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This paper adopts the Tersoff-Brenner many-body potential function to perform molecular dynamics simu-
lations of the tensile and fatigue behaviors of hypothetical silicon-based tubular nanostructures at various
temperatures, strain rates, and vacancy percentages. The tensile test results indicate that with a predicted
Young’s modulus of approximately 60 GPa, silicon nanotubessSiNTsd are significantly less stiff than conven-
tional carbon nanotubes. It is observed that the presence of hydrogen has a significant influence on the tensile
strength of SiNTs. Additionally, the present results indicate that the tensile strength clearly decreases with
increasing temperature and with decreasing strain rate. Moreover, it is shown that the majority of the mechani-
cal properties considered in the present study decrease with an increasing vacancy percentage. Regarding the
fatigue tests, this study uses a standard theoretical model to derive curves of amplitude stress versus number of
cycles for the current nanotubes. The results demonstrate that the fatigue limit of SiNTs increases with a
decreasing vacancy percentage and with increasing temperature.
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I. INTRODUCTION

Recent studies have reported the synthesis of nanotubes
with various chemical compositions.1,2 The literature pro-
vides many discussions relating to the synthesis of BxCyNz
three-component nanotubes,3–6 Mo and W chalcogenide
nanotubes,7–9 vanadium oxide nanotubes,10 NiCl cage struc-
tures and nanotubes,11 NiC12 nanotubes,12 H2Ti3O3
nanotubes,13 TiO2 nanotubes,10 Y2O3 europium nanotubes,14

and rare earth oxide nanotubes.15 Theoretical GaN,16 GaSe,17

P,18 Cu,19 Bi,20 B2O, and BeB2 sRef. 21d nanotubes have also
been reported. In the nanotechnology field, new forms of
materials such as nanowires and nanotubes are now being
used increasingly in place of silicon in the fabrication of
electronic devices. Importantly, even though silicon and car-
bon are both isovalent, the manner in which they form
chemical bonds is quite different. For example, in carbon, the
sp2 hybridization is more stable, while in silicon, thesp3

hybridization is more stable. Consequently, carbon will
readily form graphite, fullerene, and nanotubes composed
predominantly withsp2 bonds, whereas silicon adopt pre-
dominantly a diamond form. Nevertheless, the possible exis-
tence of silicon nanotubessSiNTsd cannot be entirely dis-
counted. Recently, many authors have investigated SiNTs.
For example, Bahel and Ramakrishna22 revealed that the
lowest energy structure of the Si12 cluster is a bicapped pen-
tagonal antiprism, referred to as a hollow icosahedron. Me-
non and Richter23 proposed a quasi-one-dimensional silicon
structure, characterized by a core of bulklike fourfold-
coordinated atoms surrounded by a structure of reconstructed
surfaces formed primarily by threefold-coordinated atoms.
Meanwhile, Marsen and Sattler24 presented a model for sili-
con nanowires consisting of fullerenelike structures. In a fur-
ther study,25 a tight-binding molecular dynamics approach
was used with theab initio method to investigate the stabi-
lization of Si cages by the encapsulation of the Ni chain.

Faganet al.26 discussed the significant costs involved in pro-
ducing graphitelike sheets of silicon. Generally speaking, the
majority of the computer-aided-investigations and experi-
mental results discussed in the literature27–34concern the ba-
sic mechanical properties of nanotubes and nanowires under
axial compression or tension. The mechanical properties of
SiNTs are important since potential applications depend on
the stability and stiffness of the nanotubes. However, rela-
tively few studies have attempted a detailed investigation of
the full range of SiNT mechanical properties. Consequently,
the present study employs classical molecular dynamics
sMDd simulations based on the Tersoff-Brenner many-body
potential function35,36 to perform a comprehensive investiga-
tion into the mechanical properties of promising silicon and
silicon-based nanotubes.

