coordinate system Oxyz.
The z-coordinate is taken along the length of the beam, the z-coordinate along the thickness of
the beam, and the y-coordinate along the width of the beam. We consider free vibration and
buckling in the xz-plane.

2.1. Constitutive relations

According to the nonlocal theory, stress at a point depends not only on the strain at that point
but also on strains at all other points of a body. The differential form of nonlocal constitutive
relations for a one-dimensional structure was proposed by Eringen (1983) as

d*o d*o
Oxx — M d.%'gm = Feyy Ogz — K dxgz = Gz (21)

where E and G are the elastic modulus and shear modulus of the beam, respectively, u = (ega)?
is the nonlocal parameter (length scales), ey is a constant to adjust the model to match the
reliable results by experiments or microscopic models, a is the internal characteristic length
(e.g. lattice parameter, granular distance, wavelength) which can be identified from atomistic
simulations or by using a dispersive curve of the Born-Karman model of lattice dynamics.

The combined strain/inertia constitutive relations for the one dimensional case, according
to the papers by Ansari et al. (2012), Askes and Aifantis (2009) and Hosseini-Ara et al. (2012)
are

2

.. d
) + PlmExa Orz = G(’Yzz + u dzgz

T

d? .
Ogx = E(sxa: + u ) + Plm Yz (22)

Ex
dx?
where p is the mass density and g, = [2, and g = [? are related to inertia gradients and
strain gradient length scales, respectively. It should be noted that for p,, = 0 the combined
strain/inertia theories are reduced to strain gradient theories, and for p = 0 the strain gradient
theory is reduced to the classical elasticity theory. The inertia gradient length scale factors pi,,
for the representative volume element (RVE) size, are related to the dynamic case, which tends
to be larger than length scale factors u for the static case. Accurate dynamical analysis of CNT
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is obtained using the inertia gradients length scales .,,,. More details can be found in the paper
by Askes and Aifantis (2009).
2.2. The Reddy beam theory

Based on the Reddy beam theory, the axial displacements u(x, z,t) and transverse displace-
ments w(z, z,t) of any point of the beamare given by Reddy (2007) as

Jwy (z, t))

u(z, z,t) = up(x,t) + 2¢(x, ) — 123 (gi)x(:c,t) + 5

v(x,z,t) =0 w(zx, z,t) = wo(x,t)

(2.3)

where ¢; = 4/(3h?) and h is the height of the beam, wg(z,t) and ¢, (z,t) are the transversal and
rotation components of the displacement. The nonzero strains of the proposed beam theory are

Oug ol _ 0123<6q§m N aQwo)

S = Oz Tt oz oz 0z?
8w0 )

_ _ 2 e Y
Yrz = (1 2z )(¢x + O

(2.4)

where co = 3, ¢; = 4/h%. In this case, the component ug of the axial displacement u(z, z,t) is
neglected.

Based on Hamilton’s principle which states that the motion of an elastic structure during
the time interval 0 < ¢ < T is such that the time integral of the total potential is extremum
(Reddy, 2007) one writes

T
/(5U L6V~ 6K) dt =0 (2.5)
0

where §U is the variation of strain energy, 0V is the virtual work of external forces and 0K is
the variation of kinetic energy of the nanobeam.
The variation of strain energy of the beam is

AL
oU = //(Uméem + 04:07,,) dx dA
oLo 2 (2.6)
_ 09y 0wy owyg
_ 0/[(MM — 01 Pra)5 " — 1 Paad s + (Qu = c2Ro)S (90 + 0 )| de
where M., P.., Q, and R, are the stress resultants defined as
A A
(Mg, Pra) = /(z,zg)am dA (Qus Ry) = /(1,22)% dA (2.7)
0 0
The variation of potential energy of external forces can be expressed as
‘ dwy 0
_ v, 2w s 9o
oV = O/(q(:c)éum + No o 0 o ) dx (2.8)

where ¢(x) is the continual transversal load and ]Vo is the axial load.



Flexural vibration and buckling analysis of single-walled carbon nanotubes...

