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Abstract Silicon carbide nanowires (SiC NWs) are
widely used as reinforcing materials in composite mate-
rials based on ceramics, metals, and polymers, and their
high-temperature mechanical properties have become a
focus of attention. In this paper, the effect of temperature
and crystal orientation on the tensile mechanical behav-
ior of SiC NWs was explored through molecular dynam-
ics simulation. It is observed that the fracture mode and
mechanical properties of SiC NWs express a significant
temperature dependence. Both critical stress and Young’s
modulus of nanowires with different orientations
decrease with increasing temperature and the [111]- and
[112]-oriented nanowires exhibit brittle fracture charac-
teristics at low temperatures and become ductile fractures
at high temperatures. The transition temperature for duc-
tile-brittle fracture is between 1300-1800 K. The fracture
surfaces of SiC NWs with different orientations are all
{111} planes at low temperatures. This study provides
theoretical support for SiC NWs’ laboratory growth and
toughening mechanism research.
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Introduction

Due to its quantum size effects, small size effects,
surface effects, and macroscopic quantum tunneling
effects, one-dimensional silicon carbide (SiC) nano-
materials show better electrical, optical, magnetic,
and mechanical properties than macroscopic states
[1]. In recent years, it has been found that low-dimen-
sional SiC nanostructures have superior mechanical
properties compared to bulk materials. For example,
studies have shown that the elasticity and strength
of SiC nanowires (NWs) are higher than that of bulk
SiC [2], and they are more suitable for bearing ten-
sile and compressive loads. Therefore, SiC NWs are
widely used as structural reinforcements of polymers,
metals, and ceramic matrix composites [3].

A thorough understanding of the mechanical
properties and failure mechanisms of SiC NWs
is crucial for their manufacturing and effective
execution in various optical and electronic nan-
odevices, especially in composites where enhance-
ment is achieved through the mechanical response
of nanowires. Zhang et al. [4] observed the ten-
sile behavior of single crystal p-SiC nanowires
along the crystal direction [111] by in-situ tensile
experiment under scanning electron microscopy,
and found that the nanowires have a high elonga-
tion of 200% due to dislocation generation, slip,
propagation, and amorphous. Han et al. [5] found
that bending deformation near room temperature
can induce the unique mechanical properties of SiC
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NWs with large strain plasticity, which has never
been observed in bulk ceramic materials. Cheng
et al. [6] studied the influence of different defect
forms in SiC NWs on their mechanical proper-
ties and concluded that the size effect of fracture
strength is determined by the size dependent defect
density, rather than the surface effect of single crys-
tal nanowires. Yang et al. [7] found that adding
SiC NWs into SiC matrix composites can double
the fracture toughness and bending strength of the
composites, which reflects the excellent mechanical
properties of SiC NWs.

Molecular dynamics (MD) simulation, as a pow-
erful tool for studying the mechanical behavior and
fracture mechanism of nanomaterials under different
load modes, can understand the dynamic process of
the origin and evolution of stress-induced damage
in nanomaterials at the atomic scale, and has been
widely used in the study of the mechanical behav-
ior of various nanomaterials [8—11]. For example,
Makeev et al. [12] used Tersoff empirical potential
and classical MD simulation to study the mechani-
cal properties of <111 >—oriented SiC NWs under
tensile, compressive, torsional, and bending forces.
Wang et al. [13] investigated the tensile behavior of
[111]-oriented SiC NWs with different microstruc-
tures using MD simulation, and the results showed
that the widespread dispersion of mechanical prop-
erties observed in the experiment may be attributed
to their different microstructures. However, current
researches on the mechanical properties of SiC NWs
mostly focus on the [111] crystal orientation. Dif-
ferent crystal orientation nanowires have different
atomic arrangements, and the atomic arrangement at
the micro level of the material determines the macro-
scopic mechanical properties.

Based on the nanowires successfully prepared
in the experiment, three nanowire models with dif-
ferent crystal orientations were constructed in this
paper: [001] [14], [111] [14-16], and [112] [17].
The effects of temperature and crystal orientation on
the mechanical properties of SiC NWs were studied
using molecular dynamics (MD) simulation methods,
and the failure mechanism of nanowires under differ-
ent conditions was elucidated. By exploring the rel-
evant mechanical behavior and fracture mechanism of
nanowires with different crystal orientations, theoreti-
cal guidance can be provided for SiC NWs’ labora-
tory growth and toughening mechanism research.
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Simulation procedures

