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Abstract By the Tersoff potential based molecular

dynamics (MD) method, the melting and axial compression

of the (5,5) C, SiC, and Si nanotubes are simulated, and

their molecular configurations, atomic radial distribution

functions (RDF) and energy changes during heating-up, as

well as their compressive force–strain curves, are obtained.

According to the computed results, the differences of the

melting and compressive mechanical properties of the three

nanotubes are discussed. It is found that the melting C, SiC,

and Si nanotubes have netlike, loose spherical and compact

spherical configurations respectively, and that the C

nanotube has the highest melting point, specific heat,

melting heat and load support capability, whereas the Si

nanotube has the lowest ones.

Introduction

Since discovered by Ijima in the early 1990s [1], single-

walled carbon nanotubes (SWCNTs) have become attractive

new materials with many important potential applications [2,

3]. Due to the fact that silicon and carbon lie in the same

group of the element periodic table and have the similar

electronic structure, people hope to be able to find the single-

walled silicon nanotubes similar to SWCNTs sometime [4,

5]. Recently Tang et al. [6] obtained hollow Si nanotubes

under supercritically hydrothermal conditions, but their Si

nanotubes were found to have just the walls of diamond-like

structure. Even if the single-walled silicon nanotubes, i.e.,

the Si nanotubes with single-layer graphite-like walls, have

never been observed up to now, many correlative theoretical

predictions have still been performed in recent years [4, 5,

7–9]. In most of the work, the Quantum mechanics (QM)

methods, such as density function theory (DFT) and ab initio,

were used, and the attentions were mainly paid on the micro-

structural and electronic properties of the nanotubes. The

work has implied the possibility of the Si nanotubes with

single-layer graphite-like walls.

Silicon is the important material of microelectronic

devices, whereas carbon is the potential element to replace

Si in future nano-electromechanical systems (NEMS).

Obviously, it is very necessary to systematically investigate

the various properties of C and Si nanotubes. Now the

studies on the thermodynamic and mechanical characters

of carbon nanotubes have been carried out [3, 10–12], but

the correlative work on single-walled Si nanotubes is little

reported. Considering the reason, in the present paper the

Tersoff potential based molecular dynamics (MD) simu-

lations are performed to investigate the melting and com-

pression of the (5,5) C, SiC, and Si nanotubes, and further

the simulated results are used to analyze the differences of

their melting and compressive properties.

Model

The investigated objects

In this paper three armchair (5,5) nanotubes of C, SiC, and

Si are chosen as objects to be investigated, see Fig. 1. The

model of the (5,5) C nanotube is gotten through the

nanotube-generator [10], a software developed by us.

According to the configurations of the SiC and Si
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nanotubes given in Refs. [13] and [9], respectively, the

(5,5) SiC and Si nanotubes are ‘‘constructed’’ by replacing

the carbon atoms of the (5,5) C tube with silicon atoms at

intervals or completely. All the three nanotubes have 290

atoms and the single-layer graphite-like walls. After the

nanotubes are geometrically optimized, we will get their

initial molecular configurations. Here the geometrical

optimization is carried out by molecular mechanics method

in the quantum-chemical software of HyperChem 7�. In

the optimization, the MM+ force-field, the conjugate gra-

dient method by Fletcher et al. [14], and the convergence

limit of 0.01 Kcal/mol are taken. The optimized C, SiC,

and Si nanotubes have the length of 3.5, 4.3, and 5.2 nm,

and the diameter of 0.66, 0.85, and 0.98 nm, respectively.

The C–C, C–Si and Si–Si bonds in the C, SiC, and Si

nanotubes are about 0.14,0.19, and 0.23 nm long respec-

tively.

Simulation details

MD is a widely used computer simulation technique in

condensed matter physics, as well as other disciplines

ranging from chemistry to high-energy physics. In MD,

the time evolution of interacting atoms is followed by

integrating their equations of motion, which can help

people to comprehend more details of matter motion at

atomic level. Generally speaking, many-body potentials

can more accurately describe the interactions between

atoms than simple pair-potentials. Of the available many-

body potentials, Tersoff potential, a famous bond order

potential derived from quantum-mechanical arguments,

can well consider bond order and covalent bonds forming/

breaking [15–18] and has been widely used to calculate

the lattice constants, bulk modulus and cohesive energy of

diamond, graphite, carbon nanotube and Si semiconductor

material. So the Tersoff potential is adopted to simulate

the melting and compression of the C, SiC, and Si

nanotubes here.

