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Abstract This paper deals with the free vibration analysis of circular alumina (Al2O3)
nanobeams in the presence of surface and thermal effects resting on a Pasternak foun-
dation. The system of motion equations is derived using Hamilton’s principle under the
assumptions of the classical Timoshenko beam theory. The effects of the transverse shear
deformation and rotary inertia are also considered within the framework of the mentioned
theory. The separation of variables approach is employed to discretize the governing equa-
tions which are then solved by an analytical method to obtain the natural frequencies
of the alumina nanobeams. The results show that the surface effects lead to an increase
in the natural frequency of nanobeams as compared with the classical Timoshenko beam
model. In addition, for nanobeams with large diameters, the surface effects may increase
the natural frequencies by increasing the thermal effects. Moreover, with regard to the
Pasternak elastic foundation, the natural frequencies are increased slightly. The results
of the present model are compared with the literature, showing that the present model
can capture correctly the surface effects in thermal vibration of nanobeams.
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1 Introduction

The performance and reliability of micro- and nano-electromechanical systems have increas-
ingly become a hot research area for many engineers and material scientists in recent years. The
alumina (AlyO3) is a chemical material that is widely used for reinforced nanobeams, especially
for nanowires such as sensors, probes, actuators, transistors, and resonators in nano-electro-
mechanical systems!! 2. In the design of nanobeams, it is of great importance to acquire the
dynamic behaviors accurately. Thus, for nanoscale materials and structures, the surface ef-
fects become significant due to the high ratio of surface area to volume. The atomistic and
experimental simulations reveal that the ratio of surface to volume plays an important role
in nanoscale problemsl®!. Gurtin and Murdoch!¥ and Gurtin et al.l’! established the surface
elasticity theory and its applications in nanosized structural element which agreed reasonably
well with experimental measurementsl® 9. Wang et al.'% investigated the effects of surface
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tension on the elastic properties of nanostructures. They concluded that the effective Young’s
modulus of Al nanowires was significantly affected by the surface tension. Wang'!) considered
the transverse vibration of fluid-conveying nanotubes. Assadi and Farshi'? also investigated
the size-dependent stability and self-stability of circular nanoplates. Zang and Zhaol'3] re-
viewed a diffusion and curvature dependent surface elastic model in lithium ion battery. They
demonstrated that the nanostructured electrode with suitable structure and size would be self-
strengthened by the surface stresses. Karabalin et al.'¥ studied the nonlinear dynamics of two
elastically coupled nanomechanical resonators and demonstrated that one oscillator could be
modified by driving the second oscillator. Gheshlaghi and Hasheminejad(®! reported the surface
effects on nonlinear vibration of nanobeams. They concluded that by increasing the nanobeam’s
dimensions, all natural frequencies gradually approached the nonlinear Euler-Bernoulli beam
limit, which entailed an expected decrease in the surface effects. Wang and Zhao!'%! presented
thermo-hyperelastic models for nanostructured materials. They concluded that the residual
stress should not be neglected for large surface residual stress and very small characteristic
length. Wang and Wang['® also studied the surface effects on the vibration and buckling of
double-nanobeam system. Their results showed that both surface elasticity and residual surface
tension could affect the natural frequency. In fact, critical loads and surface effects have the
same impact in three deformation modes.

Most of these previous studies treated a nanowire as a simple Euler beam and neglected the
effects of transverse shear deformation and rotary inertia. Therefore, the Timoshenko beam the-
ory has been employed to analyze the axial buckling! 78! and free vibration of nanobeams.
Abbasi et al.[?% reported the exact solution of the dynamic coupled thermo-elastic response of
Timoshenko beams. Wang and Feng[?! investigated the axial buckling and transverse vibration
of nanowires based on the Timoshenko beam model. They found that the surface effects with
positive surface constants would tend to increase the critical axial force and natural frequencies.
A new approach for beams resting on the Pasternak elastic foundation was presented by Lu et
al.?2l. Furthermore, Zhu et al.l?3] reported the effects of surface and initial stresses on bending
stiffness of nanofilms.

