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Abstract. In this paper, the effect of vacancy defect oruratvibrations of single walled
carbon nanotubes (SWCNTS) is investigated. Vacatefect occurs during growth process
therefore determining natural frequency of defe@®dCNTs is very important for improving
their sensing or actuating performance. Molecularagnics and finite element methods have
been employed to simulate SWCNTSs. Related stiffiessmlculated from molecular potential
energy. Accuracy of modeling is determined by cormgaour results of predicting ideal
SWCNT natural frequency with the results from thievious studies. Two cases are studied.
First, vacancies are scattered randomly on SWCNIctsire for better simulation of actual
condition, and effect of aspect ratio, vacancyraind boundary conditions on natural vibration
of defected SWCNTSs is investigated. Second, simgtancy is considered and effect of aspect
ratio, vacancy position and boundary conditionsnatural vibration of defected SWCNTSs is
investigated. Zigzag carbon nanotubes with chyralidices (8, 0) and (10, 0) are studied in
both cases. The results, in the first case, inditiat by increasing aspect ratio, the principal
natural frequency shift decreases. This shift fea#d by vacancy ratio. Distribution of
vacancies affect natural frequency shift. As vammapproach to the clamped end, natural
frequency shift increases. In the second casecte€fe aspect ratio, vacancy position, and
boundary conditions is investigated.

Keywords: Carbon nanotub&acancy defect, natural vibration.

Introduction

Carbon nanotubes possess superior properties sudtrahigh strength, high electrical and
thermal conductivity, high natural frequency due their ideally perfect structures [J-3
SWCNTs are good candidates for high-frequency amtsiabecause of their high natural
frequency. Accurate prediction of principal freqogrof resonators affects their operation.
Resonators are key components in signal processisigms [4]. Reduction in the size of a
resonator enhances its resonant frequency andeagdiscenergy consumption [4]. For sensors,
higher resonant frequency means higher sensitjgity For wireless communications, higher
frequency resonators enable the production of hi¢leguency filters, oscillators, and mixers
[4]. CNTs have favorable properties, such as extigrhigh in-plane elastic modulus, high
natural frequency and thermal conductivity. Thesapprties, combined with their nanometer-
sized, perfect atomic structure, imply that CNTsvéhapotential applications in
nanoelectromechanical systems, such as compormmisgh-frequency oscillators in sensing
and signal processing applications [5-7].

Use of the resonance of a cantilevered CNT have bealied by Poncharal [7]. Jensen et
al. [5] demonstrated a room-temperature, CNT-basatbmechanical resonator with atomic
mass resolution, based on a nanotube radio reca@ggn [6]. The potential of double-walled
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CNTs (DWCNTSs) as nanoresonators have been explyreding atomistic modeling technique
[8]. Meanwhile, the defects in nanotubes, includsgpstitutional impurities, vacancies, and
topologic defects, etc. [9-12] create heterogenestugtures, which can modify electronic,
chemical and mechanical properties of carbon ndmestuand in consequence, seriously
influence their applications in nanoelectromechalingystems (NEMS) and nanocomposites
[12-18]. The Stone-Wales (SW) defects (namely tethpentagon heptagon pairs [19]) and
vacancies are typical defects observed in carbontohes. For example, it was suggested that
2%-5% carbon atoms are involved in SW defectivessjR0]. Zhou et al. investigated the
transport properties of defected zigzag metalligyle-walled nanotubes (SWNTs) [21] and
found that the circumferential interference depends the defect configuration is responsible
for the transport blocking observed experimentf®]. Tunvir et al studied the mechanical
properties of SWNTs having two neighboring vacadefects or SW defects, and revealed that
the defect configuration in the SWNT structure e of the key factors in determining its
mechanical properties, as well as the populatiodedécts [23]. Barinov et al. [24] and Kim et
al. [25] studied the adsorption and transport ofaflie atoms on multi-walled carbon nanotubes
(MWNTSs). The diffusion mechanism of indium atomsra MWNTs was revealed by means
of photoemission spectromicroscopy and density tfanal theory calculations: the indium
transport is controlled by the concentration ofedes in the C network and proceeds via
hopping of indium atoms between C vacancies [2A& Talculations of Pt nanoparticles loaded
on the defective carbon nanotubes showed that dkerption of Pt atom on the vacancy of
nanotube was significantly stronger by s-p hybatian with carbon atoms near the defect site
[25]. It is well believed that the defect configtioms may seriously influence the mechanical
and electrical properties of carbon nanotubes.

