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Molecular-dynamics methods using the Tersoff bond-order potential are performed to study the nanome-
chanical behavior of �111�-oriented �-SiC nanowires under tension, compression, torsion, combined tension-
torsion, and combined compression-torsion. Under axial tensile strain, the bonds of the nanowires are just
stretched before the failure of nanowires by bond breakage. The failure behavior is found to depend on size and
temperatures. Under axial compressive strain, the collapse of the SiC nanowires by yielding or column buck-
ling mode depends on the length and diameters of the nanowires, and the latter is consistent with the analysis
of equivalent continuum structures using Euler buckling theory. The nanowires collapse through a phase
transformation—from crystal to amorphous structure—in several atomic layers under torsion strain. Under
combined loading the failure and buckling modes are not affected by the torsion with a small torsion rate, but
the critical stress decreases by increasing the torsion rate. Torsion buckling occurs before the failure and
buckling with a big torsion rate. Plastic deformation appears in the buckling zone by further increasing the
combined loading.
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I. INTRODUCTION

Silicon carbide �SiC�, one of the third-generation wide-
band-gap semiconductor materials, is usually used in elec-
tronic devices under harsh environments due to its high
strength, high breakdown electronic field, high thermal con-
ductivity, high saturation drift velocity, and excellent physi-
cal and chemical stability.1 One dimensional nanostructures
of SiC have also attracted considerable attention for their
unique physical and electronic properties due to quantum-
size effects, making them to be important materials in nano-
technology and nanoscale engineering.2,3 With the recent ad-
vances in crystal grown technology, SiC nanowires have
been fabricated4–9 as building blocks in the miniaturization
of electronic devices. Most SiC nanowires are of cubic zinc-
blend structure ��-SiC� growth along the �111� direction,4–9

exhibiting mechanical properties superior to other forms of
SiC. Wong et al.10 measured the strength of SiC nanowires
using atomic force microscopy combined with the lithogra-
phy technique. The reported elastic modulus and the largest
ultimate bending strength are 610–660 and 53.4 GPa, respec-
tively, which are two or more times higher than the values
measured previously for SiC whiskers with micrometer
diameters.11 As a compound semiconductor, SiC nanowires
are expected to have outstanding thermal and mechanical
strengths and can be used in the fabrication of nanodevices
operating at high temperature. Understanding the mechanical
behavior of SiC nanowires is essential and of significant im-
portance in order to determine the strength of these materials
for practical application as electronic or optical interconnects
and as components in microelectromechanics. Molecular-
dynamics �MD� simulations can provide new insights into
nanowires’ mechanical behavior and deformation mecha-
nisms, and these methods have been widely used to study the
nanomechanical behavior of various nanowires, such as
metal nanowires,12–15 intermetallic nanowires,16 and semi-

conductor nanowires.17–19 In this paper, we report the results
of MD simulations on the nanomechanical behavior of �111�-
oriented SiC nanowires.

II. SIMULATION METHODS

The atomic interactions are described by the Tersoff bond-
order potential,20,21 where the short-range interactions have
been modified to match ab initio calculations22 as described
by Devannathem et al.23 The modified potential has been
used to study the melting temperature of �-SiC �Ref. 24�
using a “semiconstant volume simulations.”25 The estimated
melting temperature is 3050 K, which is in reasonable agree-
ment with the reported experimental value of 2800 K and
recent MD simulation result of 3250�50 K.26 The potential
has been known to describe adequately the crystalline
and amorphous phases of SiC and its nonstoichiometric
alloys27 and has been employed to study the ion irradiation
induced defects,28–30 thermal properties,31,32 and surface
reconstruction33 of SiC. All of these results have demon-
strated that the Tersoff potential is capable of describing the
equilibrium and deformed structures of crystalline SiC nano-
wires. In order to make it properly describe the properties
under large strains, Tang et al.32,34 modified the potential
using variable cutoffs to study elastic and thermal properties
of SiC and brittle fracture of cubic SiC under hydrostatic
pressure. We tested several cases using the same technique
and found no difference by using the potential without ad-
justing the cutoffs. Although the first-principles quantum-
mechanical methods generally give the most accurate results,
they cannot be applied to a larger system and longer simula-
tion time. The short-range potentials employed should not
affect the main conclusions obtained in the present investi-
gations and could provide some useful results.

