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Abstract: Carbon nanotubes (CNTs) have wide-ranging applications due to their excellent mechanical
and electrical properties. However, there is little research on the nonlinear mechanical properties of
thermal-electro-mechanical coupling. In this paper, we study the nonlinear vibrations of CNTs by
a thermal-electro-mechanical coupling beam theory. The Galerkin method is used to discretize the
partial differential equation and obtain two nonlinear ordinary differential equations that describe
the first- and second-order mode vibrations. Then, we obtain the approximate analytical solutions
of the two equations for the primary resonance and the subharmonic resonance using the multi-
scale method. The results indicate the following three points. Firstly, the temperature and electric
fields have a significant influence on the first-mode vibration, while they have little influence on the
second-mode vibration. Under the primary resonance, when the load amplitude of the second mode
is 20 times that of the first mode, the maximal vibrational amplitude of the second is only one-fifth of
the first. Under the subharmonic resonance, it is more difficult to excite the subharmonic vibration
at the second-order mode than that of the first mode for the same parameters. Secondly, because
the coefficient of electrical expansion (CEE) is much bigger than the coefficient of thermal expansion
(CTE), CNTs are more sensitive to changes in the electric field than the temperature field. Finally,
under the primary resonance, there are two bifurcation points in the frequency response curves
and the load-amplitude curves. As a result, they will induce the jump phenomenon of vibrational
amplitude. When the subharmonic vibration is excited, the free vibration term does not disappear,
and the steady-state vibration includes two compositions.

Keywords: carbon nanotubes; thermal-electro-mechanical coupling beam model; Galerkin method;
nonlinear vibration; multi-scale method

1. Introduction

In 1991, carbon nanotubes (CNTs) were discovered by lijima [1], and their excellent
mechanical, chemical, electrical properties have since, extensively attracted the attention
of researchers [2—6]. CNTs are formed by the crimping of graphene sheets in a particular
direction. Moreover, researchers observed the flexoelectric effect in CNTs [7]. The lattice
of graphene is symmetrical, and the uniform deformation of graphene will not lead to
polarization. When graphene is curling into CNTs, the symmetry of the lattice may break
and may induce the piezoelectric effect. The second-order flexible electric effect in graphene
can be caused by the strain gradient. In fact, the strain gradient changes the position
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fields, such as temperature and electrostatic fields. Tombler’s results show that, when
CNTs are deformed under a transverse concentrated load, their conductivity decreases
greatly [18]. This experiment is of great significance, showing that the coupling effect should
be specially considered [19]. CNTs can be employed in a variety of technical applications
when combined with a polymer composite material to create carbon nanotube-reinforced
composites [20]. In these applications, the influence of the temperature field is usually
accompanied. However, it is necessary to comprehensively research the thermal-electro-
mechanical coupling of CNTs [21]. Because CNTs are curled by graphene and the thickness
of graphene is uncertain, the stiffness of CNTs cannot be determined by the classical
beam model. This means that the bending and stretching stiffness must be considered
separately [22-24]. For example, Huang established a thermal-electro-mechanical coupling
nanobeam model of CNTs with independent bending and stretching stiffness [23]. This
nanobeam model describes the axial load and radial load of the beam. Generally, when the
beam is subjected to axial load and radial load, curvature and axial strain will occur [25].

From the above discussion, one can find that CNTs have extensive applications. How-
ever, their mechanical properties under the multi-field coupling conditions have received
little attention. For example, the deformations of CNTs when the ambient temperature
and the applied voltage at both ends of the beam change have not been studied in depth
thus far. However, this is common in nanoelectromechanical systems. In fact, Huang [23]
proposed a beam model for the first time to describe the mechanical properties of a CNT
under thermal and electric fields.