For the interactions between two neighbouring atoms i

and j, the form of the energy F is taken to be [16]

U ¼
X
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X

j[i
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bij is the many-body order parameter describing how the

bond-formation energy is affected by the local atomic

arrangement due to the presence of other neighbouring

atoms (the k-atoms). It is a many-body function of the

positions of the atoms i, j, and k. It has the form of

bij ¼ vij 1þ bni
i � n

ni
ij

� ��mi
2ni ð3Þ
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where, rij is the distance of the ith and jth atom, hijk is the

angle between rij and rjk, fc(rij) is a truncation function. Ai,

Bi, ki, li, eij, vij, bi, ni, mi, dik, xik, ci, di, hi, Rij, and Sij are

some correlative constants with the C, C-Si or Si system,

and their values take the corresponding ones in Refs. [15–

17].

In this paper, the Verlet technique [19] is used to inte-

grate the equations of motion over time steps of

Dt = 0.001ps. The periodic boundary conditions are adop-

ted. The following method, i.e. the method of Ref. [20], is

adopted to simulate the melting of the C, SiC, and Si

Fig. 1 The single-walled C,

SiC, or Si nanotube
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nanotubes: 1 equilibrating the C, SiC, and Si nanotubes for

50,000Dt at the initial temperature of 2,000 K; 2 increasing

the temperature of the molecular systems by 250 K and

equilibrating them at the constant temperature for

50,000Dt; 3 repeating Step 2, i.e. ‘‘heating up’’, until the

nanotubes ‘‘melt’’. The following scheme is taken to

simulate the axial compression of the C, SiC, and Si na-

notubes: fixing the 14 atoms at the left end of the na-

notubes, see Fig. 1, and horizontally imposing compressive

load on the 14 atoms at the right end in displacement-steps

of 0.05 nm per 20,000Dt, where the temperature takes

300 K and is controlled by using the Nose technique [21].

Results and discussion

The melting properties of the C, SiC, and Si nanotubes

Figures 2–4 present the configuration evolvement of the C,

SiC, and Si nanotubes during heating up, respectively.

Figures 5 and 6 show their RDFs (radial distribution

functions) at different temperature and their energy chan-

ges with temperature, respectively.

From Fig. 2–4, it is shown that the C, SiC, and Si na-

notubes obviously change in configuration after 6250,

4500, and 2750 K, respectively, i.e. they melt. However,

their melting processes are evidently different. Among the

three nanotubes, when the C nanotube melts, its wall

breaks and becomes netlike, and simultaneously a few of C

atoms and short C atomic-chains escape from the netlike

main-body; when the SiC nanotube melts, it shrinks into

one loose sphere first, and with the further increase of

temperature some C (or Si) atoms and short C (or Si)

atomic-chains give off from the spherical cluster; when the

Si nanotube melts, it curls and forms one compact sphere

first, the compact cluster holds in configuration with the

increase of temperature, and no atom or atomic-chain is

observed to escape from the cluster until the temperature of

3250 K.

The RDFs of Fig. 5 can supply further details about the

melting of the nanotubes. From Fig. 5, it can be found that:

(1) At low temperature all the RDFs of three nanotubes

have sharp peaks. For the C nanotube the first and

second peaks are located at 0.14 and 025 nm, for the

SiC tube they are at 0.19 and 0.32 nm, and for the Si

tube they are at 0.23 and 0.40 nm. These values just

correspond to the distances of the adjacent and sub-

adjacent atoms on the walls of the C, SiC, and Si

tubes, respectively, which implies that three nanotu-

bes basically hold their own initial configurations.

(2) With the further increase of temperature, all the peaks

become lower and wider. Especially after the C, SiC,

and Si nanotubes melt at 6250, 4500, and 2750 K,

respectively, their RDF curves change prominently.

For the C nanotube, the first and second peaks be-

come lower and wider, the third peak has disap-

peared, but the location of the first and second peaks

has no change, which indicates that most of the C

atoms remain in the broken graphite-like net just as

shown in Fig. 2c, d; for the SiC nanotube, almost all

peaks including the first and second peaks disappear,

which implies that the atoms of the melting SiC

nanotube are highly disorderly; for the Si nanotube,

the second peak has disappeared, and the first peak

become lower and wider with its location moving

from 0.23 to 0.26 nm, where the 0.26 nm is close to

the Si–Si bond length (0.255 nm) of single crystal

silicon (SCS), which implies that the atoms of the

melting Si nanotube are of long-range confusion but

have the tetrahedronal configurations of SCS at short-

range.

Fig. 2 Melting of the C

nanotube. (a) 3,000 K; (b)

5,000 K; (c) 6250 K; and (d)

6,500 K
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From Fig. 6 it is shown that:

(1) With the increase of temperature, the energy of the C,

SiC, and Si nanotubes increases, and three disconti-

nuities appear on their own energy-temperature

curves at 6,300, 5,600, and 2,250 K, respectively, see

the arrowheads ‘‘›’’ marked in Fig. 6. Before and

after the discontinuities the curves are approximately

linear. Obviously they all are typical crystal melting

curves. According to Figs. 2–5, i.e., the configuration

evolvement and RDF curves of three nanotubes, it can

be inferred that after the discontinuities three na-

notubes have big change in configuration, i.e. they

have melted.

