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a b s t r a c t
This paper investigates the effect of compressive strain rate on the mechanical behaviour of single crystalline silicon nanowires using molecular dynamics simulation. It was found that of the whole range of
the strain rates studied, the initial deformation of a nanowire is elastic. At lower strain rates the nanowire
exhibits greater elasticity, and simple constitutive equations can be developed to describe the nanoscale
structure and its deformation mechanism. With the increase in strain rate, the buckling stress increases
and becomes steady at medium strain rates. On applying a very high strain rate, which is equivalent to a
mechanical shock, the maximum buckling stress has a sudden rise and the silicon nanowire undergoes
ballistic annihilation at both ends.
Crown Copyright Ó 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction
Silicon nanowires (SiNWs) are key building blocks in nano-electro-mechanical applications and have been used in a wide variety
of devices [1–4], such as ﬁeld effect transistors (FETs), p–n diodes,
bipolar junction transistors and complementary inverters.
A detailed understanding of the mechanical behaviour of nanocomponents is largely impeded by the difﬁculty in accounting for
the scale and surface effects in conventional continuum mechanics
models [5–9]. It is well known in classical mechanics of materials
that the strain rate plays an important role in the dynamic plastic
behaviour of structures under simple dynamic loads [10,11]. For
example, mild steel with varying ferrite grain sizes under uniaxial
compressive tests [12] has a signiﬁcant increase in the upper yield
stress with increasing the strain rate. Other materials such as titanium and aluminium 60116-T6 are shown to be less sensitive [13].
Theoretically, the strain-rate sensitivity of idealized elastic–plastic
linear hardening material under the impact of a mass [14] has also
been studied with the aid of the Cowper–Symonds equation [15].
The effect of strain rate on the behaviour of nano-mechanical
components has not been deeply understood due to the difﬁculties
in experimentation. An early molecular dynamics study [16] of Ni
nanowires under uniaxial strain using an embedded-atom (manybodied) potential reported that for strain rates from 0.05% to 15%
ps1, the nanowire behaved elastically up to the strain of 11.5%
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at the stress of 9.4 GPa. The Ni nanowire had a higher fracture
point with different strain rates. At low strain rates, it deformed
plastically although its structure remained crystalline. Necking
was observed before fracture. At high strain rates, the structure
changed from a crystalline to amorphous without necking and
the material ﬂowed like a liquid. In a more recent study, Wen et
al. [8] applied the tensile strain according to Dez ¼ e_ Dt, where e_
is the strain rate and Dt is the time step and reported that two critical strain rates played pivotal role in switching between plastic
deformation modes. Ikeda et al. [17] found that under high strain
rates, single crystal Ni and NiCu random alloy nanowires in tension
exhibit transformations from crystalline to amorphous phase, and
that the nanowires experience dramatic changes in the atomic
short-range order as well as a near vanishing of the tetragonal
shear elastic constant perpendicular to the tensile direction. A Ni
nanowire showed a much higher yield stress of 5.5 GPa in comparison with that of its bulk form. In a study on a copper nanowire,
Wu et al. [18] showed that strain rate had an inﬂuence on the
strength of the nanowire. At a low strain rate, its deformation
was with dislocations and twins, while at a high strain rate amorphisation became a dominant factor. Using molecular dynamics,
Guo et al. [19] reported that the yield stress of single-crystal copper blocks under simple shear was insensitive to the strain rate
below a critical strain rate. For FCC metals, Koh and Lee [20] found
that Pt and Au nanowires under different strain rates (4.0  108,
4.0  109 and 4.0  1010 s1) had distinct deformation modes, crystalline-ordered, mixed-mode and amorphous-disordered deformation modes. Jing et al. [21] investigated the effect of temperature,
length and strain rate on the buckling behaviour of silicon nanowire. As the applied strain rates varied from 0.01% ps1 to 0.1%
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ps1 the buckling load increased linearly. From the load–strain
curves they found that the elastic properties of a nanowire are
insensitive to strain rate.
The present work will explore the mechanical shock induced
deformation of a SiNW in nano-electromechanical components,
including the variation of the buckling stress with the strain rates.