II. METHODOLOGY

The present study adopts the Tersoff-Brenner many-body
potential function35,36 to model the Si-Si and C-C interac-
tions. This potential function describes the interatomic
forces, the elastic properties, the molecular bond energies,
and the bond lengths of the Si-Si structure. Although origi-
nally developed to study the chemical vapor deposition of
diamond, this potential function is commonly applied in the
modeling of fullerenes.37 Recently, several researchers have
successfully demonstrated its use in the modeling of a wide
range of structural properties of a variety of materials, in-
cluding carbon and silicon.28–30Although it is acknowledged
that the accuracy of the Tersoff-Brenner many-body potential
function does not match that of quantum-mechanical meth-
ods, it is nevertheless adopted in the present simulations
since it is simple, computationally inexpensive, and has been
used successfully for similar purposes in previous studies. In
order to validate the applicability of the Tersoff-Brenner po-
tential to the investigation of low-dimensional nanostruc-
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tures, the present calculated values for the mechanical prop-
erties of bulk cubic diamond Si and carbon are compared
with typical experimental and theoretical results. As shown
in Table I, the Young’s moduli of bulk cubic diamond Si are
calculated to be 176.5, 165.8, and 158.4 GPa in thes100d,
s110d, and s111d directions, respectively. It is clear that the
Young’s modulus is strongly dependent on the crystallo-
graphic direction. Our calculated values of bulk Si compare
well with typical values in previous studies. For bulk silicon
s100d and s110d, the predicted Young’s modulus varies from
130.2 GPa to 187.5 GPa.38–44 Lee et al. reported that
Young’s modulus for bulk silicons111d is about 168.9 GPa.45

The current results are in good agreement with the rather
more precise theoretical estimates presented in the above
studies. For diamond carbon, Table I reveals that the calcu-
lated Young’s moduli between 1 and 1.2 TPa. Furthermore, it
is observed that the critical strain of the diamond carbon
attains its maximum value parallel to thes100d direction and
its minimum value in thes111d direction. This tendency is in
good agreement with the recent findings of Ansellet al. and
O’Keefe et al.46,47 Although the present results for the
Young’s modulus are slightly different from the experimental
and computational results presented previously,48–50 but that
the adopted Tersoff-Brenner potential is nevertheless ad-
equate for generating the current qualitative estimates. How-
ever, an important unresolved issue remains, namely the ex-
tent to which the results would be affected by the application
of more robust potentials.

This study investigates the mechanical properties of two
extreme hypothetical silicon nanotubes, i.e., thes10,10d and
s17,0d SiNTs, having approximately equal radii of
,22.05 Å. The nanotubes comprise a pure silicon tube with
a surface containing many polymeric syntheses.51,52 An as-
sumption is made that polymeric synthesis takes place at the
surfaces of the SiNT. Hence, the walls may become saturated
with hydrogensSiHd. The Si-Si bond distances are calculated
to be 2.245 ÅsRefs. 53–57d while the Si-H bond length is
determined to be 1.52 Å.58 In the present tensile simulations,
the nanotubes are initially annealed at a specified tempera-
ture over a period of 106 time-steps, where each step is sepa-
rated by an interval of 0.5 fs. Periodic boundary conditions
are imposed in thex andy directions, and the nanotubes are
then extended axiallysi.e., in thez directiond under the ap-
plication of an appropriate strainfFig. 1sadg. The initial con-
figuration of the molecular dynamics simulation for the fa-
tigue test is shown in Fig. 1sbd. The two ends of the

specimen, labeled as A, are assumed to be free motion re-
gions within which velocity rescaling is applied. Meanwhile,
the atoms in the central region of the specimen, labeled as B,
are subjected to reverse uniaxial tension-compression load-
ing in thez direction. It is noted that the loading cycles are
always fully reversed such that the maximum compressive
stress and the maximum tensile stress are equal. Conven-
tional periodic boundary conditions are imposed in thex and
y directions. The test specimens are cycled to their failure
point, which in this study is defined as the point at which the
specimen separates into two halves. In order to investigate
the relative influences of thermal effects, strain rates, and
vacancies on the mechanical properties of the current SiNTs
under tension and fatigue loading conditions, this study
simulates testing under various temperatures in the range of
300 K to 1500 K, with strain rates varying from 10−6 ps−1 to
10−2 ps−1 and vacancy percentagessVd ranging from 6% to
30%.

III. RESULTS AND DISCUSSION

A. Mechanical properties of silicon and Si-based nanotubes
under tension

The present theoretical investigations of SiNTs are re-
stricted primarily to the comparison and contrast of the me-
chanical behaviors ofs10,10d ands17,0d SiNTs with those of
carbon nanotubes of similar radii Fig. 2 presents the varia-

TABLE I. Selected measured and predicted mechanical properties of bulk cubic diamond Si and carbon along different orientations as
obtained using Tersoff-Brenner potential.