This paper will further analyze the model proposed by Huang [23]. Because it is
difficult to solve partial differential equations, the Galerkin method [26] is used to discretize
the partial differential equation into ordinary differential equations. The accuracy of the
Galerkin truncation depends on the order of truncation. Therefore, the first-order and
second-order mode vibration equations of the partial differential equation are used in this
paper. We will solve the two vibration equations using the multi-scale method [27,28]. The
steady-state solutions response to the primary resonance and the subharmonic resonance
are obtained. The effect of temperature and electric fields on steady-state motion can
be discovered by the analytical solutions. The accuracy of the solutions is checked by
numerical calculations.

The main motivation of this paper is to study the nonlinear vibrations of carbon
nanotubes with thermal-electro-mechanical coupling. In Section 2, the Galerkin method is
used to obtain the reduced-order model of nanobeam. In Section 3, the multi-scale method
is used to obtain approximate solutions of the main resonance and subharmonic resonance
of nanobeam. In Section 4, the influence of the temperature and electric field on the system
is discussed by the approximate solutions. We summarize the results in Section 5.

2. Materials and Methods
Thermal-Electro-Mechanical Coupling Beam Model of CN'Ts

In Reference [23], Huang expanded the deformation energy in extensional stiffness,
bending stiffness, the CEE, and the CTE. Then, using the Hamiltonian principle, he obtained
a partial differential equation that models the dynamical properties of CNTs with thermal-
electro-mechanical coupling. The equation can be shown as:

ox? 212 x2

k{1235 %8 +3(3) 3 +3(38)°} = fw

! 2
m%Y + ks (kyl + krT) 2% +k37_wa2wf( )
0 1)

Here m is the mass per unit length of CNTs;  is the length of CNTs; kg is the extensional
stiffness; kg is the bending stiffness; ky; is the CEE; and k7 is the CTE. Normally, there is no
piezoelectric effect in isotropic materials [29]. However, if graphene is curled into CNTs,
its hexagonal symmetry will be distorted and may cause the piezoelectric effect of tubes.
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This causes strain due to the external electric field, and the strain is proportional to the
field strength [30].
Equation (1) is the plane motion equation of CNTs. If a CNT is treated as a beam with
two hinged ends, its boundary conditions are:
92
w:a—ngzo,atx:O,l. 2)
We can add a linear damping term Co°w/dtdx* to Equation (1) to obtain the equation
of motion with damping dissipation as:

atz + C8t8x4 + kS(kUu + kTT)

ﬁ . k5(1+kuu+kTT) azw
+kp 5 22 oy

x

3)
ow 9w Pw 9 3 _

~kp{ 1232 4521 a;f+3(axz) b=

Sakharova used molecular dynamics calculations to obtain the following parame-
ters: extensional stiffness ks = a(d — dy) and bending stiffness kz = B(d — dg)>, where
a = 1128.15nN/nm, and B = 142.54nN/nm [2]. In this paper, we will take (10, 10) sin-
gle walled carbon nanotubes (SWCNTs) as an example. Therefore, the tube’s diame-
ter is d = 1.356nm, and the parameter dy = 2.7 x 10~’nm. Because the dj is much
smaller than tube’s diameter d, we use dy = 0. This makes ks = 1.53 x 10°nN and
kg = 0.355 x 10°nN - nm2. The CTE is kt = 6.0 x 107°K~! from Reference [31], and the
CEE is ky; = 0.025nm/V, which is obtained through the linear fitting FDT calculations [30].

For convenience, we reduce Equation (3) to a dimensionless form. Letting
W =w/l,¥ = x/1,t = wyt, we obtain:

2
1
2
a&’z  + ngzf +C{;ia% +RGH wo (%%) ax 4)
. 4 2-\3 -
-s{12229%9 +3(%’) 25 +3(52) } =fxt),
Here,

P o ks(kuu+kTT) R o ks(1+kuu+kTT)

- mwzl2 s 2mwl? / (5)
o _ k __C
Q= mwzl‘l’ 5= mw%lw C= mawgl**

To reveal the load’s influence on the second-order mode, we consider a linear load
F(I — x), as shown in Figure 1:

y
o F(I-x)

Figure 1. Load on a CNT.