MD simulations were performed on the �111�-oriented
SiC nanowires. The nanowires with hexagonal, rectangular,

PHYSICAL REVIEW B 77, 224113 �2008�

1098-0121/2008/77�22�/224113�10� ©2008 The American Physical Society224113-1

http://dx.doi.org/10.1103/PhysRevB.77.224113


triangular, rhombohedral, octagonal, and circular cross-
sectional shapes are shown in Fig. 1�a� with different diam-
eters, but all have a supercell length of 3.02 nm. These nano-
wires were used to examine their relative stabilities with
different cross sections. It should be noted that the circular
cross section is not perfectly circular, but its vertical and
horizontal diameters are nearly equal and its shape closely
resembles a circle. On minimizing the energy, the shapes of
the nanowires did not change significantly. Figure 1�b�
shows the potential energies of the nanowires with various
cross-sectional shapes calculated at 0 K. It is clear that the
energy decreases as the number of atoms increases for a
given shape. This is because the larger diameter nanowires
are less strained. A comparison of the different shaped nano-
wires with the same size shows that the nanowires with a
hexagonal cross-sectional shape have the minimum potential
energy, indicating that these nanowires are the most stable.
These results agree with experimental results that demon-
strate the most stable and natural cross-sectional
configurations.9,35 So nanowires with a hexagonal cross-
sectional shape are used in this work. The computational
models of SiC nanowires were constructed from the crystal
structure of �-SiC along the �111� direction, with diameters
ranging from 1.65 to 3.31 nm �the corresponding atom num-
bers change from 2184 to 7944�. The diameter of the nano-
wires with a hexagonal cross section is defined as an average
of two radial dimensions: center to corner and center to edge
distances. A rigid boundary condition along the axial direc-
tion is used in this work. The initial structures of the nano-
wires are equilibrated for 100 ps at a given temperature,
which allows the nanowires to reach stable configurations.

III. RESULTS AND DISCUSSIONS

A. Relaxed SiC nanowires

Figure 2 shows the top views of the geometry of the four
simulated SiC nanowires. The relaxed configurations show
that the surface layer atoms undergo a bond-length contrac-
tion in which the C surface atoms only relax parallel to the
surface, while the Si surface atoms relax parallel and perpen-
dicular to the surface, moving radially inward by 0.012 nm.
The relaxation of the atoms on the second outmost layers is
very small. The relaxed SiC bond length on the outmost
surface layer is 0.186 nm, which contracts by 1.58% com-
pared with that in the bulk SiC. The ripple surface structure
obtained in this work is in agreement with other theoretical
predictions.36,37

B. Tensile behavior

The tension or compression was performed by displacing
the top and bottom fixed five atomic layers in opposite di-
rections at a constant strain rate, and the remaining atoms in
the middle part are free to relax in time. The simulation
strain rates of 0.003% ps−1 �0.3 m /s were used in this
work. In the present simulations, the time step was set to be
0.5 fs. The axial stress was taken as the arithmetic mean of
the local stresses over all the atoms and was computed by
averaging over the final 2000 relaxation steps during each
strain increment. The length of 9.06 nm was used to investi-
gate the tensile behavior.