Structure Orientation Poisson ratio Critical strains%d Young’s modulussGPad

Diamond Si s100d 0.223 15.27 176.5

s110d 0.247 19.39 165.8

s111d 0.269 21.43 158.4

Diamond carbon s100d 0.185 26.56 1067.2

s110d 0.176 21.34 1134.5

s111d 0.163 17.83 1178.3

FIG. 1. Initial configuration of silicon nanotubes forsad tensile
test andsbd fatigue test.fLabel “A” in sbd denotes the free motion
region and “B” indicates the tension-compression region.g
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tion of the strain energy per atom, which is calculated as the
difference between the total energy per atom in the strained
and unstrained conditions, with the percentage strain for
these nanotubes. For reasons of clarity, in comparing the me-
chanical behaviors of the different tubes, Fig. 2 presents the
results for the linear elastic response regime only. It is noted
that the linear elastic response regime is limited to low ap-
plied strainss%8%d and is characterized by the absence of
plastic structural deformation. The Young’s modulus value
for each nanotube is determined by applying a parabolic fit
to the corresponding plotted data. The Young’s modulus is
calculated as the second derivative of the total energy with
respect to the strain at the equilibrium configurationsi.e., at
zero straind, i.e.,

Y =
1

V0
S ]2E

]«2D
«=0

, s1d

whereV0 is the equilibrium volume,« is the strain, andE is
the total energy.

Determining precise values ofV0 for nanotubes is ex-
tremely challenging. Hence, many current researchers gener-
ally define this volume using a shell-thickness equal to the
interlayer spacing in graphite. In theory, this practice can
only be extended to other forms of nanotubes if the intention
is to compare their stiffnesses with that of carbon nanotubes.
However, the present study judges this simplification to be
acceptable for the current qualitative comparison of the me-
chanical behaviors of SiNTs with those of carbon
nanotubes.28,29

As shown in Eq.s2d below, the Poisson ratio is calculated
as the negative ratio of the relative change in radius over the
relative elongation, i.e.,

v = −
Rs«d − R0

R0
, s2d

whereRs«d is the tube radius at strain«, andR0 is the radius
at the equilibriumsno straind.

Table II presents the calculated mechanical properties of
the silicon and carbon nanotubes considered in the present
study. It is noted that the Young’s moduli of the SiNTs are
clearly lower than those of the conventional carbon nano-
tubessCNTsd. This observation can be attributed to various
differences in the carbon and Si bond properties. For ex-
ample, the C-C bond is known to be stronger than the
Si-Si bond and it is reasonable to assume that in a low-
dimensional structure such as a nanotube the same property
must appear.37,59,60 A further explanation may involve the
inability of Si to form strongp bonds, thereby stabilizingsp2

hybridization. The overlap of thep-p atomic valence orbitals
for carbon is far larger than that for silicon at corresponding
equilibrium distances, i.e., silicon favorssp3-type bonds
rather thansp2 bonds. Hence, thesp2-type SiNTs are signifi-
cantly less stiff than the CNTs under axial tension. The dis-
covery that at high pressures, cubic-diamond-structured sili-
con can undergo a phase transformation to highly
coordinated metallic phases such asb-tin and hexagonal
closed-packed structures was reported by Changet al.61 in
early 1985. Recently, Baiet al.62 presented atomistic
computer-simulation evidence for three of the thinnest me-

TABLE II. Mechanical properties of silicon, SiH, and carbon nanotubes as obtained from Tersoff-Brenner potential.sThe mean diameter
data relate to the equilibrium structures at zero strain.d

Tube type Mean diametersnmd Poisson ratio Critical strains%d Young’s modulussGPad

s10,10d SiNT 2.205 0.279 16.23 59.36

s17,0d SiNT 2.248 0.263 15.71 57.82

s10,10d SiHNT 2.291 0.253 15.11 56.62

s17,0d SiHNT 2.334 0.243 14.87 52.47

Square SiNT 0.898 0.285 21.33 78.03

Pentagonal SiNT 0.982 0.276 20.12 71.38

Hexagonal SiNT 1.065 0.271 19.41 69.45

s10,10d CNT 1.356 0.361 29.54 988

s17,0d CNT 1.366 0.324 27.37 973

FIG. 2. Strain energy values ofs10,10d ands17,0d Si sthick solid
lined, SiH sdotted lined, and carbonsthin solid lined nanotubes as a
function of the axial tensile strain.
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tallic SiNTs, i.e., the square, pentagonal, and hexagonal
types. The local geometric structures of these metallic SiNTs
differ from that of carbon-nanotube-like SiNTs in that they
are composed ofsp3-type bonds. Table II presents the me-
chanical properties of these metallic SiNTs and compared
the results with those for carbon-nanotube-like SiNTs and
CNTs. Furthermore, the structures of these metallic SiNTs
and carbon-nanotube-like SiNT under maximum tensile
strains also are shown in Fig. 3. Here, the critical strains are
found to be 21.33%, 20.12%, and 19.41% for the square,
pentagonal, and hexagonal metallic SiNTs, respectively. The
critical strains of these metallic SiNTs are significantly
higher than those of carbon-nanotube-like SiNTs. Therefore,
it appears that the local geometric structure alters not only
the electronic properties62–67but also the mechanical proper-
ties of the nanotube.