In this paper, we will focus on the nonlinear mechanical properties of (10,10) SWCNT
with thermal-electro-mechanical coupling. Dimensionless Equation (4) is a partial differen-
tial equation. It is difficult to find an accurate analytical solution for the equation. Therefore,
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we use the Galerkin method [26] to obtain an approximate solution. We assume that the
solution of the equation is:

W =Y 5(t)sin(jmx). (6)
=1

For the analysis of the first and second order mode, we take n = 2 in Equation (6)
and substitute it into Equation (4). Then, we multiply sin(7rx) on the two sides of the
equation and the interval integral in [0,1] (the Galerkin integral [26,32]) to obtain the
vibrational equation of the first mode. That of the second mode can be obtained by
multiplying sin(27tx) on the two sides, then, the integral in [0, 1]. Therefore, we obtain the
following equations:

i1+ ey + ko + kiamins + kisng = Fi, @
1y + €211y + ko112 + koonp3n + kosigs = Fo.

In Equation (7), the dot on the letter indicates the derivative in time. The parameters
of Equation (7) are:

_ ﬂzks(kuu+kTT) _ 7T4k5(1+kuu+kTT) 3O7T6k3
n=1-"—"" k2= —_n = nalls !
ki — ks (1+kyU+krT)  37%kp _ _ 4 f
13 4mw?l4 2mw§l6’ 1 mlwén /
_ 47T2k5(kuu+kTT) _ ﬂ4k5(1+kuu+kTT) 307’(6](3 8
k21 =16 mw%lZ ’ k22 - mwél‘l mw%lé 4 ( )
_ 4rtks(1+kyU+krT)  967%kg _ 2
ks = ma;(z)l4 mwgl‘6 ch= mlwgnf’
_ _C _ _16C _
1 = ol C) = el C) = 16C1.

From the buckling theory of elastic columns, one can know that the CNTs will lose
stability if k17 = 0. This case means that the critical temperature is a function of the critical
electric field and critical length, as shown in Figure 2.

1400
1200 4
1000
g 800
600
400
200

16

0.04

[
[39]

0.02
I(nm) 24 0.00 U(V/nm)

Figure 2. Critical temperature of the buckling as a function of critical electric field and critical length.

We can find from Figure 2 that the electric field has a greater impact on the thermal-
electro-mechanical coupling model of CNTs than the temperature field due to ki; > k7.
This means that the electric field has an outstanding influence on the stiffness of CNTs. From
the data of quantum calculations, the CEE is always bigger than the CTE. For example,
using Hartree-Fock and density functional quantum mechanics simulations [30], Guo
obtained a CEE of about ki; = 0.025 nm/V. However, Jiang obtained a CTE of about
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6.0x 1070 K1 [31] through the nonequilibrium Green’s function method. In fact, the source
of thermal or electrical expansion may require further theoretical and experimental research.

3. Results
3.1. Primary Resonance of SWCNTs

When Q) is close to wj and there is no internal resonance between the two modes,
vibrations of the two model are uncoupled. Therefore, the coupling term of Equation (7)
can be removed [28] and the equation is rewritten as:

For the study of primary resonance, we introduce ¢ for perturbation, where ¢ is a small
parameter. Here, ¢ = 0.01 is used, and Equation (9) is rewritten as

7'7]' + w]277j + 256]‘%’ + SE]?,U% = Sf]' coswt, j=1,2. (10)

Here, w]z = kj1, and Equation (10) will be solved by the multi-scale method [32]. We

expand 7; as follows:
11i = njo(To, T1) + enj1 (To, Ty) + -+ - (11)

In Equation (11), Ty = €%, T) = et, and here, it is

d 2
7 = DoteDy, -5 = D3 + 2eDyD; + €2D3. (12)

Substituting Equations (11) and (12) into Equation (10), and making the coefficients of
the same order ¢ equal, we obtain [32]

el D%;yjo + wjzryjo =0. (13)