Figure 3 shows the tensile stress-strain relationship for the
tensile process of SiC nanowires with four different diam-
eters at various temperatures. All the stress-strain curves are
similar, irrespective of diameters and temperatures. The
stress-strain curves show the same characters as those of the
�100�-oriented SiC rod under tensile strain with an extension
rate of 2 m/s,27 which demonstrates the brittle failure. The
stress increases with increasing strain of up to a threshold
value that is defined as the critical stress for yield, but the
further increase in strain leads to the abrupt dropping of
stress. For example, for the nanowires with a diameter of
2.00 nm, the stress increases with increasing strain of up to
111 GPa �at strain of 27.3%� and 47.1 GPa �at strain of
14.6%� at 300 and 1800 K, respectively, and further in-

FIG. 1. �a� Cross-sectional shapes of SiC nanowires used in this
work to examine the stability of nanowires; �b� Potential energies of
the nanowires with various cross-sectional shapes calculated at 0 K.
It is clear that the energy decrease as the number of atoms increases
and that for a give shape.

FIG. 2. Cross-sectional views of the �111�-oriented SiC nano-
wires. The nanowires diameters are �a� 1.65 nm, �b� 2.00 nm, �c�
2.64 nm, and �d� 3.31 nm.
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creases in strain and lead to stress abruptly decreasing to
�0.0 GPa. Judging from the character of the stress-strain
dependences, we can assume that the SiC nanowires will fail
without exhibiting any plasticlike behavior.

Young’s moduli determined from the stress-strain curves
with the strain �3.0% using linear regression are 520, 532,
546, and 555 GPa for the four nanowires with diameter in
increasing order at 300 K. Young’s modulus along the �111�
direction obtained by Lambrecht et al.38 is 603 GPa using the
full potential linear muffin-tin orbital method, while it is 558
GPa calculated by Li et al.39 using the pseudopotential plane-
wave method. Petrovic et al.40 measured Young’s modulus of
�-SiC whisker, with an average value of 581 GPa with
�10% scattering. Applying the equation of the cantilever
beam, Wong et al.10 measured Young’s modulus of �111�-
oriented SiC nanorod with a diameter of 21.5 nm is 660 GPa.
So the computed values in the current simulations agree well
with previous data. The computed Young’s moduli for the
four studied nanowires at various temperatures are summa-
rized in Table I. Young’s modulus depends on the nanowire
size and simulation temperature and increases with the size
of the system and decreases with temperature due to the soft-
ness of the nanowire materials.41 Young’s moduli of the
nanowires are also larger than the corresponding values of a
�100�-oriented SiC rod and bulk SiC,27 indicating that SiC
nanowires have great potential for use in composite materials
as reinforcements.

The evolution of atomic configurations at several stages
under tension at 300 and 1800 K for the SiC nanowires with
four different diameters is shown in Figs. 4 and 5, respec-

tively. Under the critical strain, the bonds of the nanowires
are just stretched and preserve their fourfold coordination in
the nanowires, and no structural defects appear at this stage.
With further stretching, bond breakage in the outmost layer
is observed and rapidly spreads toward the center as the
strain increases. Several atomic chains can be seen before the
nanowires rupture. When a single crystal is stretched, the
fundamental deformation mechanism is a shearing action
based on the resolved shear stress on an active slip system.
The �-SiC is a diamond structure and its slip plane is
�111�,42,43 whereas the load is along the �111� orientation in
the present simulation, the resolved shear stress on the �111�
plane is zero, which implies that no shearing takes place. The
deformation will proceed by bond stretching and breakage
without local necking.

Figure 6 shows the variation in the critical stress with
temperature for the SiC nanowires. The results clearly show
that the critical stress decreases with increasing temperature.
Consequently, the mechanical properties of nanowires are
sensitive to the temperature. At higher temperature, the
atomic structure has high entropy, and the atoms vibrate
about their equilibrium position at much larger amplitude, as
compared to those at low temperatures. Thus, bond breakage
becomes much easier at higher temperatures, which may

FIG. 3. Stress-strain curves for the tensile process of SiC nano-
wires at various temperatures with diameters of �a� 1.65 nm, �b�
2.00 nm, �c� 2.64 nm, and �d� 3.31 nm.