In addition, Table II indicates that thes10,10d and s17,0d
SiH nanotubes have lower tensile strengthsscorresponding to
critical strainsd than the SiNTs. Consequently, it can be con-
cluded that the mechanical properties of the nanotubes are
strongly influenced by surface hydrogen effects. Specifically,
the reduction in nanotube strength may arise from the com-
petition involved in forming hydrogen-silicon and silicon-
silicon bonds under tensile loading. During tensile deforma-
tion, the hydrogen atoms are liable to “catch” some of the
free silicon bonds. This prompts the formation of Si-H bonds
around the tube walls, which subsequently reduces the frac-
ture resistance of the nanotubes.

B. Effects of temperature and strain rate on silicon
and Si-based nanotubes

This study assumes that since tube failure occurs as a
result of dynamic processes, the mechanisms of material de-

formation are influenced both by temperature and by strain
rate. Therefore, if material deformations in silicon nanotubes
are to be fully understood, the precise influences of these
factors must be comprehensively investigated. Figure 4 pre-
sents the strain energies of a SiNT as a function of the tensile
strain for temperatures ofT=300 K, 600 K, 1200 K, and
1500 K and strain rates of 0.25% /10 ps, 0.25% /20 ps, and
0.25% /40 ps. For reasons of clarity, the figure considers the
case only of a single representative SiNT, i.e., thes10,10d
SiNT. Meanwhile, Figs. 5sad and 5sbd present the variation in
critical strain with the temperature and strain rate, respec-
tively, for the s10,10d armchair ands17,0d zigzag silicon and
carbon nanotubes. The results clearly demonstrate that in all
cases, the yield strainsand the corresponding tensile
strengthd decreases at higher temperatures and at slower
strain rates. Consequently, the mechanical properties of both
nanotubes are sensitive to the strain rate and temperature
conditions. Regarding the strain rate influence, the strain or
deformation tends not to be uniformly distributed within the
material, particularly when a large strain is applied. Hence,
some regions of the nanotube are subjected to larger stresses
or strains than others, and it is within these regions that de-
fects will first become evident. In the present study, when a
slower strain rate is applied, the SiNTs have more time to
induce adequate local deformations, and hence the onset of
plastic deformation is accelerated. Therefore, in SiNTs, a
slower strain rate results in a lower tensile strength under
tension conditions. Considering the temperature influence, a
higher temperature also results in a lower tensile strength
since, as the temperature is increased, a greater number of
molecules gain sufficient energy to overcome the activation
energy barrier, and hence plastic deformation occurs. This
result suggests that a thermally activated process plays an
activating role in the complete elongation of SiNTs. How-
ever, it is also feasible that thermal effects play a “healing”
role in mending broken bonds.

FIG. 3. Typical structural snapshots of three metallic SiNTs and
carbon-nanotube-like SiNT under maximum tensile strain before
plastic deformations set in.sad Square,sbd pentagonal,scd hexago-
nal metallic SiNTs, andsdd s10,10d carbon-nanotube-like SiNT.

FIG. 4. Variation in strain energy with axial tensile strain for
representative silicon nanotubefi.e., thes10,10d SiNTg at different
temperatures and strain rates.
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C. Effects of vacancy defects in silicon and Si-based nanotubes

This section considers the effects of various percentages
sVd of randomly positioned vacancy defects upon the me-
chanical properties of SiNTs. The random distribution of the
vacancies is modeled as follows:sid a vacancy percentage is
specified in the range of 6% to 30% and is then applied to the
total number of atoms within the material to calculate the
actual number of vacancies,sii d the random vacancies are
numbered sequentially,siii d the occupation positions of the
vacancies are derived, andsivd the atoms and the vacancies
are converted to their actual positions in the simulation. Ten-
sile testing is then simulated in order to explore the effects of
the vacancies on the mechanical properties of the nanotubes.