In addition, the necessity to work in high temperature conditions requires the consideration
of thermal effects in dynamic behavior of nanobeams. Hence, Liu et al.?4 studied thermo-
electro-mechanical vibration of piezoelectric nanoplates. In their research, the piezoelectric
nanoplates were subjected to a uniform temperature change. Moreover, Shariyat!?® investi-
gated the dynamic buckling of piezo-laminated plates under thermo-electro-mechanical loads
with consideration of the temperature dependency of the material properties. Komijani et al.[26]
investigated vibration of thermo-electrically post-buckled rectangular functionally graded piezo-
electric beams. Therefore, it is clear that the consideration of thermal effects in vibration of
nanowires is absolutely essential and should not be ignored.

The present study is concerned with the derivation of the governing equations for vibration
of anodic alumina nanobeams modeled as the refined Timoshenko beam theory. The influences
of the surface and thermal effects along with Winkler and Pasternak foundation moduli, the
diameter of nanobeams, the aspect ratio, and the vibration modes on free vibration of the
nanobeams are discussed in detail. The effects of transverse shear deformation and rotary
inertia are also considered in this model. The surrounding elastic medium is described to be
of the Winkler- and Pasternak-type. To this end, Hamilton’s principle is employed to derive
the governing equations and corresponding boundary conditions, and a direct technique is then
used to obtain the natural frequency of nanobeams with immoveable supports.

2 Surface elasticity effect

The creation of a free surface leads to excess free energy and the molecules near a free surface
experience a different local environment condition as compared with the internal molecules.
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Thus, the surface effects on the mechanical behavior of nanosized elements and nanomaterials
can be examined by considering the surface energy or surface stresses. According to Gibbs[?”]
and Cammaratal?®!, the surface stress tensor, 0257 is related to the surface energy density, v,

through the surface strain tensor, sz 5> by

O

s

O-aﬁ = 76(15 + S (1)
Oe, 5

For the deformation of nanobeams, only the surface stress and the surface strain along the
longitudinal direction are important, and the one-dimensional and linear form is

o° =1+ E°5, (2)

where 70 =y + 88673 s_g 1s the residual surface stress when the bulk is under unstrained condi-

tion, and ES is the surface Young’s modulus. The ratios of the surface energy, the surface stress,
and the surface modulus to the bulk elastic modulus are usually on the order of nanometers.

3 Formulations

Based on the classical Timoshenko beam theory, the displacement field equations are ex-
pressed as

u(z,y, z,t) = u(z, t) + zp(x, t), (3)
w(z,y, z,t) = w(x, t), (4)

where u(z,y, z,t) and w(z,y, z,t) are the axial and transverse displacements of the point (z, 0)
on the mid-plane (i.e., z = 0) of the beam, and ¢(x,t) denotes the rotation of the cross-section
beam. The nonzero strains according to the Timoshenko beam theory are expressed as

_ Ou(w,t) n Zagp(x,t)

e = 200 P00, ©)
_ Ow(x,t)
S R (6)

where ¢,, and €, are the axial and shear strains, respectively. In the refined Timoshenko beam
theory, the bending moment M and the shear force @ are given by

M = (EI)* &Pg;’ 2 (7)
Q= KsGA(" Y o). (8)

where G is the shear modulus, A is the cross sectional area, F is Young’s modulus of the bulk,
I = 7D*/64 is the cross section moment of inertia, and Kg is the shear correction factor to
compensate the error due to the constant shear stress assumption in the Timoshenko beam
theory. The shear coefficient for a circular cross section beam is expressed as[?”)

6(1+ v)?