The SiNW model (Fig. 1) used in this study consists of crystalline silicon atoms with a length of 32.79 nm. The cross-section of
the SiNW is hexagonal in the (1 1 0) plane with an average radius
of 1.17 nm. This cross-section was chosen due to its structural stability [22]. To investigate the end-effects during dynamic loading,
two scenarios were studied: (i) a hexagonal-proﬁled nanowire
with ﬁxed atoms along both ends, and (ii) the same nanowire
but with additional silicon atoms which form an atomic wall at
both ends of the nanowire. Both silicon nano-wires consist of
8855 free-moving Newtonian silicon atoms while the ends of the
nanowires were held rigidly. The two ﬁxed ends were pushed inwards along the axial direction in small steps in order to simulate
uni-axial compression. The applied strain rates vary in magnitude
from 1.52  108 to 9.6  109 s1 across different simulation runs.
The SiNW models had been shown to be sufﬁciently large and long
in order to minimize the effects of the boundaries and to satisfactorily simulate uni-axial compression. As the directionality of silicon bonding is important, the three-bodied Tersoff potential was
used in the molecular dynamic simulations [23,24]. The silicon
atoms were assumed to be chemically inert and that the deformation of the SiNW take place in a vacuum environment. It had been
demonstrated in many studies that the Tersoff potential can adequately predict stable crystalline and amorphous phases [7,25–34].
The simulations were performed at 293 K with a time-step of
2.5 fs on a SGI Altix 3700 Bx2 cluster via high-performance OpenMP parallel computation in a shared-memory architecture.
The steepest descent method was used to iteratively minimize
the total energy of the system so that the structure of a silicon
nano-wire is energetically optimized prior to compressive loading.
The energy against iterative time step is shown in Fig. 2. The point
of minimum energy in this curve represents the most stable conﬁguration of silicon atoms of the nanowire. The energy has almost
converged after a total of 74 and 88 iteration steps for the nanowires without and with walls, respectively. The inner silicon atoms
of the nano-wire show negligible change in position; however the
radius of the SiNW drops by 0.46% (no wall) and 0.41% (with wall)
as a result of the shrinkage of energetically unfavourable lessercoordinated outer layer atoms. A related study on the annealing
and relaxation of a SiNW over a thousand time-steps showed
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Fig. 2. Energy against iteration step for the Si-NW without a wall.

similar results [7]. The expansion along the axial direction has been
shown to be negligible.

3. Results and discussion
3.1. Strain rate effect on the stress–strain behaviour
Fig. 3 shows the engineering stress–strain relationship of the
SiNW under compression for three different strain rates. The stresses are derived by averaging the instantaneous sums of the total
atomic forces at the two ends over 100 consecutive time-steps.
This would eliminate statistical noise that arises from the ﬂuctuations in forces.
For all different strain rates, the initial elastic deformation regime is characterized by linear stress–strain behaviour in both
with and without wall simulations. At smaller strain rates, the
stress–strain curves exhibit greater linearity, indicating that the
nanowires exhibit greater elasticity. The peak of the stress–strain
curve is the primary signal in determining the onset of dynamic
buckling while the fall after the peak characterizes the post-buckling deformation with strain-rate induced amorphisation. It is clear
that larger strain rates increase the level of the buckling load. This
is consistent with a previous study conducted on nanocrystalline
copper, which found that lowering the strain rate by an order of
magnitude would almost remove the overshoot in the stress–strain
curves [35]. This phenomenon was also seen in a study related to
the strain-rate induced amorphisation of metallic nanowires [17].
Virtually identical results are obtained from repeated simulations
for both the SiNW models deﬁned above.