221

The variation of kinetic energy is obtained as

AL L
5K = O/ 0/ plidis + o) do dA = / (D20 — enTa (e + 225, (2.9)

— e1Tihb (62 + a“’°)+clfﬁ(¢m 20) 5+ 20 Ty di

where p is the mass density and dwy/dt = wq is the time dderivative of the displacement wy
and (lo, I3, Iy, I) are the mass inertias defined as

A
(fo,fg,jil,lg /12 24 2% p dA (2.10)
0

To derive the equations of motion associated with the present model, we substitute the expres-
sions for 6U, 0V and 0K from Egs. (2.6), (2.8) and (2.9) into Eq. (2.5), and after integrating
by parts and then collecting the coefficients of 6w(0) and d¢,., the following equations of motion
are obtained

. 0Q, P 82w 0y 57 (06, | Dy
o o tag + Mg = Toiv + T — (G + ) (2.11)
. 8Mzz —  a = ~ . oW awo
Sy o Qp = ¢zlo — 11y (2¢x o ) + g <¢ + a—x)
where
Gz = Q:L“ — R, M:m: = Myy — 1Py (212)

The boundary conditions of the model are

oP, ow oW
wo or Ve =c1—= + Qz Noa— - 61]4¢x + C1I6<¢z + 8—500)
dw 2.1
8—;60 or wa ( 3)
¢J} or Mzw = MJ:J: - Clpa:ac

where V, denotes the equivalent shear force.
By substituting Eq. (2.4) into Eq. (2.1) and the subsequent results into Eq. (2.7) and (2.12),
the stress resultants for the nonlocal Eringen theory (stress gradient) are obtained as

d?’Py, ol 9%wy

P:m: - ,U,W = E(I4 - 0116)% - ClIGE axQ

— d Qz 8’[1)0

_ — - 2.14
= d2Mmz 09, 0y 2 0y 82wO
M 0 — =—-Fql EI Ecil
v = H 2 “ 4( Ox + Ox? >+ 2 Ox * 6( Ox * Ox? )
where

A
(A, I, I, Ig) = /(1, 22,24 25) dA A= (A-20D + EL) (2.15)
0
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The equations of motion can be expressed in terms of the displacement (wq, ¢,) for nonlocal
constitutive relations (stress gradient). By substituting Eq. (2.14) into Eq. (2.11), we get the
following equations of motion

9*wo 0

0%y 0twy - 0y o ~ 9Mig
N, Tyt — K Al — n(No=—= + I, - K==
0z + ot — Ki gt el <°aﬁ’%°&ﬁ 1~ At
0? o ot wo a¢x n
= E(I4 — 0116) —clgFb——| + G A
[a O3 . ozt } . é( Ox 638:6 ) (2.16)
(¢z + 8—>A + K2¢z + Kla— - M(KQ 72 + K, 923 )
¢ ¢, Puwg ¢, OPug
= Bhy — BLa (255 + 55) + 4B (s + 57)
where ]VO = — Ny is the applied axial compressive force, and
K = C%j% — le4 Ky = fg - 201f4 + C%ES (217)

In a very similar wayas in the previouscase, we get the stress resultants and equation of motion
for the case of the combined strain/inertia gradient theory of elasticity. By substituting Eq. (2.4)
into Eq. (2.2) and the subsequent results into Eqgs. (2.7) and (2.12), the stress resultants for the
combined strain/inertia gradient theory are obtained in the following form

P —EI 6% B clEIG(%(im n 382;1)20> +MEI4% - M01E16(§§w + 3;;1;0>
+pumL£§E‘—MMMH%(2fm*‘izgv

Q-Gﬂ%+%—%w@4%% fmﬁ+wm(%+%@) (2.18)

MM—EQ;%—th(w% ) ]EMQ?m+aﬁ) |
ARG ¢ 58 s < ij o) i

pum01f4( 8% + 52 ) +p m01[6< 8% + 52 )

By substituting Eq. (2.18) into Eq. (2.11), we obtain the following equation of motion for the
combined strain/inertia gradients constitutive relation in terms of generalized displacements as