K =
ST 1w+ 4

(9)
where v is Poisson’s ratio, and (EI)* is the effective flexural rigidity which is given as follows:

" EDY + T ESD3, (10)

EN* =
(ED) 64 8
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and E° is the effective Young’s modulus which can be determined either by atomic simula-
tions or experimental measurements. The contribution of the residual surface tensions on the
lower and upper surfaces of the nanobeam can be introduced through the effective transversely
distributed loading along the nanobeam longitudinal direction, ¢(z), in the form of!3’]

9%w

aa,t)=H, 5,

(11)
where H is a constant parameter which is determined by the nanobeam’s cross sectional area
and residual surface tension along the nanobeams as follows!3%:

27%, rectangular-cross section, (12)
= 12
279D,  circular-cross section.
For circular cross section, we use H = 279D, where D is the diameter of the nanobeam. The
equations of motion of nanobeams embedded in an elastic medium can be derived based on
Hamilton’s principle as follows:

t
5/ (K — (U +V))dt =0, (13)

0
where K, U, and V are the kinetic energy, the strain energy, and the potential energy, respec-

tively. Now, by implementing the relations (2), (5), (6), and (11) into Eq. (13), the equilibrium
conditions of forces and moments are obtained as follows:

0 ow(z,t) 0?w(z,t)  Pw(x,t)
. (KsGA< 0w T ga(x,t))) + (H —N) o2 T Pre=mg o2 (14)
0 L 0p(z,t) ow(z,t) ()
0 (D757 ) = KsGA(T 0 4ot n) = ma® 5000 (15)
The mass inertia mg and ms are defined by
mo= [ pda=pa, (16)
A
mo = / pz2dA = pI. (17)
A
In Eq. (14), P;¢ is the density of reaction force of elastic foundation, and is defined as
2
Pot = Kww(a, ) — Kp O (18)

ox2

where Kw and Kp represent the Winkler and Pasternak moduli (the shear layer foundation
stiffness) of the elastic medium, respectively. Here, N represents the axial force on the nanobeam
and is represented as

N = Ny, + Ng, (19)

where Ny, is the axial force due to the mechanical loading prior to buckling, and Ny is the axial
force due to the influence of temperature changes. It is noted that at higher temperature, the
values for Young’s elasticity modulus are lower than those at lower temperature. However, at
different applied temperatures, the values of Young’s modulus are nearly equal. Furthermore,
experiments show that this modulus is not changed until 800 °C3l. In addition, Jayaseelan et
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al.132] concluded that the mechanical properties of porous alumina are independent of tempera-
ture changes. Therefore, we assume that the mechanical properties of alumina nanobeams are
constant with the change of temperature. As a result, the theory of thermal elasticity mechanics
is adopted, and Ny is given by

EA

Ng = — =
o 1—21/a

0, (20)
where a, is the coefficient of thermal expansion in the direction of the z-axis, v is Poisson’s
ratio, and € denotes the change in temperature. By considering the boundary conditions for
immoveable supports, the axial force due to mechanical loading will be zero.

By using the separation of variables, we can assume trigonometric solutions for vibration
analysis of circular nanobeams in the form of ¢(z,t) = ¢(z)e'“! and w(x,t) = W (x)e“!, where
#(z) and W (z) are the mode shapes and w is the frequency of natural vibration[®3. Therefore,
substituting ¢(z,t) and w(x,t) into Egs. (14) and (15), we obtain

d aw 2w dw(z, t) ,

dx (KSGA( ot (b)) FHN) A EwW+Kp Y fm?W =0, (21)
d Ldoy dw 2117 _

- (&) dx) KsGA( ot 6) + maw*W = 0. (22)

Towards eliminating ¢ from Eqgs. (21) and (22), we solve Eq. (21) for (dif. Differentiating Eq. (21)
once and substituting for if, we obtain

_ 4 2 2
H N+KP>dW—|—(EI)*m0w + Kw d*W
KsGA dx4 KsGA dx2
d2W  (H — N + Kp)(mow?) d2W