_ = 1
€. D(z)ﬂjl + w]zryjl = 72D0D217]'0 — 2C]‘D017]‘0 — k]317]30 + Efj COS(QT()). (14)
Let the solution of the equation of order ¢” be:
77]'0 = A(Tl) exp(zw]To) + cc. (15)

where cc is the complex conjugate terms of the previous terms and A; is a real function of
T;. Substituting Equation (15) into Equation (14), we obtain

D3 + @l = | ~2iw;(A' +TA) — 3k AZA] exp(iw; To)

il (16)
—kizA% exp (3iw;To) + 5 fj expli(QTp)] + cc.

where the apostrophe represents the derivative with respect to T;. The dimensionless
detuning parameter ¢ is introduced to make the excitation frequency Q) = w; +ec. We
eliminate the secular term and obtain:

, _ = o 1 ,
2iw; (A +TjA) + 3k A%A = Efj exp (i Tj). (17)
Introducing a polar form for A, we obtain:

A= %aexp(iﬁ). (18)
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where g and B are real functions of Tj. Substituting Equation (18) into Equation (17), and
separating the real part and imaginary part, we obtain:

@'= T+ g fsiny (19)
r_ 3ks o 1 r
ap = gw#ja — Z—ij]cos'y.
where v = 0T} — B. When a’ = B/ = 0, the steady state motion appears; therefore:
= —cja+ 2wlfjsm'y
3ks 3 1 (20)
a0 = g0 5. fjcosy
From Equation (20), we obtain
_ 2 >
3 k.3 f
=2 B3 2 2_ i
¢ + (U—Swja ) a; 74w]2' (21)

Equation (21) indicates that the response amplitude 4 is a function of ¢ and the excitation
amplitude f;. Substituting Equation (18) into Equation (15), and then substituting the result into
Equation (11), one can obtain the first order approximate solution of Equation (10).

u = acos(Qt — ) + O(e) = acos(wjt + et — ) + O(e). (22)

Here, a and ¢ are given by Equation (21), and w]Z = kjl (j = 1,2).Therefore, from
Equation (21), we can draw Figures 3-9.
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~ . .
=—U =0.08 V, T=350 K, multiple scales
- U=0.08V, T=350 K, numerical method
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-80 -60 -40 -20 0 20 40 60 80

Figure 3. Frequency—response curves of the first mode with (¢1, f1) = (5,4.95).
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Figure 4. Frequency—response curves of the second mode with (¢, f) = (5,15).
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Figure 5. Frequency—Response curves of the first mode with (¢y, f1) = (5, 4.95) and the second
mode with (¢, f2) = (80, 100).
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Figure 6. Frequency—response curves of the first mode with (¢y, f1) = (5,4.95).
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Figure 7. Frequency—response curves of the second mode with (¢, f) = (5, 18).
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Figure 8. Excitation amplitude response curves of the first mode with (¢1,0) = (5,15).
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Figure 9. Excitation amplitude response curves of the second mode with (¢;,0) = (5,20).

3.2. Subharmonics Resonance of SWCNTs

When Q) is far away from wj, a large vibrational amplitude requires a large exciting
amplitude. In this paper, we will study the subharmonic resonant. Therefore, we rewrite
Equation (9) as:

i+ winj +2e¢im; + ey} = fieoswi, j=1,2. (23)

The seeking form of the solution is:
11; = nj(To, T1) + en2(To, T ) (24)

Substituting Equation (24) into Equation (23) and aking the coefficients of order ¢
equal, we obtain [32]:

el D%;yjl + (U]Zﬂjl = fjcos(OQTp + T7) (25)
e: Dgnj + winjp = —2DoDinj — 2€;Donj — kit (26)
The form of the solution of Equation (25) is:

77]'1 = A(Tl) exp (ZCU]T()) + A(Tl) exp(zQTo) + cc (27)
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-1
where cc stands for the complex conjugate of the preceding terms and A = 1 fi (w]2 - Qz)