Py ~ D¢, Oig Py
5 )+pumA(a + a )+01EI4—8:C3

o Pdy
+ perEly oy 5’ + 8 6
P, | M 0*wy 0bs o= i
pﬂmcll‘ﬁ( aj?’ +W40) = No—— 922 +Iow0 — Kj gb C% it
sz 82¢x a?’U/O sz a4¢z 85wO 2.19
022 5ur  gar) HHER G —heBL(GE + 5 ) (2.19)

8310 a T x x
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8 l.l'io 2¢x 831'[}0 8’[1)0
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The equation of motion for the strain gradients constitutive relation, in terms of generalized
displacements, is obtained from Egs. (2.19) by setting the parameter p,, equal to zero, as

GA((%”” + ) T GA( i + 64w°) +c1E1'46 Or 2]51'6(6 ¢z O 0)

Ox 0x? o3 Ot 923 93 . 5l
A A LA L) e T
EIQ§¢I — clEI4(2a;§x + a;;lfgo) + uElL 8;¢ B ,uclEI4( 84% N 8;’;050> (2.20)
+01EIG< 82‘75290 n 3;11;0) —MclELiaajf —Hw%EIG( 84;759[; . 6;1)50)

= GA(ps + ‘3;_> N GA(%% . 8;120> Kb +K188w°

The equation of motion of the local beam theory can be obtained from Eq. (2.20) by setting the
nonlocal parameter p to be equal to zero.

2.3. The Huu-Tai beam theory

The displacement field of the Huu-Tai beam theory proposed by Huu-Tai (2012) is based on
the following assumptions:

(1) the axial and transverse displacements consist of bending and shear components in which
the bending components do not contribute toward shear forces and, likewise, the shear
components do not contribute toward bending moments;

(2) the bending component of the axial displacement is similar to that given by the Euler-
Bernoulli beam theory;

(3) the shear component of the axial displacement gives rise to the parabolic variation of the
shear strain and hence to the shear stress through thickness of the beam in such a way
that the shear stress vanishes on the top and the bottom surface.

According to these assumptions, we get the next displacement field

u(z, z,t) = up(z,t) — e +

v(z,2,t) =0 w(x, z,t) = wy(x,t) + ws(z,t)

Owy(z,t) [1 5 (2)2} Owg(x,t)

o (2.21)

whereh h is the height of the beam, wy(x,t) and ws(z,t) are the bending and shear components
of the transverse displacement and ug(z,t) is the axial displacement along the midplane of the
beam. According to the proposed beam theory, the strain-displacement relations are given by

B % B 0%wy, _f82ws _ Owg
f12 = By T Fox2 Ox? Yoz = 95,

(2.22)

where f = —z/4 + 52(2/h)?/3 and g = 5/4 — 5(2/h)?. In this case, the component ugy of the
axial displacement u(z, z,t) is neglected.

A nonlocal Huu-Tai beam model is developed using a different gradient elasticity theory and
Hamilton’s principle Eq. (2.5). The variation of strain energy of the Huu-Tai beam theory is

20
0wy, Méa +Q56w5) de

52~ Mid—— (2.23)

AL
5U = / / 0220 0n + Cpabyas) da dA / (~a6 S
00
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where M,, My and (Q are the stress resultants defined as

A

A
(MvaS) = /(zvf)amm dA Q = /gamz dA (2.24)
0 0

The variation of potential energy of external forces can be expressed as

a(wb + ws) 58(wb + ws)
ox ox

L
5V = — / [a()8(wy +w.) + Ny | da (2.25)
0

where ¢(x) is the continual transversal load and Ny is the axial load.
The variation of kinetic energy is obtained as

AL
5K — / / p(bi + o) dz dA
oLo (2.26)
= oy, O, T O, O,

:!MW+%WW+%“5EﬁEﬂ@Mhem

| da

where I and I, are defined in the preceding section, Eq. (2.10), w, and w; are time derivatives
of the bending and shear components of the transverse displacement, respectively.