TABLE I. Young’s modulus �in GPa� of the SiC nanowires with different diameters at temperatures of
300–2400 K obtained from stress-strain curves with the strain �3.0% using linear regression.

D �nm� 300 K 600 K 900 K 1200 K 1500 K 1800 K 2100 K 2400 K

1.65 520 508 496 484 473 471 452 448

2.00 532 520 510 497 487 483 479 454

2.64 546 535 523 512 500 493 492 474

3.31 555 544 533 521 512 504 504 483

FIG. 4. Atomic configurations at several stages under tension at
300 K for the SiC nanowires with four different diameters of �a�
1.65 nm, �b� 2.00 nm, �c� 2.64 nm, and �d� 3.31 nm.
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suggest that a thermally activated process plays an activating
role in the complete elongation of the SiC nanowires.

C. Compressive behavior

Figure 7 shows the compressive stress-strain relationship
of the SiC nanowires with four different diameters and
lengths at 300 K. The stress increases with the increase in
strain and decreases after passing a threshold value. The
atomic configurations show that short and long nanowires

under compression exhibit different modes for the collapse
of the SiC nanowires, one with yielding and another with
column buckling, respectively. Figure 8 represents the com-
pressive yielding process for the nanowires with a diameter
of 2.00 nm at a length of 4.53 nm. It is clear that the SiC
nanowires progressively shorten when compression increases
but remain straight up to a strain of 13.89%; the nanowires
deform by yielding with further increase of strain. For the
longer nanowires with the same diameter, the failure of the
nanowires changes to a buckling mode due to the instability
of the structure. The critical buckling stress is much smaller
than the compressive yielding stress. As the nanowires
buckle, instead of remaining straight, they become curved.
Figure 9 shows the buckling configurations for the nanowires
with a diameter of 2.00 nm at a length of 12.08 nm.

The critical compression strength obtained from the MD
simulations is compared with the theoretical Euler buckling
load. The latter is given by44

Pcr =
�2EI

Le
2 , �1�

where E is Young’s modulus and Le is the effective length of
the tube. Both ends of the tubes are fixed against rotation so
that Le=L /2,45 where L is the length of the tube, and I is the
moment of inertia. The critical stresses at buckling versus the
wire length obtained using MD simulation and Euler theories
are shown in Fig. 10. As can be seen from the figure, the
results of Euler column theory and MD simulations are very
close to each other for wire lengths longer than 10 nm, the

FIG. 5. Atomic configurations at several stages under tension at
1800 K for the SiC nanowires with diameters of �a� 1.65 nm, �b�
2.00 nm, �c� 2.64 nm, and �d� 3.31 nm.

FIG. 6. Temperature dependence of the critical stress of the SiC
nanowires. The critical stress decreases with temperature and in-
creases with diameter.

FIG. 7. Compressive stress-strain relationship of the SiC nano-
wires with different diameters and wire length, simulated at 300 K.

FIG. 8. Atomic configurations show the compressive yielding
process for the nanowires with diameter of 2.00 nm at a length of
4.53 nm.
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critical stress decreases inversely with the square of the wire
length for the nanowire with a diameter of 1.65 nm. How-
ever, for wire lengths shorter than 10 nm, the critical stress
obtained from the MD is much smaller than that given by the
Euler buckling theory, and the critical stress shows less de-
pendence on the wire length. We should note that the Euler
buckling theory only predicts the critical buckling stress for
columnar buckling. Because the buckling mode shifts from a
columnar mode to a yielding mode as the wire length de-
creases, the prediction of the critical stress given by MD
simulation is much less than that given by the Euler buckling
theory. From Fig. 10, it is also observed that the critical
stress increases with increasing diameter of nanowires of the
same length. The critical stress as a function of diameter of
nanowires is shown in Fig. 11. We find that the theoretical
critical compressive stress fits well to a linear dependence on
the nanowire diameters D �nanometers� for wire lengths
shorter than 6.04 nm and longer than 15.1 nm. However, for