+ (H — N + Kp — mow?) da? KeGA 42

m0w2 + KW
KsGA

—(EI)* (1 +

+ (mow? — KsGA) W =0. (23)

Consider the boundary conditions for simply-supported nanobeams with immoveable ends as
follows:
w(0,t) = w(l,t) =0, (24)
M=0 at z=0 and z=I. (25)

Then, the general solution can be considered as follows:

= mm
o= Sn("7). »
(z) mZ:l sin{ ;@ (26)
The above solution can satisfy all boundary conditions. Substituting this solution into Eq. (23),
one can obtain

S (e (e ) () (0
+(H-N+Kp— m0w2)(”;7r)2 i (H — NK-SFéi};)meQ (’IT;’]T)Q
+ (maw? — KsGA) ™ Ky g,

KsGA
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4 Results and discussion

The surface effects on nanobeams under thermal field and embedded in two-parameter elastic
foundation are discussed and modeled based on a refined Timoshenko beam theory. In order
to review the effects of various parameters with consideration of surface elasticity, we consider
the material properties of an anodic alumina nanobeam with the crystallographic direction
of (111)[6l.  Therefore, Young’s modulus E = 70 GPa, Poisson’s ratio v = 0.3, the mass
density p = 2700 kg/m?3, a, = 8.4x107% K~!, the surface properties £ = 5.1882 N/m, and
7 =10.9108 N/m are applied in the analysis.

To validate the present approach for vibration of nanobeams with consideration of surface
effects, the results obtained from Eq. (27) are compared with those obtained by Ref.[21]. In
Ref. [21], the nanobeam is assumed as a silver nanowire with a circular cross section. An aspect
ratio of L/D =5 is taken for the comparison. The frequency ratios of Mode 1 against different
diameters are illustrated in Fig. 1.

14

- Present
-o- Ref. [21]

13}

12+

N pu—— J—

=
©
T

1.022

o
e )
T

1.020

e
3
T

0'610 50 90 130 170 210

D/nm

Fig. 1 Comparison of natural frequencies with consideration of surface effects for different Timo-
shenko beam models

Here, w' is the natural frequency of the first mode calculated by the Timoshenko beam
model, and w® is the natural frequency of the first mode predicted by the classical Euler beam
model. In fact, it is concluded that the present results are found to be in good agreement as
compared with the literature. Furthermore, it can be seen that increasing the diameter plays
an important role in the vibrations of nanobeams.

The surface effects on the natural frequency of nanobeams are shown in Fig. 2. The diam-
eters of nanobeams are assumed to be 5nm, 10nm, and 20nm. The Winkler and Pasternak
parameters, the axial compressive force, and the rotary inertia effects are neglected. It is clear
that with the increase in the aspect ratio, the natural frequencies decrease. In the presence of
surface effects, the natural frequencies increase in comparison with the case of classical Timo-
shenko beam. Moreover, when the diameter of the nanobeam increases, the natural frequencies
significantly reduce. It is observed that the natural frequencies of the circular nanobeam with
consideration of surface effects and a small diameter (D = 5nm) are strongly affected by the
aspect ratio in comparison with the circular nanobeam with the classical Timoshenko theory
and a large diameter (D = 20nm). Therefore, the surface effects play an important role in
determination of the natural frequencies. As can be seen, the critical natural frequency occurs
when L/D = 4, and the lowest possible w occurs at D = 20nm with the assumption of the
classical theory.