Substituting the expressions for 6U, 6V and K from Egs. (2.23), (2.25) and (2.26) into
Hamilton’s principle Eq. (2.5) and integrating by parts, and then collecting the coefficients of
owp and dw,, we obtain

920, 02 (wy, + wy)

owy o Ny 92 = Io(Wy + ws) — Iz 52 .
M 9Q P(wy +ws)  ~ .. Iy 8%, '
ows : Ox2 +8_3:_N0T —IO(wb+ws)_8_4 02

The boundary conditions involve specification of one element of each of the following four pairs
atz=0and z=1L

_ oM, N O(wp +ws) = 0wy

wy, or Vi + Iy

Ox 0 Ox (%UA
Wy or Vs = 8;\3{8 +Q — No a(wba; ws) %%ﬁs (228)
% or M,
%lls or My

where V;, and V; are the equivalent transversal forces on the ends of the beam.
By substituting Eq. (2.22) into Eq. (2.1) and the subsequent results into Eq. (2.24), the
stress resultants for the nonlocal Eringen theory (stress gradient) are obtained as

d’> M, d?>wy, d?> M, EI, d*w,
My—pqm =~Fhgm M

2Q  5GAdw,
Md:c2 6 Oz

—H de?2 ~ 84 da?

(2.29)
Q _

where A and I are defined in the previous section Eq. (2.15).
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By substituting Eq. (2.29) into Eq. (2.27), the nonlocal equations of motion can be expressed
in terms of the displacements wy, and w; as

Nty 02 (wy + w;) O*(wp + wy)
- Bh ort NO[ Ox? - ozt }
N Oy + 1s))  ~ 0%y iy,
0 {(wb + W) O } 2( 22 K Oxh ) (2.30)
_EL tw, n 5GA 0%w, N {82(11)1, + wy) B 0*(wy, + ws)} )
84 Ozt 6 Ox2 0 Ox? H Oxt
T O2(ty, +g)1 Iy (0%, OMidg
:IO|:(wb+wS)_M 8302 :| __(8302 — K 8:64 )

When the shear deformation effect of the nonlocal parameter is neglected (ws = 0, u = 0),
the equations of motions Eq. (2.30) and boundary conditions in Eq. (2.28) are reduced to the
Euler-Bernoulli beam theory.

The equation of motion for the case of the combined strain/inertia gradient theory of ela-
sticity, according to the Huu-Tai beam theory, is obtained by substituting Eqs. (2.22) into Egs.
(2.2), then subsequent results into Eq. (2.24), the stress resultants are obtained as

82101) 8411)1) 821'[}[,
M, = _EI2W - ,UEI2W - PMmIQW
EI, 0%w; EI, 0*w; I 0%,
M. — — _ _ 2 2.31
. 84 022 184 aut T PPMRs o2 (2:31)
5GA /0w, Pw, 5A Ot
@= 6 (8x+'u6x3)+ "6 Ox

The equations of motion for the combined strain/inertia gradients constitutive relation, in terms
of generalized displacements, are

= ~ 0%y, oy, Owy Oty 0?(wp + ws)
IO(wb+ws) IQ 02 +EI2 Ot +,UEI2 926 +P,um12 Ol +NOT =0
5GA ;0*w; 0*wy 5A 0%, 0% (wp + wy)
N 2.32
6 (Guz T hger) F oy g — Mo (2:32)
. f . . IQ 8 ’U)S EIQ 64’[1)5 EIQ 66’[1)5 IQ 8‘%8
= Lo (wp + ws) — Plim—

84 0z | 84 ozt | HT84 96

By setting the parameter p, equal to zero in Eqs. (2.32), we obtain the equation of motion for
strain gradient constitutive equations as

= .. ~ 0%y 0wy, O%wy, 02 (wy, + ws)
Io (1 + s) — L= 92 + Ely—— pe + pElIs pG + No 92 =0
5GA 0%w o*w 0% (wp, + ws)
s ) - Ngp——— 57 2.33
6 ( 0z2 T oz ) 0 0z2 ( )

I %,  El 8w,  El 8%,

84 922 84 9zt 1784 96

The equation of motion of the local Huu-Tai beam theory can be obtained from Eq. (2.33) by
setting the nonlocal parameter p equal to zero.