In this paper, the effect of vacancy defects orumtvibration of single walled carbon
nanotubes is investigated. Vacancy defects occtinglgrowth process so determining natural
frequency of defected SWCNTSs is very importantifaproving their actuating performance.
Molecular dynamics and finite element methods hawen employed to simulate SWCNTSs.
Related stiffness is calculated from molecular ptiéé energy. Two cases are studied. First,
vacancies are scattered randomly on SWCNT struéburdeetter simulation of actual condition,
and effect of aspect ratio, vacancy ratio, and Hawn conditions on natural vibration of
defected SWCNTSs is investigated. Second, singlen@&gc is considered and effect of aspect
ratio, vacancy position and boundary conditionsnatural vibration of defected SWCNTSs is
investigated. Zigzag carbon nanotubes with chyralidices (8, 0) and (10, 0) are studied in
both cases.

Modeling

Molecular dynamics method has been used for siiout The basic premise in this
method is that CNT can be modeled as a continuwingaontinuous distributions of mass
and stiffness. Odegard [26] used an equivalentimamtn model for prediction of structural
property of nanostructure materials. Bending rigidif graphene sheet was determined based
on this method [27]. Extensional, torsional and dieg rigidity of SWNTs was determined
using the potential energy for the inter-atomiccés of a molecular mechanics model [28]. Li
& Chou [3, 29] developed a similar method using toarum mechanics and molecular
dynamics for predicting static and dynamic progartof CNTs. Thus we can simulate a
SWCNT as a space frame consisting of mass andhetdgf The most part of atom mass is
related to nucleus so nucleus mass £ 1.9943 x 107°° Kg ) is considered as atom mass and
Electron masses are neglected. Mass element isetban carbon atom position in CNT
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structure for simulation of atoms mass. Bondinga&fbon atoms is modeled by linear elastic

stiffness element. Fig. 1 shows the inter-atomieractions modeled with this approach.
Total stretching potential energy was expressexsuasof energies due to valance or bonded
interactions and non-bonded interactions [31].

U= ZU,+ ZUE +Z(U&7+U[¢::I+ZUUEH' w

where U, Us, Yo U, and Lvsw are the energy terms due to bond stretching, tzorgle
bending, dihedral angle torsion, out-of-plane tmmsiand van der Waals interactions,
respectively.

In this research, the term related to van der Waédsaction has been ignored. So Equation
1 can be expressed as:

v= Zu_v + Zuﬁ + Z[U,, +.) (2

where:
U:' = Z 'I{:'(T_""fq i (3-3
A ds

where+ is the bond stretching force constant, r the distaand "=z the equilibrium distance
between atoms.

g = z kﬁ(s_ﬁeqf (4

angies
whereks is the bond-angle bending force consténthe bond-angle, arféz the equilibrium
bond-angle.

Up+ U= 3 wlo—0x) (3)

di Raderal

wherekr is torsional resistance consta#t, the torsion angle, arffisa the equilibrium torsion

angle.

From structural mechanics viewpoint, potential ggefor elastic element can be expressed
as:

1.
M=k NLT5) | (5)
Ty - ;
o—o :_ ) ,.‘ ' /o
Stretching J /;’/
.’."i&iﬂt = Oj‘_ff /1
d o ¢
Bending o
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:f/;j \\‘ // \\\\\\
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Dihedral angle torsion van der Waals

Fig. 1. Inter-atomic interactions
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Therefore, related molecular potential energy cansbnulated similarly to mechanical
element potential energy, and considering equicaef the energies, force filed space frame
model is created. To simulate the vacancy defaltsrelated elements were omitted in the
frame like model. The force constant values aresehdased upon the experience with graphite

Ly IE

- = hogv i "6 — ol Lppd = .
sheetsz ~ 107 keal moln A% % o =83 Kool molrad™ 1o force constar- is adopted

Kr -1, .-z
as 7 = 20Healmol™lred™ (0 c0d on Comell results [32]. The capability affitiency of this
molecular structural mechanics method have beeifieciin the modeling of single walled
carbon nanotubes under tension or torsion. Theuledéd results of Young’s modulus and shear
modulus are in good agreement with the theoretgradictions and experimental results
available in the literature [29].