wire lengths in the range between 6.04 and 15.1 nm, the
critical stress cannot be fitted linearly. The dependence of
critical stress on the diameter at a length of 1.51 nm can be
fitted by Pcr=4.225D+60.51, which may attribute to the dif-
ferent collapse modes. If the nanowires collapse with yield-
ing or column buckling mode, the critical stress will increase
linearly. However, as the wire length ranges from 6.04 to
15.1 nm with diameters of 1.65 and 2.00 nm, the nanowires
collapse through column buckling, whereas the nanowires
with diameters of 2.64 and 3.31 nm collapse through yield-
ing mode. This may explain why the critical stress cannot be
fitted into a linear relationship with the diameter in the
present simulations.

D. Torsion behavior

The torsion was performed by keeping fixed one end of
the nanowires, while the torsion loads are applied to another
end, and the remaining atoms in the middle part are free to
relax. A time step of 0.5 fs is used. The energy of the initial
strain free configurations is denoted as E0 and that of the
strained system is denoted as El. The strain energy Es=El
−E0 is accumulated in the nanowires due to torsion. Figures
12�a� and 12�b� show the strain energy as a function of tor-
sion angle for the nanowires with a diameter of 2.0 nm and
length ranged from 3.02 to 18.12 nm at 300 and 1500 K,
respectively. The torsion rates of 0.01° and 0.15° ps−1 are
used at 300 and 1500 K, respectively. As seen from Fig. 12,
there is a critical value of torsional angle, beyond which
plastic defects occur with a sudden drop in the accumulated
torsional strain energy. This angle corresponds to the critical
torque �c, below which the nanowires can sustain without
any loss in structure integrity and the strain energy Es in-
creases with the increasing of torsional angle �, following a
quadratic form Es=k�2. The evolution of the atomic configu-
ration of the nanowire with a diameter of 2.0 nm and a length
of 12.08 nm under different torsion angles at a simulation
temperature of 300 K is shown in Fig. 13. The whole struc-
ture retains hexagonal cross section as the torsion angle is
smaller than 221°. The atoms move only along the circum-
ferential direction and the crystal lattices preserve their origi-
nal arrangements. Once the torsion angle exceeds the critical
value, a slight collapse of the structure takes place in the

FIG. 9. Atomic configurations show the column buckling pro-
cess for the nanowires with a diameter of 2.00 nm at a length of
12.08 nm.

FIG. 10. The wire length dependence of the critical stresses
obtained by MD simulations and Euler theory.

FIG. 11. Critical stress as a function of the nanowires diameter,
which shows that critical buckling stress increases linearly with
increasing diameter if the nanowires collapse in a similar mode for
the same length.
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middle part of the nanowires. Crystal to amorphous structure
transition can be observed in the collapse part. The configu-
ration deforms more violently as the torsion angle increases.

The torsional buckling is also found to strongly depend on
the length of the nanowire. The critical torsional angles as a
function of wire length at 300 and 1500 K are shown in Figs.
12�c� and 12�d�, respectively. It is clearly shown that the
critical torsional angle increases with the increasing of wire
length. Since the torsional buckling occurs as a result of
dynamic processes, the mechanisms of material deformation
can also be influenced by temperatures. Thus, the effect of
temperature on the buckling behavior is also investigated.
The critical torsional angle as a function of temperature is
shown in Fig. 14 for the nanowires with a length of 9.06 nm.
As can be seen from the figure, the critical torsional angles
depend on the temperature and diameter of the nanowires.
The critical torsional angle decreases with the increasing of
temperature. This result suggests that a thermal activated
process plays an activating role in the buckling of SiC nano-
wires. At higher temperatures, the atomic structure has

higher entropy, and the atoms vibrate around their equilib-
rium positions at much larger amplitude, as compared to the
low temperatures, and hence deformation occurs easily. The
critical torsional angle also depends on the diameter of the
nanowires, the larger critical angles correspond to thinner
nanowires. This is probably due to the effect of increased
surface-to-volume ratio, which allows for nonlinear relax-
ation of the accumulated stress in the most efficient way for
atomically resolved model systems.