= IAO(wb + i[}s) -

3. Analytical solutions of vibration and buckling of simply supported beams

3.1. The Reddy beam theory

In the present work, a simply supported beam with length L, subjected to compressive axial
loading Ny is considered. The boundary conditions for the simply supported beam and the
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Reddy beam theory are

wo(0,t) = M 32(0,t) = P (0,t) = wo(L,t) = My (L,t) = Ppp(L,t) =0 (3.1)

With the boundary conditions Eq. (3.1), Egs. (2.16), (2.19) and (2.20) can be solved by assuming
the solution in the following expansions of the generalized displacements wg and ¢ ), as

oo oo
wo(z,t) = Z W, sin axelnt ¢z(z,t) = Z X, cos auwe“nt (3.2)
n=1 n=1
where i = v/—1, a = nn/L, (W, X,,) are the amplitudes and w, is the natural frequency.
Substituting the expansions for wy and ¢, from Egs. (3.2) into the equations of motion
for different gradient Reddy beam models for SWCNT’s, and solving the resulting eigenvalue
problem, the natural frequency and critical buckling load of SWCNT’s can be obtained

511 S12| o |Ma1 Mmiz| nin 0 Wn _ JO
(lsm 822] “n [mgl mggl Nol() 0]){)(”}_{0} (3-3)

where the coefficients for stress gradient theory are

s11 = Bc?Iga + Ga?A 512 = 891 = —Eei(Iy — c1lg)a® + GaA
S99 = GAfAl—i— E(IQA— 61[4)0/4\2 — Fcy (Li— c1lg)a? (3.4)
mi1 = Ip + 0420%]6 + anIO + ,uo/lc%l(; mig = mo1 = Kja + uK1a3
mag = Ko + uKoa? ni = a? + pat
The coefficients in the strain/inertia gradient theory are
s11 = Ga’A + AFEIga* — uGo/l/Al — pcElga®
S13 = 891 = GaA — uGagg — Eci(Iy — 61]6)a3 + puEci(1y — 01]6)a5
s99 = GA — ,uGﬁon + E(I, — 61]4)a2 — Eci(Iy — 61]6)a2
— Ep(ls — c1[4)a4 + pFEecy(Iy — 61[6)a4 (3.5)

miy = Iy + o}l + pmAc® + ppmci Isa
mia = ma = Ko+ ppmAa — ppmer (I — 1 1)
mag = Ko + ppim (I2 — 01[4)a2 — piimer (Iy — 01[6)a2 + pumﬁ
ny = o?
The coefficients in the strain gradient theory (i, = 0) are
s11 = Ga’A + A Elga* — uGo/lg — uctElga®
S13 = 891 = GaA — uGagﬁ — Eci(Iy — 61]6)a3 + puEci(1y — 01]6)a5
o0 = GA — nGAo? + E(Iy — e114)a? — Eey(Iy — e11g)a? — Ep(Iy — e11y)a* (3.6)
+ pFEecy(Iy — 01[6)a4
my1 = Iy + o* g mi2 = mo1 = K« ma2 = Ko ni = a?
The buckling load is obtained from Eq. (3.3) by setting w,, to zero
511522 — 5T

No=2122" 712 (3.7)
ni11522

The natural frequency is obtained from Eq. (3.3) by setting Ny to zero
1
2

Wy, = 5 [m22811 — 2my2812 + M11822
2(ma1maa — mi,)

- \/(—m22811 + 2mi2s12 — m1822)? — 4(—m%2 + m11m22)(—8%2 + 811822)}
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3.2. The Huu-Tai beam theory
The simply supported beam boundary conditions for the Huu-Tai beam theory are

wy(0,1) = ws(0,8) = My(0,1) = M,(0,t) = wy(L, 1) = ws(L,t) = My(L, 1)

= M,(L,t) =0 (3:9)

With the governing boundary conditions Eq. (3.9), Egs. (2.30), (2.32) and (2.33) can be solved
by assuming the solution in the following expansions of the generalized displacements wy and wy,
as

o o
wy(x,t) = Z Wiy, sin azzel“n? ws(x,t) = Z W sin azel“r? (3.10)

n=1 n=1

where a = nw/L, Wy, and Wy, are the amplitudes and w, is the natural frequency.