Analysis method

For the free vibration of undamped structure praobléhe equation of motion is:

MI{F}+ [Kliyl =0 LGB

where[M] and[K] are the global mass and stiffness matrices, réspgc and{v} and {7} are
nodal displacement and acceleration vectors, réispsc The global stiffness matrix of the

[&1= } [K]®

frame structure can be assembled from the elemstiffaless matrices: ; , where n

is the number of elements. For assembling nodeitg #lement method was used. According to
the model[X1* can be expressed as:

[yl [ieg]

E1° = M) [yl

)]

where submatrice$kil, [ki], [kl andlkil express the related stiffness of element i-j.

The global mass matrik*] can be obtained from elemental mass matrix.

The coefficients in the mass matrix correspondinflexural rotation and torsional rotation
are assumed to be zero. Only the coefficient cpareding to translator displacements are kept.
Thus the elemental mass matrix is expressed as:

M8 = dige | e Me e
[ _d.n3[3 = 200 u] )

The factor is introduced because of the three bohdarbon atom connecting with the three
nearest neighboring atoms. The natural frequerftiesnd mode shapes are determined from
the solution of the eigenproblem

([K]s - mE [ﬂ'{]s ){yp} =0 [1- u:'

wherel&]l, and[¥l: are the condensed stiffness and mass matricgmategly, s} is the
displacement vector, arid= 27f s the angular frequency.

Results and discussion
For validation of our modeling technique, the resuwere compared with those from Li and

Chou [3] (Fig. 2). Perfect SWCNT with chirality iex (8, 0) and bridged boundary condition
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was considered. As Fig. 2 indicates our results cdwee to those of Li and Chou. Fig. 3
illustrates some mode shapes of the SWCNTSs.

To investigate the effect of vacancy defect on ratinequency of SWCNTSs, two cases are
considered:

Case 1lIn this case, vacancies are created randomly onsGiitTicture with different ratios.

it
So vacancy raticn X100 Las been defined to express the percentage ohciasa Wheren

refers to number of total nodes in CNT’s structamegd™a is number of nodes which have been
vanished as vacancies. Creation of random vacahagebeen performed under two limitations.
First, two neighboring nodes can not be eliminategether. Second, vacancies should be
distributed uniformly.

1000
a

—+— Li&Chou (8,0)

—ia=— Our result (8,0)

Natural Frequency (GHz)

2 4 6 8 10 12 14 16 13 20

AspectRatio L/D

Fig. 2. Results for perfect SWCNT with chirality index (8) and bridged boundary condition
compared with results obtained by Li and Chou

Fig. 3. Some SWCNTs mode shapes

Fig. 4 shows the natural frequency shift of SWCNihwhirality index (8, 0). Cantilevered
boundary condition with different aspect ratio aliffierent vacancy ratios has been considered.
As Fig. 4 indicates, SWCNT with vacancy ratgual to 2% and aspect ratio of 5 has natural
frequency that is approximately 80 GHz less thantli@ case of perfect one. So vacancies
affect the principal natural frequency of nanotubessiderably. It is evident from Fig. 4 that as
vacancy ratio increases, the frequency increase&thsWhen vacancy ratio percent is equal or
more than 1.17, the slope of diagram increasesgefive, the effect of vacancies on the
frequency increases.

Fig. 5 demonstrate the natural frequency shift BWCINT with chirality index (8, 0).
Bridged boundary condition with different aspediaaand different vacancy ratios has been
considered. Fig. 5 indicates, for SWCNT, when vagamtio is 1.88 and aspect ratio is 5, the
natural frequency shift is equal to 126 GHz. Fige®eals that relation between diameter and
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length and frequency shift is the same as in FigC@mparison of Fig. 4 and Fig. 5 leads to
conclusion that boundary condition affects the affaf vacancy defect on principal frequency

of SWCNTSs. Natural frequency shift in bridged boarnycondition is more than in the case of
cantilevered one.

Cantilevered (8,0)

—a—1/D=10
——| /D=8
—.—L/D 5

o} 0,2 04 0,6 08 1 1,2 1,4 16 1.8 2 2,2
vacancy ratio percent

BN W B Woa N om0
00 00000000

Natural frequency shift{GHz)

Fig. 4. Shift of principal natural frequency of cantileedrSWCNT, with chirality (8, 0)

Bridged (8,0)

—r—L/C=10
—e—L/D=8

—e— /D=5

Natural frequency shift(GHz)

o 02 04 06 08 1 1,2 1,4 1,6 1,8 2 272
vacancy ratio percent

Fig. 5. Shift of principal natural frequency of bridged SWT with chirality index (8, 0)

Fig. 6 shows the natural frequency shift of SWCNTthwchirality index (10, 0).
Cantilevered boundary condition with different adpeatio and different vacancy ratios has
been considered. As Fig. 6 indicates SWCNT withawayg ratio equal to 2.1% and aspect ratio
of 7 has natural frequency approximately 38 GHz lggmn for the case of perfect one. It is
evident from Fig. 6 that the natural frequencytsihifcreases with increase in aspect ratio.