Figures 6sad and 6sbd present the tensile strength of the elon-
gated tubes as a function of various vacancy percentages at
various constant temperatures for thes10,10d ands17,0d sili-
con nanotubes, respectively. It is interesting to note that at
higher temperatures, there is a dramatic reduction in the ab-
solute value of the tensile strengths of thes10,10d and
s17,0d SiNTs. It is also noted that at lower temperatures, the
tensile strength decreases gradually as the vacancy percent-
age increases. This suggests that as the temperature in-
creases, the strained SiNTs overcome the local energy barrier
and develop fragile structures, even in the case of lower va-
cancy percentages. In other words, the vacancy percentage

FIG. 5. sad Variation in critical strain with temperature for sili-
con and carbon nanotubes at constant strain rate of 0.25% /20 ps.
sbd Variation in critical strain with strain rate for silicon and carbon
nanotubes at constant temperature ofT=300 K. FIG. 6. Tensile strength of elongated tubes as a function of

various vacancy percentages at various constant temperatures,sad
s10,10d SiNT andsbd s17,0d SiNT.
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has a more significant effect upon the mechanical properties
of the tubes at higher temperatures than at lower tempera-
tures. Of the two nanotubes, it is noted that the tensile
strength of thes10,10d SiNT is particularly susceptible to the
presence of vacancy defects at higher temperatures.

D. Mechanical properties of silicon and Si-based nanotubes
under fatigue

Figures 7sad and 7sbd plot the variation in the stress am-
plitude versus the number of cycles for SiNTs with various
vacanciessVd at a constant temperature ofT=300 K, which
show that the stress amplitude of thes10,10d SiNT is larger
than that of thes17,0d SiNT under similar fatigue conditions.

In particular, the results also indicate that in the higher stress
amplitude region, the effects of the vacancy percentage are
not significant. However, in the lower stress amplitude re-
gion, it is clear that the stress decreases considerably as the
percentage of defects increases. This observation suggests
that when the value of the applied stress is less-than-critical,
the lower the vacancy percentage, the higher the fatigue
limit. Generally, the elongation of the material induced by
increasing vacancies leads to premature yielding, thereby
causing a substantial reduction in the mechanical properties
of the tubesfas evidenced previously in Figs. 6sad and 6sbdg.
Figures 8sad and 8sbd present the relationship between the
stress amplitude and the number of cycles to failure at vari-
ous temperatures for thes10,10d and s17,0d SiNTs with V
=6%. It can be seen that the fatigue stress increases with

FIG. 7. Cyclic stress versus number of cycles to failure forsad
s10,10d SiNT andsbd s17,0d SiNT with various vacancy percentages
and a constant temperature ofT=300 K.

FIG. 8. Cyclic stress versus number of cycles to failure forsad
s10,10d SiNT and sbd s17,0d SiNT with V=6% and various
temperatures.
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increasing temperature. This observation is attributed to the
diffusion of vacancies which occurs during cyclic loading.
The diffusion phenomenon is clearly enhanced at higher tem-
peratures. Consequently, the allowable strain, and hence the
allowable stress, at a higher temperature is greater in the case
of a perfect nanotube material. It is noted that the trend ob-
served under fatigue conditions is very different from that
identified under tensile testing. This difference is explained
by the continuous nature of the applied stress in the tensile
tests as opposed to the application of a less-than-critical ap-
plied stress in the case of the fatigue tests.

IV. CONCLUSIONS

This study has adopted the Tersoff-Brenner many-body
potential to perform MD simulations of the tensile and fa-
tigue testing of two extreme case silicon and SiH nanotubes
at various temperature conditions, strain rates, and vacancy
percentages. The present results validate the majority of the
predictions yielded by simpler theories, and illustrate the me-
chanical properties and material strength limits of these
nanotubes under remarkable effects, for example, various
temperatures and vacancy percentages. The following con-

clusions can be drawn from the current results:
s1d The mechanical properties of bulk silicon, bulk car-

bon, SiNTs and CNTs have been revealed by the Tersoff-
Brenner many-body potential.

s2d The tensile strength is strongly dependent on the tem-
perature and strain rate.

s3d In general, the vacancy defect percentage has a sig-
nificant influence upon the majority of the mechanical prop-
erties considered in the present study. Specifically, the me-
chanical properties of the nanotubes tend to reduce with
increasing vacancy percentage.

s4d In the lower stress amplitude region, the fatigue limit
decreases with increasing vacancy percentage. However, in
the higher stress amplitude region, the vacancy percentage
has no significant influence on the fatigue limit. Additionally,
the fatigue stress increases with increasing temperature.
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