In the absence of two-parameter elastic foundation and thermal effect, we consider the

effect of the Winkler modulus on the governing equation. In Fig. 3, the effect of the Winkler
foundation on the natural frequency in the presence of surface effect is illustrated. The values
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Fig. 2 Variation of natural frequency versus aspect ratio in presence of surface effects

wW/THz

of D =10nm and D = 20nm are taken for the diameter of nanobeams. It is concluded again
that with the increase in the aspect ratios, the natural frequencies decrease. It is noted that the
frequencies with consideration of the Winkler modulus are higher than its counterpart without
elastic foundation. This means that the Winkler parameter leads to the increase in the natural
frequencies, but this increment is not considerable. Moreover, with the increase in the Winkler
constant, the natural frequencies decrease, because the increase in the Winkler modulus causes
the nanobeams to be more rigid. In addition, when the surface effect is taken into account,
the natural frequencies increase in comparison with the classical Timoshenko beam model. The
effect of large diameters on natural frequencies is also illustrated in Fig. 3. It is clear that the
effect of large diameter leads to significant reduction in values of natural frequencies. Natural
frequencies for circular nanobeams with lower Winkler parameters (e.g., Kw = 8 x 10* N/m?)
are significantly affected by the aspect ratio in comparison with higher Winkler modulus (e.g.,
Kw =4 x10° N/mQ). As can be shown, the natural frequencies in the case of classical theory
are less than its counterpart with surface effects, but unlike the previous case, the difference
between classical and present model with surface effect is minimal.

wW/THz
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—— Ky=8X10%, D=20 nm o Kyy=8X10%, D=20 nm
o— Ky=4X106, D=20 nm ke Kp=4X 106, D=20 nm
a— Ky=8X10% D=10 nm » - Ky=8X10% D=10 nm
—e— Ky=4X105, D=10 nm —¢-- Ky=4X105, D=10 nm

Fig. 3 Variation of natural frequency with aspect ratio for large diameters in presence of surface
effects
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In addition, we illustrate the variation of natural frequencies with two-parameter elastic
medium with consideration of surface effects as compared with the classical Timoshenko theory.
A value of Kw = 102 N/m” is taken for the Winkler parameter.

Figure 4 shows the effect of Pasternak foundation on the natural frequency of nanobeams in
the absence of thermal field. In this case, we assume that K is constant and Kp is considered
for four different values.

L/D
With surface effects Clssical Timoshenko theory
—— D=20 nm, Kp=2X10-6 --e-- D=20 nm, Kp=2X10-6
—a— D=20 nm, Kp=4 X 10-6 —-o—- D=15 nm, Kp=8X10-6

—s— D=20 nm, Kp=6X 10-6
—— D=20 nm, Kp=8X 10-6
—o— D=15 nm, Kp=8X 10-6

Fig. 4 Variation of natural frequency with Pasternak foundation for different aspect ratios (Kw =
10> N/m” and m = 1)

It is illustrated in Fig.4 that the Pasternak foundation leads to a significant increase in
the natural frequencies as compared with the Winkler modulus. Similar to previous results,
with the increase in the aspect ratio, natural frequencies decrease, but with the increase in
the shear modulus parameter, natural frequencies increase. With regard to surface effects, the
natural frequencies increase as compared with the classical theory. It is noted that the difference
between frequencies in the absence and presence of surface effects is more obvious. Also, the
effect of large diameter on natural frequencies of nanobeams is investigated in Fig.4. It is
concluded that by increasing the nanobeam’s diameter, according to Eq.(10), the impact of
surface effects is more sensible, and the natural frequencies decrease. Moreover, increasing the
Pasternak modulus leads to the increase in the frequencies. In addition, the natural frequencies
obtained from the classical Timoshenko beam model are less than their counterparts with surface
effects. Therefore, the diameter of nanobeams plays an important role in natural frequencies
together with surface effects and leads to an increase in the distributed force due to the residual
surface stresses.

In Fig. 5, we discuss the thermal effects on natural frequencies in the presence of the surface
effects. It is noted that temperature changes vary over the range of 20 °C-100 °C, and according
to previous discussions, the mechanical properties of alumina nanobeams are assumed to be
constant.