Fig. 7 illustrates natural frequency shift of SWCMth chirality index (10, 0). Bridged
boundary condition with different aspect ratio aliffierent vacancy ratios has been considered.
As Fig. 7 indicates SWCNT with vacancy ratio equaP.1% and aspect ratio equal to 7 has
natural frequency approximately 54 GHz less tharHe case of perfect one. Fig. 7 reveals that
natural frequency shift decreases when aspectiratieases. When vacancy ratio is equal to or
more than 0.9, the effect of vacancy is increaGsinparison of Fig. 6 and Fig. 7 leads to the
conclusion that boundary condition influences tHeeot of vacancy defect on principal
frequency of SWCNTs. Natural frequency shift indged boundary condition is more
pronounced with respect to the case of the cametigal/one.

Case 2.In this case, single vacancy is considered, andceféf aspect ratio, vacancy
position, and boundary conditions on natural freqyeshift of defected SWCNTs compared to
undefected SWCNTSs is investigated. So vacancy ipasL has been defined to express the
nondimensional position of a vacancy, where X isavey position and is the length of nano
tube. Fig. 8 shows the natural frequency shift ®/CGNT with chirality index (8, 0).
Cantilevered boundary condition with different astpmtio and different vacancy positions has
been considered. Fig. 8 reveals that as vacancyoagpes to the clamped end, natural
frequency shift increases. SWCNT with vacancy parsibear to 0.7 and aspect ratio equal to 5,
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natural frequency shift is ignorable and for vagaposition greater than 0.7, the shift is
reversed.

40 Cantilevered (10,0)
35
30
25
20
15
10

— /D=7

— | /D=10

Natural frequency shift(GHz)

o 0,2 04 06 08 1 1,2 1,4 16 1.8 2 2,2 24
vacancy ratio percent

Fig. 6. Shift of principal natural frequency of cantilevérf@WCNT, with chirality (10, 0)

Bridged(10,0)

60
50
40
30
20 ——| /D=7

——| (D=10)
10

Natural frequency shift(GHz)

0 02 04 06 08 1 12 14 1b 18 2 2,2 24

vacancy ratio percent

Fig. 7. Shift of principal natural frequency of bridged SWT with chirality index (10, 0)

Fig. 9 provides natural frequency shift of SWCNTthwichirality index (8, 0). Bridged
boundary condition with different aspect ratio adiferent vacancy positions has been
considered.

Figs. 10 and 11 provide natural frequency shiftS¥¥CNT with chirality index (10, 0).
Cantilevered boundary condition and bridged boupdandition, respectively, with different
aspect ratio and different vacancy positions has loensidered.

Cantilevered

—t—5L/D=) 8,0
—a—38L/D=) 8,0(

Natural Frequency Shift {GHz)
o
©
>

0.1- o
0] 0.2 0.4 0.6 By 1

0.6

Defectposision x/L

Fig. 8. Shift of principal natural frequency of cantilevér@WCNT, with chirality (8, 0)
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Bridged

=

—4—5L/D=) 8,0
—e—51/D=) 3,0
—i— 10L/D=] 8,0

Natural Frequency Shift (GHz)
O =2 N W R OO

02 0,3 0.4 . 0.6
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=
T

Fig. 9. Shift of principal natural frequency of bridged SWT with chirality index (8, 0)

1.2

1 Cantilevered
0.8 —e—7L/D=) 10,0(
0.6

—a— 10L/D=} 10,0

Natural Frequency Shift {GHZ)
o
IS

Defect posision X/L

Fig. 10.Shift of principal natural frequency of cantilevér@WCNT, with chirality (10, 0)

Bridged

—a&— 7L/D=) 10,0
—m— 10L/D=) 10,0(

Natural Frequency Shift (GHz)
a
o

0.1 0,2 0.3
0.4~
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Fig. 11.Shift of principal natural frequency of bridged SWT with chirality index (10, 0)
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