E. Combined tension-torsion

A fixed boundary condition is assumed at one end of the
nanowire, while the combined tensile-torsion loads are ap-
plied to the another end. The applied strain is increased
slightly to deform the SiC nanowires. The combined tension-
torsion or compression-torsion is applied simultaneously dur-
ing the simulations. In all the simulations, a time step of 0.5
fs is used. All the atoms are first allowed to move freely until
the structure reaches the minimum-energy configuration at a
given temperature, and then the combined tension-torsion
loading is applied. The deformed nanowire is relaxed for 10

FIG. 12. Strain energy as a
function of torsion angle for the
nanowires with a diameter of 2.0
nm and length changed from 3.02
to 18.12 nm at �a� 300 K and �b�
1500 K. Critical torsional angles
as a function of wire length at �c�
300 K and �d� 1500 K.

FIG. 13. Evolution of the atomic configuration of nanowires
with a diameter of 2.0 nm and a length of 12.08 nm under different
torsion angles at a simulation temperature of 300 K. FIG. 14. Critical torsional angle as a function of temperature.
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ps, and the relaxed structure is used as an initial configura-
tion for the next MD step. The stress during each strain in-
crement is computed by averaging over the final 2000 relax-
ation steps. A strain rate of 0.005% ps−1 is used in the tensile
and compressive loading, and torsion rate changes from
0.02° to 0.15° ps−1.

Figure 15�a� shows the relationships between tensile
stress and strain for the nanowires with a diameter of 2.0 nm
and with a torsion strain rate of 0.02° ps−1 at various tem-
peratures. The stress-strain curves show the same character-
istic as that of pure tension. The stress increases with in-
creasing strain up to a maximum value but further increase in
strain leads to the stress abruptly dropping to about 0 GPa.
The evolution of atomic configurations before and after fail-
ure under tension at 300–1500 K is shown in Fig. 16. The
nanowires deform through bond stretching and breakage un-
der the combined tension-torsion with a torsion strain rate of
0.02° ps−1. The relationships between tensile stress and
strain for the nanowires with a diameter of 3.31 nm and with
a torsion strain rate of 0.10° ps−1 at various temperatures
are shown in Fig. 15�b�. The stress-strain curves show the
different characteristics as that of pure tension �as shown in
Fig. 3�d��. The stress decreases slowly with the increase of
the strain after passing the critical stress. The evolutions of
the atomic configurations at several stages under combined
tension-torsion for the nanowires with a diameter of 3.31 nm
and a torsion strain rate of 0.10° ps−1 at 300 and 1500 K are
shown in Figs. 17�a� and 17�b�, respectively. The whole
structure retains hexagonal cross section as the tensile strain
is smaller than 5.80% and 5.00% at 300 and 1500 K, respec-
tively. The atoms move only along the circumferential direc-
tion and the crystal lattices preserve their original arrange-
ments. As the strain increases further, a slight collapse of the
structure takes place in the nanowires as circled by the dotted
lines, and this part transforms to amorphous phase as with
further increase in the strain. Plastic deformation appears in
the amorphous zone with further increase in the strain. So the
fracture behavior changes from a brittle manner to a ductile
manner.

Figure 18 shows the critical tensile stress as a function of
temperature. The critical stress decreases with the increase in

temperature except for the nanowires with bigger diameters
and with larger torsion rate, in which case the critical stress
increases first with increasing temperature and then de-
creases. For example, the critical stress increases from 24.3
to 38.3 GPa as the temperature increases from 300 to 900 K
for the nanowire with a diameter of 3.31 nm and a torsion
rate of 0.10° ps−1. With a low torsion rate the torsion buck-
ling does not occur before tensile failure, the combined
tension-torsion dose not change the failure mode of the nano-
wires. As discussed above, a thermal activated process plays

FIG. 15. Tensile stress-strain curves for �a� nanowires with a
diameter of 2.0 nm and with a torsion strain rate of 0.02° ps−1 and
�b� nanowires with a diameter of 3.31 nm and with a torsion strain
rate of 0.10° ps−1 at various temperatures.