It is revealed from Fig.5 that the natural frequencies of nanobeams increase slightly due
to the increase in the temperature changes. However, increasing the aspect ratios leads to the
decrease in the natural frequencies. Furthermore, the natural frequencies will increase due to
the impact of surface effects because of considering the effective flexural rigidity and surface
elastic modulus. Thus, it is concluded that increasing the diameter in thermal environment
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Fig. 5 Variation of natural frequencies of nanobeams under thermal effects for different aspect ratios
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may change the behavior of nanobeam and its natural frequencies.
In Fig. 6, the effect of large diameters in the presence of surface effects on circular nanobeams
is illustrated.
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Fig. 6 Variation of natural frequencies with temperature change in case of large diameters in ab-
sence/presence of surface effects (Kp = Kw =0 and m = 1)

Figure 6 shows that increasing the diameter can lead to the decrease in the natural fre-
quency of circular nanobeams significantly. With the increase in the thermal effects, all curves
will increase smoothly. In fact, the natural frequencies are little sensitive to temperature vari-
ation over the range of 20 °C-100 °C. In addition, the natural frequencies will decrease when
increasing the aspect ratios. As can be shown, the natural frequencies in the presence of sur-
face effects are slightly higher as compared with the classical model. It would be pointed out
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that for increasing aspect ratios, the curves approach each other and the surface effect reduces
considerably.

Finally, the effect of rotary inertia (ms # 0) on natural frequencies is investigated in the
presence of surface effects. The values of m = 1 and m = 2 are taken for vibration mode
numbers, and the effect of rotary inertia, mo, is discussed in Fig. 7.

L/D
With surface effects Clssical Timoshenko theory
—e— D=15nm, m=1 —-a—- D=15nm, m=1
—u— D=20 nm, m=1 —o— D=20 nm, m=1
-o--D=15 nm, m=2 -t D=15 nm, m=2
—a— D=20 nm, m=2 —-0-— D=20 nm, m=2

Fig. 7 Effect of rotary inertia on natural frequency of nanobeams with different aspect ratios and
mode numbers (Kp = Kw = N =0)

It is concluded from Fig. 7 that the rotary inertia effect can lead to the increase in the natural
frequencies as compared with previous results. In addition, the increase in the mode numbers
can lead to the increase in the frequencies for both classical and surface effect cases. Moreover,
when increasing the aspect ratios, in the presence of surface effects, the natural frequencies will
decrease.

5 Conclusions

A general procedure is developed to review the surface and thermal effects on free vibration
of alumina nanobeams resting on a two-parameter elastic foundation. This problem has been
modeled within the framework of refined Timoshenko beam theory that considers the impact
of surface and thermal effects. The nanobeam is exposed to uniform thermal environment, and
the separation of variable approach is employed to discretize the governing equations which are
then solved by an analytical method to obtain the natural frequencies of alumina nanobeams
with simply-supported boundary conditions. It is concluded that some parameters such as the
rotary inertia, the aspect ratio, the Pasternak foundation, and the surface effect can play an
important role in natural frequencies of alumina nanobeams. However, the Winkler medium
and temperature variation (over the range of 20 °C-100 °C), do not have any significant impact
on the natural frequency of alumina nanobeams. The main conclusions that can be drawn from
this investigation are as follows.

(i) For an embedded nanobeam which is exposed to surface and thermal effects, the natural
frequencies are always higher than the classical Timoshenko beam model.

(ii) When the effect of thermal field is taken into account, the natural frequencies will
increase by increasing the temperature. However, it is noted that this effect is negligible for
temperature changes in the range of 20 °C-100 °C.
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(iii) By increasing the diameter of nanobeams, the natural frequencies decrease as a result

of varying the parameters such as the effective flexural rigidity, the residual surface stresses,
and the surface parameter (H).

(iv) In the presence of surface effects, by increasing the rotary inertia effect and vibration

mode numbers, the natural frequencies may increase.

(v) In the presence of surface effects, the Pasternak foundation may have more impact on

increasing the natural frequencies as compared with the Winkler medium.

(vi) The results of the present model are compared with the literature and found to be in

good agreement. The results show that the present model can capture correctly the surface
effects on the thermal vibration of nanobeams.
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