The closed-form solutions for the natural frequencies and buckling load of SWCNT using the
Huu-Tai beam theory (Huu-Tai, 2012) for different gradients elasticity theories can be obtained
by substituting the expansions of w, and ws into equations of motion Eqs. (2.30), (2.32) and
(2.33), from the following equations

s 0 m m 11 Wi 0
(o o] o ) o[ 3]) Gt} = 0]

where the coefficients in the stress gradient theory are

ElL, , 5GA ,

s11 = Bl S99 = 8—4a + Ta A=1+ ,uoz2
mi = \Ip + o?I) mia = ma1 = Ao maog = )\(fo + azﬁ) (3.12)
n = \a?
Also, with the strain/inertia gradient theory one can obtain the coefficients
EI 5GA
s11 = Elyat) S99 = — 204\ + 272020\ A=1—pua?
84 6
my1 = Iy + oIy + pppn Lo miz = may = Iy (3.13)
- I; I 54
mag = Io + 0428—1 + pﬂm8—2a4 + pumfoﬂ n = a?
and in the strain gradient theory (p, = 0)
EI 5GA
s11 = Ela*\ S99 = 22040 + ——a?)\ A=1-— an
84 6
. _ _ _ 7 (3.14)
miy = Io + o?ly miz = ma1 = Ip mag = lo + 0428—2
n=a?
The buckling load is obtained from Eq. (3.11) by setting w,, to zero
Ny = ——11%22 (3.15)

n(si1 + s22)

The natural frequency is obtained from Eq. (3.11) by setting Ny to zero

9 mogS11 + M11S22 — \/(m22811 + m11822)2 — 4(—m%2 + m11m22)811822
Wy, = 5 (3.16)
2(_m12 + m11m22)
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4. Numerical results and discussion

In the first part of this Section, we compare the obtained analytical results for both beam theories
with the results previously published in literature. An excellent agreement is shown with the
results obtained for the Timoshenko model of the nanobeam and also with the results obtained
by MD simulation, proposed by Ansari et al. (2012). To investigate the effect of the nonlocal
parameter and the aspect ratio on vibration and stability behavior of the Reddy and Huu-
Tai beam for different constitutive relations, numerical analyses of the frequency and buckling
load are performed and discussed. In what follows, we consider the armchair (8,8) single-walled
carbon nanotube (SWCNT) with thickness (h = 0.34nm), Poisson’s ratio (v = 0.3), mass
density (p = 2300kg/m?), Young’s modulus (E = 1.1 TPa) and nonlocal parameters (I = 0.6 nm,
/1 = 0.3). Numerical results for the natural frequency and buckling load of Reddy and Huu-Tai
beam theories are presented in form of graphs and a table, using different constitutive relations,
where influences of high order rotary inertias are also taken into account only to compute the
natural frequencies.

4.1. Validation study

The results of fundamental natural frequencies of the simply supported SWCNT’s for different
constitutive relations are presented in Table 1. In the presented analysis, the ratio of the dynamic
and static length scale parameter 1,,, /1 is adopted from Ansari et al. (2012), which has obtained
via MD simulations.The results obtained by presented analyses for different gradient theories
for fundamental frequency are found to be in excellent agreementwith the one obtained from
MD simulation and for the Timoshenko beam model shown by Ansari et al. (2012). From this
table it can be seen that the fundamental frequencies decrease with the increasing beam aspect
ratio for all cases of gradient elasticity and beam theories. Also, it is observed that the results
obtained by applying the Huu-Tai and Reddy beam models lead to the identical results obtained
for values of aspect ratios higher than 17.3. It is indicated that the influence of the nonlocal
parameteris reflected in reduction of the fundamental frequency, but that it has no effect on the
classical theory of elasticity. When the nonlocal parameter is sufficiently small, the discrepancy
between various constitutive relations decreases so that the fundamental frequencies tend to
converge at the fundamental frequencies in the classical elasticity theory. The comparison of the
fundamental frequencies from the Reddy and Huu-Tai beam theory shows lower values in case
of the combined strain/inertia gradient beam theory than for other gradient elasticity theories.
Also, comparing the results for the combined strain/inertia gradient with the results obtained
from MD simulation (Ansari et al., 2012), one can observe excellent agreement.