FIG. 16. The evolution of atomic configurations before and after
failure under tension at 300–1500 K for the nanowire with a diam-
eter of 2.00 nm; the torsion rate is 0.02° ps−1.

FIG. 17. The evolutions of the atomic configurations at several
stages under combined tension-torsion for the nanowires with a
diameter of 3.31 nm and with a torsion strain rate of 0.10° ps−1 at
�a� 300 K and �b� 1500 K.
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an activating role in the tensile failure of the SiC nanowires,
and thus, the critical tensile stress decreases with increasing
the temperature. Torsion deformation will lower the energy
barrier for bond ruptures such that the critical stress de-
creases with increasing torsion rate. With large torsion rate,
the torsion buckling occurs before the failure of the nano-
wires, and the plastic deformation primarily appears in the
buckling zone under further combined loading. The critical
stress shows a different dependence on the temperature as
that with lower torsion rates.

F. Combined compression-torsion

Figures 19�a� and 19�b� show the stress-strain curves for
the nanowire with a diameter of 2.00 nm at 300 and 1500 K,
respectively, with torsion strain ranged from 0.00 to
0.15° ps−1. The stress increases with increasing strain up to
a maximum value but further increase in strain leads to drop-
ping of the stress. It is clear that the linear part of the stress-
strain curves completely overlap, which implies that the tor-
sion rate has no significant effect on the elastic properties of
SiC nanowires.

The buckling loads as a function of torsion rate for the
nanowires under combined compression-torsion loading at
300 and 1500 K are shown in Figs. 19�c� and 19�d�, respec-
tively. The buckling load decreases with increasing torsion
rate. For example, the critical stress decreases from 61.3 to
18.7 GPa as the torsion rate increases from 0.0 to 0.15° ps−1

for a nanowire with a diameter of 2.64 nm at 300 K. The
larger torsion rate lowering the critical stress can be attrib-
uted to the fact that larger torsion lowers the energy barrier
for the deformation of the nanowires.

Figure 20 shows the side views of the atomic configura-
tions at different stages of the nanowires with a diameter of

2.00 nm and torsion rates of 0.02°, 0.07°, and 0.15° ps−1 at
a simulation temperature of 300 K. With the rates of 0.02 and
0.07° ps−1 the torsion does not change the collapse mode of
the nanowires, which still collapse with a column buckling
mode. However, the nanowires collapse through atom rear-
rangement under combined compression-torsion with a tor-
sion rate of 0.15° ps−1. This is because the torsion buckling
occurs before the compression buckling.

As the collapse mode of the SiC nanowires depends on
the length and diameters of the nanowires, the response of
the nanowires with different lengths under combined
compression-torsion is investigated with a torsion rate of
0.05° ps−1. The compressive stress as a function of strain
for the nanowire with a diameter of 2.00 nm and length
ranged from 3.02 to 18.12 nm at 300 and 1500 K are shown

FIG. 18. Critical tensile stresses as a function of temperature for
the nanowires under combined tension-torsion.

FIG. 19. Stress-strain curves for nanowire with a diameter of
2.00 nm at �a� 300 K and �b� 1500 K under combined tension-
torsion with torsion strain changed from 0.00 to 0.15° ps−1. The
buckling load as a function of torsion rate for the nanowires under
combined compression-torsion loading at �c� 300 K and �d� 1500 K.