When Equation (27) is brought into Equation (26), we can obtain:

D3 + Wl = — [2ievj (A’ +A) + 6k AA? + 3K;3 AZA] exp(iw; o)
—7]‘3{A3 exp (3iw;Ty) + A exp (3i0Ty) + 3A% A exp (i (2w; + Q) Tp)

+3A° A exp (i(Q — 2w)) Ty) +3AA%exp (i(wj + 20) Ty)

+3ANexp(i(w; — 20)To) } — A [2i5,0 + 3K3A% + 6k;3AZA| exp(iQTy) + ce

(28)

Introducing a dimensionless detuning parameter o, the exciting frequency can be
written as () = 3w; + ¢0, and eliminating the duration terms of exp [i(Q) — 2w;) Ty, we
obtain: B -,

2iw; (A" +;A) + 6kjs AN + 3kj3A*A + 3k;s AA” exp(ioTy) = 0 (29)

Introducing the polar form of A, hawse obtain:
1 .
A= aexp (iB), (30)

where a and § are real functions. Substituting Equation (30) into Equation (29) and separat-
ing the real part and imaginary parts, we obtain:

= —Ta— g (O'Tl —3/3)
a. ., (31)
ap' ==L (A2+ )LH— - 222 cos(o'Ty — 3B).
The equations can be transformed into an autonomous system, if we assume:
v =011 —3B. (32)
The result is:
o )
. 9kjz A 9%;3 B 9%isA o
ay' = ((r— i‘)/ )a Sa’) 42); a% cos .

If o' = 4/ = 0, the steady state motion will occur. This corresponds to the solution of
the following equation:

_ E]‘3A .
Cja = ——,—sin7y
Fon? % (34)
9k;3 A2 9% 3 kA o
w; T% =7 a=cosy

Taking the squares of the two equations, then adding them to delete y, we obtain:

- - 2
9kisA* 9k 81k, A
902 4 (o — Z20 TR g2 = TP g, (35)
w;j 8w 16w].
According to Equation (35), We know a = 0 or:
KA O 5\ B1kEAS
92 4 (o — L P2 = TP g2 (36)
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The equations are a quadratic function solution of a2, and their solution is:

1/2

a?=p+ (PZ - qz) , (37)
Here,
8wior 64w? 9kaA2) 2
p=—l —6A% g= — 9c]2+<a—]3 . (38)
ki 81kj3 wj

We notice that g is always positive; therefore, there is a nontrivial free vibration

. . 2 . 2 460]‘0' E]g/\z . 63%/3[\2 =2
amplitude if p > 0 and p~ > q. This means A < ks and o \7 S, 2¢; 2 0.

Because E]g > 0, 0 is positive, we can write the first-order approximation solution as:
1 2 2\ !
U = a.cos g(Qt—'y) —i—f](wj -0 ) cos Ot 4 O(e). (39)

In Equation (39), a and 7y are given by Equation (34). There, j = 1 means the first mode
and j = 2 means the second mode.

4. Discussion
4.1. Primary Resonance

We can obtain the visible pattern of the relationship between the vibration amplitude
and the parameters from Equation (21), as shown in Figures 3-9. These Figures reveal the
influence of the temperature field and the electric field on vibrations for the primary resonance.
For the first mode (Figure 3), the initial value of the numerical solutions for the low branch
is (1,7,) = (0.6,0), and, at the high branch, itis (171,7;) = (0.6,0). For the second mode
(Figure 4), the initial value of the numerical solutions at the low branch is (171,7;) = (0.012,0),
and, at the high branch itis (#71,7,) = (0.36,0). From Figures 3 and 4, it can be found that
the multi-scale method is accurate. Figure 5 shows that the second mode is hardly excited
when the first mode is excited. For example, when the load amplitude of the second mode
is 20 times that of the first mode, the maximal vibrational amplitude of the second is only
one-fifth of the first, as shown in Figure 5. It is found from Figure 6 that the maximum
amplitudes with detuning parameters will increase when the temperature field and electric
field increase, and the region being in multi values will also become larger. This rule agrees
also with the second mode; however, the temperature field and electric field have a smaller
effect than the first, as shown in Figure 7.