4.2. Numerical examples

Figure 1 shows the natural frequency from the Reddy and Huu-Tai beam theories as a
function of the aspect ratio (L/D) for various constitutive relations. It can be seen that the
natural frequency decreases as the beam aspect ratio increases. When the beam aspect ratio is
sufficiently larger, the discrepancy between various constitutive relations decreases so that the
natural frequencies tend to converge to the aspect ratio. However, for small values of the aspect
ratio, differences in the fundamental frequencies for different constitutive relations are much
greater than for larger values. It should be noted that the natural frequency of the combined
strain/inertia gradient beam theory is lower than those of other gradient elasticity theories and,
therefore, this beam theory can accommodate the results of other ones for both cases. From the
physical point of view, we can say that the influence of the aspect ratio (L/D) on the dynamic
behavior has damping effects.



Table 1. Comparison of fundamental frequencies [THz| from different beam and gradient elasticity theories for (8,8)

armchair SWCNT’s (R/l = 0.6 nm, l,,/l = 8)

Timoshenko beam theory
Ref. Ansari et al. (2012)

Reddy beam theory

Huu-Tai beam theory

MD Stress | Strain strair.l/ Stress | Strain strair.l/ Stress | Strain Strah{l/
L/D| simu- Classical gra- gra- lner.tla Classical gra- gra- lner.tla Classical gra- gra- lner.tla
lation theory dient dient | gradient | theory dient dient | gradient | theory dient dient | gradient
theory | theory theory theory | theory theory theory | theory theory
8.3 | 0.5299 | 0.5306 | 0.5302 | 0.5302 0.5299 0.5403 | 0.5393 | 0.5393 0.5387 0.5398 | 0.5387 | 0.5387 0.5381
10.1 | 0.3618 | 0.3606 | 0.3604 | 0.3604 0.3603 0.3669 | 0.3664 | 0.3664 0.3662 0.3666 | 0.3661 | 0.3661 0.3659
13.7 | 0.1931 | 0.1972 | 0.1971 | 0.1971 0.1971 0.2004 | 0.2003 | 0.2003 0.2002 0.2004 | 0.2002 | 0.2002 0.2002
17.3 | 0.1103 | 0.1240 | 0.1240 | 0.1240 0.1240 0.1260 | 0.1259 | 0.1259 0.1259 0.1259 | 0.1259 | 0.1259 0.1259
20.9 | 0.0724 | 0.0851 | 0.0851 | 0.0851 0.0851 0.0864 | 0.0864 | 0.0864 0.0864 0.0864 | 0.0864 | 0.0864 0.0864
24.5 | 0.0519 | 0.0620 | 0.0620 | 0.0620 0.0620 0.0629 | 0.0629 | 0.0629 0.0629 0.0629 | 0.0629 | 0.0629 0.0629
28.1 | 0.0425 | 0.0471 | 0.0471 | 0.0471 0.0471 0.0478 | 0.0478 | 0.0478 0.0478 0.0478 | 0.0478 | 0.0478 0.0478
31.6 | 0.0358 | 0.0373 | 0.0373 | 0.0373 0.0373 0.0378 | 0.0378 | 0.0378 0.0378 0.0378 | 0.0378 | 0.0378 0.0378
35.3 | 0.0287 | 0.0299 | 0.0299 | 0.0299 0.0299 0.0303 | 0.0303 | 0.0303 0.0303 0.0303 | 0.0303 | 0.0303 0.0303
39.1 | 0.0259 0.0244 0.0244 0.0244 0.0244 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247 0.0247
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Fig. 1. Influence of the beam aspect ratio (L/D) on various fundamental frequencies for (8,8) armchair
SWCNT’s based on the (a) Reddy beam theory, (b) Huu-Tai beam theory; { = 0.6 nm, [,,,/l = 3

The influence of the beam aspect ratio on the critical buckling load for various constitutive
relations are shown in Fig. 2. It can be seen that the buckling load decreases with the increase
in the beam aspect ratio for both beam theories. One can notice that small values of the beam
aspect ratio (L/D) cause significant differences in the buckling load for different constitutive
relations. Also, the effect of the beam aspect ratio (L/D) on the buckling load decreases with the
increase in the aspect ratio. It can be concluded that the influences of i on the critical buckling
load are significant for small values of the aspect ratio and not for larger values. This conclusion
also applies to the fundamental frequency. The buckling load for the combined strain/inertia
gradients and strain gradients theory is the same for both beam theories, because ., does not
affect the value of the buckling load.
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Fig. 2. Influence of the beam aspect ratio (L/d) on various buckling loads for (8,8) armchair SWCNT’s
based on the (a) Reddy beam theory, (b) Huu-Tai beam theory; [ = 0.6 nm, l,,,/l = 3