Fig. 1. (a) Three-dimensional view of the initial silicon nano-wire model. (b) The model includes an atomic ‘‘wall’’ at both ends of the nanowire. The cross-section of the SiNW
is in the (1 1 0) plane. The clear spheres represent ﬁxed atoms.
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silicon atoms of both ends penetrate into the nanowire. Fig. 5 displays a nanowire undergoing ballistic annihilation. Note that both
ends of the atoms grow to a clump of amorphous atoms while the
centre of the nanowire remains structurally intact due to the lack
of the propagation of the induced stresses. A comparison with
the predicted buckling stress in conventional continuum mechanics would yield useful insights into the scale and surface effects
that occur. The predicted critical buckling force (Euler buckling)
for a column with both ends built-in is given [10] by,
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Fig. 3. Stress–strain relationship of SiNWs under compression. Different strain
rates have an effect on the curve and critically effects on the onset of buckling. The
legends A, B correspond to the simulations without and with the wall, respectively.
The legends (I), (II), (III) correspond to the strain rates 1.52  108 s1, 6.1  108 s1
and 1.63  109 s1, respectively.

3.2. Strain rate effect on buckling
The differences between the nanowires with and without the
wall are that the former contains a slightly larger cross-sectional
area at the edges due to the surrounding wall atoms. Fig. 4 shows
the effect of the strain rate on the critical buckling stress. The
buckling stress is 69.1–116.7 GPa under lower strain rates
(1.5  108 s1–1.0  109 s1), and remains steady under medium
strain rates (1.0  109 s1–1.9  109 s1). The simulations with
walls typically exhibit a higher buckling stress at small strain rates
compared to the case without the wall. It was found that the critical
buckling stress (rbuckling) at the lower strain rates can be approximately described by,

logðrbuckling Þ ¼ k0 logðe_ Þ þ k1

ð1Þ

where k0, and k1 are constants while e_ represents the strain rate.
Note that for strain rates less than 6.0  108 s1, the buckling stresses are relatively constant but they increase rapidly for higher strain
rates. The initial increase in the onset of buckling is analogous to
static and dynamic buckling of columns in continuum mechanics.
At higher strain rates (>1.9  109 s1), the maximum buckling
stress exhibits a sudden jump. On analysing the structure, we
found that this is due to the ballistic annihilation where the ﬁxed
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Fig. 4. The effect of strain rate (s1) on the buckling stress (GPa), ﬁlled diamonds
represent simulations without a wall and the squares represent simulations with a
wall, respectively.

ð2Þ

where E is the modulus of elasticity and I is the second moment of
area (also known as second moment of inertia) along the neutral
axis. In our calculations, E was estimated by averaging the slopes
of the stress–strain curves across different strain rates and was
found to be 625.6 GPa; I was estimated to be 16,809.2 Å4 by approximating the cross-section as a ﬁlled hexagonal proﬁle. The simulated critical buckling force at low strain is 69.11 GPa while the
predicted critical buckling force according to Eq. (2) is 47.77 GPa.
These values vary by a factor of 1.45. This discrepancy is attributed
to the effect of a comparatively large surface area and the scale
effect that arises from the dominant surface–surface interactions.
Fig. 6 displays the effect of the strain rate on the buckling strain;
the relationship between these two parameters is similar to the
relation between buckling stress and strain rate, and can be
expressed as:

log ebuckling ¼ a0 logðe_ Þ þ a1

ð3Þ

which is similar to the stress law, where a0, a1 are constants and
calculated via the least-squares regression. The regression analysis
is made over the entire range of strain rates studied. For the SiNW
with no wall, the calculated a0 and a1 values are 0.6125 and
6.1449, respectively, and for the SiNW with wall, they are
0.5686 and 5.6666, respectively. The R-square statistics is calculated to be 0.98 and 0.97 for the cases without and with wall,
respectively. This indicates a linear satisfactory ﬁt between the logarithms of the buckling strain and the strain rate. Under lower
strain rates, the onset of buckling experiences a gradual linear increase, but under higher strain rates the increase is rapid due to
the dynamic buckling and ballistic annihilation. This indicates that
the increase of the critical stress and strain levels due to a higher
strain can be viewed as an overshoot of the elastic region.
Fig. 7 shows the relationship between the buckling strain and
buckling stress, which can be expressed using the following
formula:

logðrbuckling Þ ¼ b0 logðebuckling Þ þ b1

2.2

1.9

119

ð4Þ

where b0 and b1 are constants. For the SiNW with the wall, via a
least-squares regression, b0 and b1 are found to be 0.3411 and
2.2363, respectively. The regression analysis was made over the entire range of strain rate values in this study. For the SiNW without
the wall, b0 and b1 are 0.3163 and 2.2226, respectively. The Rsquare statistics are 0.95 and 0.90 for the cases without and with
the wall, respectively. This indicates a linear satisfactory ﬁt between
the logarithms of the buckling stress and the buckling strain.
Thus, in compression, the strain rate plays a critical role in
determining the onset of buckling. For the two cases considered,
the different critical buckling strain and stress levels at high strain
rates can be characterized as an overshoot of the elastic region. At
ultra high strain rates, the conventional buckling mechanisms are
substituted with ballistic annihilation.
Fig. 8 displays the number of the higher-coordinated amorphous atoms for both models at different strain rates and this
information can be used to determine the point in which the defor-
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Fig. 5. Silicon nanowire undergoing ballistic annihilation under ultra-high strain. (a) and (b) indicate the SiNW without and with a wall, respectively. The atoms indicated in
red are ﬁxed atoms.
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SiNW models. The legends A, B and C correspond to the strain rates 1.52  108 s1,
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mation of the SiNW becomes irreversible. It can be seen that there
are more higher-coordinated atoms in the SiNW with a wall at
higher strains (e > 0.22).
Fig. 9 displays the amorphisation rate against strain rate. The
amorphisation rate is obtained by calculating the increase of amorphous atoms in 10,000 timesteps preceding the point in which
amorphisation starts taking place. The amorphisation rate increases
with greater strain rates until a critical value. For strain rates above
this critical value, the deformation mode is characterized by superplasticity at both ends. At an ultra high strain ðe_ ¼ 4:88  109 s1 Þ,

0.07
0.06

Amorphisation rate

2.1

log (buckling stress)

2.15

0.05
0.04
0.03
0.02
No wall
Wall

0.01
0
8

8.2

8.4

8.6

8.8

9

9.2

9.4

log (strain rate)
Fig. 9. Amorphisation rate (number of amorphous atoms growth per timestep) over
log (strain rate) (s1).

the ﬁxed atoms penetrate into the free-moving Newtonian silicon
atoms as displayed in Fig. 5.

3.3. Applicability of constitutive equations
For a strain-rate-sensitive material such as SiNWs, the yield
stresses will show dependence on strain rate via a modiﬁed Cowper–Symonds constitutive equation [10,14,19, 36] given by:
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behaviour of silicon nanowire. The study draws the following
conclusions:

0.2

log (strain rate)
(i) Under low strain rates, the nanowire exhibits greater
elasticity.
(ii) With the increase in strain rate, the onset of buckling stress
increases and becomes steady when the strain rate reached a
certain value. In this range, the Cowper–Symonds equation
can be used to describe the SiNW response to dynamics
compression. The deformation of the SiNW exhibits a very
strong dependence on the strain rate.
(iii) Under very high strain rates, the SiNW structure undergoes
ballistic annihilation at both ends, and the Cowper–Symonds
equation is no longer applicable.
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Fig. 10. Relationship between lg rr  1 and lg e_ . The ﬁlled diamonds and unﬁlled
squares represent simulations without and with the wall, respectively.



 p 

e_
r ¼ r 1 þ c _
ec

ð5Þ

where r is the rate-dependent yield stress, e_ is the applied strain
rate, r is the quasi-static yield stress and e_ c represents the critical
strain rate, where lower applied strain rates do not exhibit strainrate dependent behaviour. The exponent p represents the strain rate
sensitivity.
The above equation can be rewritten as:

lg

r


 1 ¼ p lg e_ þ ðlg c  p lg e_ c Þ
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