(2) At the same temperature, the Si nanotube has much

higher energy than the C and SiC nanotubes, and the

C nanotube has the lowest one. This implies that the

Si nanotube has the worst stability and the C nanotube

has the best one.

In addition, according to the location of the disconti-

nuities, the height of the discontinuities and the slope of the

energy-temperature curves before the discontinuities, we

can estimate the melting point, specific heat and melting

heat of three nanotubes. The estimated melting point,

specific heat and melting heat are listed in Table 1. Note:

the specific heat and melting heat in Table 1 are the

average ones per atom. Table 1 shows that the melting

point, specific heat and melting heat have the same order of

‘‘C > SiC > Si nanotube’’. The melting point of the C

nanotube is 6,300 K and the specific heat 3.22 KB. The

values are compatible to the melting point (> 4,000 K) and

specific heat 3.1 KB for the C60 fullerene in Ref. [20],

which indirectly verifies the present MD simulations. Here

the KB is the Boltzmann constant.

In order to consider the effect of tube length on

melting properties, the similar MD simulations are also

carried out for two other (5,5) carbon-tubes with the

Fig. 4 Melting of the Si

nanotube. (a) 2,000 K; (b)

2,500 K; (c) 2,750 K; and (d)

3,250 K

Fig. 3 Melting of the SiC

nanotube. (a) 2,000 K; (b)

3,000 K; (c) 4,500 K; and (d)

5,000 K
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length of 5.2 and 7.1 nm, respectively. The simulated

results show that the two (5,5) carbon-tubes have the

similar melting process to the case of Fig. 2, their melting

point is 6250 and 6400 K, and the specific heat is 3.31

and 3.15 KB, respectively. By comparing the data with

the corresponding ones of the (5,5) carbon-tube in

Table 1, it can be found that the melting parameters of

the three carbon tubes are very close, and the tube length

seems to have only little effect on the melting properties

of nanotubes.

The compressive properties of the C, SiC, and Si

nanotubes

Figure 7 shows the compressive deformation of the C

nanotube. The deformation of the SiC and Si nanotubes

under compression is similar to the case of the C nanotube

and is not given here. Figure 8 presents the compressive

force-strain curves of three nanotubes. In the figure the

arrowheads ‘‘ ‹ ’’ mark the moment of the nanotubes

locally buckling on tube-walls, i.e., the moment of their

instability.

From Figs. 7 and 8, it can be found that:

(1) With the increase of the compressive strain, the

external force of three nanotubes increases; at the

moment of their instability, the force reaches maxi-

mum; after this, the force of three nanotubes de-

creases with the increase of strain.

(2) At the same compressive strain, the C nanotube has

much higher external-force than the SiC and Si

nanotubes, and the Si nanotube has the lowest one.

The maximal force of the C, SiC, and Si nanotubes

are 56, 21, and 15 nN, and the strain corresponding

to the maximal force is 0.101, 0.090, and 0.081,

respectively. Here the strain is called as ‘‘failure

strain’’. The values of the maximal force and fail-

ure strain are also listed in Table 1. The maximal

force and failure strain are often used to charac-

terize the load and deformation support capability

of materials [22]. Generally speaking, the materials

with higher maximal force and failure strain have

better load and deformation support capability.

Obviously, the C nanotube has the best load and

deformation support capability, whereas the Si tube

has the worst ones.

(3) In Ref. [23] the MD method is used to simulate the

axial compression of one (5,5) C nanotube, and the

calculated maximal compressive loading is 49 nN.

The result is close to the present one 56 nN, which

further verifies our MD simulations.
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Fig. 5 The radial distribution of nanotubes. (a) C nanotube; (b) SiC

nanotube; and (c) Si nanotube
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Conclusions

In the present paper, the classical MD method is used to

simulate the melting and compression of the (5,5) C, SiC,

and Si nanotubes, and their geometrical configurations,

atomic radial distribution functions and energy changes

during ‘‘heating up’’, as well as their compressive force-

strain curves, are obtained. Further, according to the simu-

lated results, the melting and compressive properties of three

nanotubes are compared and analyzed. The results show that

the melting C, SiC, and Si nanotubes have the netlike, loose

spherical and compact spherical configuration, respectively,

that their melting points are about 6300, 5600, and 2250 K,

respectively, and that the C nanotube has the highest melting

point, specific heat, melting heat and load support capability,

whereas the Si nanotube has the lowest ones.
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