In order to investigate the effect of the nonlocal parameter on the natural frequency and
buckling load of the SWCNT’s, curves have been plotted as a function of the nonlocal parameter
for four constitutive equations and both beam theories (Figs. 3 and 4). From Fig. 3 it can be seen
that the increase in the nonlocal parameter causes a decrease in the natural frequency for all
casesof constitutive relations. This implies that the overall stiffness of SWCNTSs is significantly
reduced due to the effects of the nonlocal parameter. From the physical point of view, we can say
that the nonlocal parameter has a damping effect on the dynamic behavior of SWCNTs. Also,
it is interesting to note that the values of the natural frequencyin the case of the strain/inertia
gradient theory have the lowest value, which is in line with the previous results by Ansari et al.
(2012). By comparing the values of the natural frequency from the Reddy (Fig. 3a) and Huu-Tai
(Fig. 3a) beam theory, it can be concluded that the nonlocal parameter has a similar influence
in both cases. Considering the influence of the nonlocal parameter on the buckling load (Fig. 4),
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a similar conclusion can be drawn as in the case of natural frequencies. Moreover, it can be
seen that the strain/inertia gradient theory is reduced to the strain gradient theory, so it can be
concluded that the inertia gradient length scale factors p,, have no effect on the buckling load.

(a) (b) |
~'1.45 ~< — — Stress gradient theory N D _— Stress gradient theory
s ~. — Strain gradient theory E ~ —— Strain gradient theory
=B N *\\ ----- Strain/inertia gradient theory| . I\ """ Strain/inertia gradient theory
> S ) | ST
S 1.40F AR % 1.40 IR
g SN = S~ S
g" S NS 8" S NS
'2 ~ S N = ~ . S~ N~
S 1.35F SO>S - L.35¢ S
= A 8 N
= NN = N
z N & N
£ 1.30f o Z 1.30F N R
= N = S
L—_E 1 1 1 1 1 1 mﬁ 1 1 1 1 1 hl
0 0.2 04 0.6 0.8 1.0 0 0.2 04 0.6 0.8 1.0
Nonlocal parameter Nonlocal parameter

Fig. 3. Influence of the nonlocal parameter on various fundamental frequencies for (8,8) armchair
SWCNT’s based on the (a) Reddy beam theory, (b) Huu-Tai beam theory; L/d =5

a b
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Fig. 4. Influence of the nonlocal parameter on various buckling loads for (8,8) armchair SWCNT’s based
on the (a) Reddy beam theory and (b) Huu-Tai beam theory; L/d =5

5. Conclusions

In this paper, the influence of the aspect ratio and the nonlocal parameter on free vibration and
buckling of SWCN'T’s based on different gradient elasticity theories is discussed. The Reddy and
Huu-Tai beam theories have been utilized for modeling SWCNT’s. The closed form solutions of
natural frequencies and buckling load, which include the effect of the nonlocal parameter, shear
deformation and rotary inertia, have been obtained for different constitutive relations. From
the numerical results, it can be observed that the nonlocal parameter reduces the fundamental
frequency and buckling load of simply supported SWCNT’s. Also, it can be concluded that
the aspect ratio increases the fundamental frequency but the buckling load decreases in both
beam theories. Comparing these two beam theories, it is found that the fundamental frequency
and buckling load predicted by the stress gradient, classical elasticity theories, combined stra-
in/inertia and strain gradient elasticity are in good agreement. Also, the influence of nonlocal
parameters p is greater on the buckling load than on the fundamental frequencies. The dynamic
nonlocal parameter u,, does not affect the buckling load. The obtained analytical results have
been compared with the results found in literature for the Timoshenko beam model and MD
simulation, and excellent agreement is shown.
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