FIG. 20. Side views of the atomic configurations at different
stages of the nanowires with a diameter of 2.00 nm under combined
compression-torsion with torsion rates of �a� 0.02° ps−1,
�b� 0.07° ps−1, and �c� 0.15° ps−1 at a simulation temperature of
300 K.
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in Figs. 21�a� and 21�b�, respectively. As seen from the fig-
ures, the stress-strain relationship follows Hooke’s law for
low strains, the stress increases almost linearly with increas-
ing strain up to a threshold value that is defined as the critical
stress, and further increase in strain leads to decrease in
stress. Figures 21�c� and 21�d� show the dependence of criti-
cal buckling stress on the wire length under combined
compression-torsion at 300 and 1500 K, respectively. There
is a critical length, below which the critical stress increases
with increasing the length, but above which the critical stress
decreases. The critical length increases with increasing the
diameter of the nanowires, and they are �6.04, �9.06,
�12.08, and �15.1 nm for the nanowires with diameters of
1.65, 2.00, 2.64, and 3.31 nm, respectively. Compared with
the buckling critical stress under pure compression �Fig. 10�,
we notice that the critical stress decreases under the com-
bined compression-torsion as the wire length is shorter than
the critical length but shows almost no changes as the length
is longer than the critical length. The atomic evolutions of
the nanowires with a diameter of 2.64 nm and lengths of 4.53
and 15.1 nm are shown in Figs. 22�a� and 22�b�, respectively,
under combined compression-torsion. It is clearly shown that
the combined compression-torsion does not alter the buck-
ling mode of the long nanowires, and thus, the critical stress
shows almost no changes as compared with buckling load of
the nanowires with pure compressive strain. For the nano-
wires with a length of 4.53 nm, the atoms move only along
the circumferential direction, and the crystal lattices preserve
their original arrangements up to a compressive strain of

7.15%. As the strain reaches 7.8%, a small collapse of the
structure takes place in the middle part of the nanowires.
Crystal to amorphous �c-a� structure transition can be ob-
served in the collapse part. The atomic configuration deforms
more violently as the torsion angle increases, indicating that
the short nanowires collapse through the c-a transition under
combined compression-torsion. This induces the decrease in
the critical buckling stress, as compared with that with pure
compression.

IV. SUMMARY AND CONCLUSIONS

In summary, the nanomechanical behaviors of �-SiC
nanowires with different diameters are investigated using
molecular dynamics methods under uniaxial tensile and com-
pressive loadings. The results show that the nanowires de-
form through bond-stretching and breaking in response to the
axial tension. Young’s moduli obtained from the stress-strain
curves are 520, 532, 546, and 555 GPa for the four nano-
wires at 300 K and increases with diameter and decreases
with temperature due to the softness of the nanowire materi-
als. Under axial compressive strain, the collapse of SiC
nanowires through yielding or column buckling mode de-
pends on the length and diameter of the nanowires, and the
latter is consistent with the prediction of equivalent con-
tinuum structures using Euler buckling theory. We also find
that the critical buckling stress increases linearly with in-
creasing diameter for a similar collapse mode at the same
length. The nanowire collapse through a phase transforma-
tion from crystal to amorphous structure in several atomic
layers under torsion strain. Under combined loading the fail-
ure and buckling mode are not affected by the torsion with a
small torsion rate, but the critical stress decreases with in-
creasing torsion rate. Torsion buckling occurs before the fail-
ure and buckling with a big torsion rate. Plastic deformation
appears in the buckling zone with further increasing strain.
The torsion rate has no effect on the elastic properties of SiC
nanowires.

FIG. 21. Compressive stress as a function of strain for the nano-
wire with a diameter of 2.00 nm and length changed from 3.02 to
18.12 nm at �a� 300 K and �b� 1500 K. Dependence of critical
buckling stress on the wire length under combined compression-
torsion at �c� 300 K and �d� 1500 K.

FIG. 22. Evolutions of atomic configurations of nanowires with
a diameter of 2.64 nm and a length of �a� 4.53 and �b� 15.1 nm
under combined compression-torsion.
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