From Equation (21), we also obtain the curves of vibration amplitudes and loads
for the first and second modes, as shown in Figures 8 and 9. The two figures show that
the temperature and electric fields impact outstandingly the vibration amplitudes of the
first mode, while the influence is weak on the second mode. Furthermore, there are two
bifurcation points in the frequency-response curves and the load-amplitude curves. They
will induce the jump phenomenon of vibrational amplitude. These details of the jump have
been discussed in reference [28].

4.2. Subharmonics

Through Equation (36)we can draw the vibration amplitude with the model frequency
as a function of other parameters (as shown in Figures 10-18). These figures reveal the
relationship between subharmonic amplitude, temperature field, and electric field. These
figures support the following main conclusions.
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Figure 10. Amplitude excitation curves of the first mode with (¢1,0) = (0.25,80) and the second
order mode with (¢3,0) = (4, 80).
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Figure 11. Effect of temperature and electric fields on the amplitude of first mode for (¢1,0) = (5, 80).
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Figure 12. Effect of temperature and electric fields on the amplitude of second mode for (¢;,0) = (5, 80).
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Figure 13. Amplitude detuning curves of the first mode with c; = 5.
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Figure 14. Amplitude detuning curves of the second mode with ¢, = 5.
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Figure 15. Numerical solution of first mode with (¢1, f1,0) = (5,3.5,80).
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Figure 16. Phase diagram of the first mode with (¢y, f1,0) = (5, 3.5, 80).
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Figure 17. Numerical solution of the second mode with (¢, f»,0) = (5,40, 80).
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Figure 18. Phase Diagram of Second Order Mode with (¢, f2,0) = (5,40, 80).

First, it is more difficult to excite the subharmonic vibration at the second-order mode
than that of the first mode for the same parameters, as shown in Figure 10.

Second, the first mode is more sensitive to temperature and electric fields than the
second mode, as shown in Figures 11-14.
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Finally. The numerical simulations of Equation (9) are operated using the Runge—
Kutta method for the first mode with the initial value (17,1, ) = (0.012,0) and the second
mode with the initial value (#71,7,) = (0.2,0). These simulations show that the analytical
solutions are accurate, as shown in Figures 15-18.

5. Conclusions

In this paper, the nonlinear vibrations of a (10,10) SWCNT are studied by a thermal-
electro-mechanical coupling nanobeam theory for the primary resonance and subharmonic
resonance. This model includes independent extensional stiffness and bending stiffness.
We obtain nonlinear ordinary differential equations for the first and second modes by the
Galerkin method. Then, their approximate analytical solutions are obtained by the multiple
scale method for the primary resonance and subharmonic resonance. The solutions are
used to discuss the influences of the electric and temperature fields on the vibrations of the
structure. Moreover, we check the accuracy of the approximate analytical solutions using
the Runge-Kutta method. The main conclusions are as follows.

(1)  Under the primary resonance and subharmonics, the nonlinear vibrations of the first
mode are more sensitive to the temperature and electric fields than the second mode.
For the primary resonance, when the load amplitude of the second mode is 20 times
of the first mode, the maximal vibrational amplitude of the second is only one-fifth of
the first. For the subharmonics, it is more difficult to excite the subharmonic vibration
at the second-order mode than at the first mode.

(2) Since the CEE is far greater than the CTE, the electric field has more outstanding
influence on an SWCNT’s vibration than the temperature.

(3) There is only one vibrational component with the model frequency in the primary reso-
nance, in which the jump of vibrational amplitude may be induced by changes in the load’s
frequency or amplitude. Further, there are two vibrational components in the subharmonic
resonance, and the two components have approximate vibrational amplitude.
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