In MD simulation, the selection of interatomic poten-
tial is of vital importance. In the simulation of the SiC
covalent bond system, the most widely used poten-
tial functions are Stillinger Weber (SW) and Ter-
soff potential function, both of which are three body
potential functions. Tersoff potential function takes
into account the influence of covalent bond, bond
angle, and atomic local microenvironment on the
bond level, which can accurately describe the forma-
tion and fracture of covalent bonds and the dynamic
process of covalent bond change between atoms, and
has been widely used to study the fracture behavior
[18, 19], thermal properties [20, 21], amorphous tran-
sition [22] and radiation-induced defects [23] of SiC.
Therefore, the Tersoff [24] interaction potential func-
tion was selected in this study to describe the intera-
tomic interaction, which can be represented as:

1
EZZEI:QZVU (1)

ij

Vi = fo(ry) U (ry) + byfa(ry)] 2)

where E denotes the total energy of the system,
V;; represents the bonding energy between atom i
and atom j, f, and f are the attractive and repulsive
terms of the potential, respectively, f, is the smooth
truncation function and b; is the attractive potential
function.

In this study, all simulations were conducted using
the Large-scale Atomic/Molecular Massively Paral-
lel Simulator (LAMMPS) [25]. The 3C-SiC nanowire
models with [001], [111], and [112] orientations were
established. For simplicity, set the cross-sectional
shape of the nanowires to circular which is similar to
the actual synthesized SiC NWs, and the radius of all
nanowires was set at 15 A and the length at 100 A,
ensuring that the aspect ratio greater than 3:1. Similar
aspect ratios have been widely used in previous stud-
ies [26-28], and the established models are shown in
Fig. 1.

Periodic boundary conditions were applied along the
stretching direction (Z axis), and free boundary condi-
tions were set in the other directions. In order to elimi-
nate the unreasonable structure of the initial model and
keep the system in equilibrium, the model was ther-
mally equilibrated at 300 K for 50 picoseconds (ps) by
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Fig.1 Atomic model of SiC nanowires with axial orienta-
tions of (a) [001], (b) [111], and (c) [112]. The top view of
different orientations is shown in (d), (e), and (f), respectively.

means of the Nose-Hoover thermostat [29] under the
NVT ensemble with a timestep of 1 femtosecond (fs).
After relaxation, a uniform load was applied along the
Z-axis at a strain rate of 5x10° s~! per 1000 steps until
the nanowires were pulled off. This strain rate was cho-
sen because studies [30, 31] show that the deformation
behavior of the nanowires is not affected by the strain
rate when the strain rate is less than 10's~!.

The average stress P_, along the axis of the nanow-
ires was calculated in the form of virial formula [32]:

N_ 2 N
P = 2 m;v;, + 2 T

3
2 V V

where V represents the volume of the system, m; and viz
denote the mass and velocity of the ith atom along the
axial direction, r;, and f;_ are the corresponding position
and force of the ith atom along the axial direction. The
strain is calculated according to the definition of engi-
neering strain, i.e.e = (l - lo) /1o, where [ is the length
of the stretched nanowire and [ is the initial length.

(The loading direction is also shown in the figure, here, silicon
atoms are colored in brown and carbon atoms are colored in

gray)
Results and discussions

Effect of temperature on mechanical properties
and fracture mechanism of SiC NWs with different
orientations

In order to investigate the influence of temperature
on the fracture mode of SiC NWs, the deforma-
tion behavior of different oriented nanowires under
the same loading conditions was analyzed at 300 K,
800 K, 1300 K, and 1800 K. Figure 2 shows the
stress—strain curves of SiC NWs with different orien-
tations at different temperatures. It can be seen from
Fig. 2(a) that the stress—strain curves of the [001]
SiC NWs exhibit the same change trend at different
temperatures. At the beginning of loading, SiC NWs
show linear elastic deformation, and the stress—strain
curve increases linearly up to a strain value of 6%,
upon further stretching, the nanowires begin to show
non-linear elasticity, and the slope of the curve
decreases gradually. However, the nanowires still
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Fig. 2 The tensile stress—strain curves of the (a) [001], (b) [111], (c) [112] SiC NWs at different temperatures

have the ability to resist deformation, and the stress
still increases with the increase of the strain, which
is similar to the strengthening stage of metal materi-
als. The stress drops suddenly after reaching critical
strain and the nanowires fracture. It is preliminarily
believed that [001] SiC NWs exhibit ductile fracture
characteristics at different temperatures. Using the
least square method to linearly fit the 0~5% strain
region at 300 K, and the curve slope is 314, that is,
the Young’s modulus of the nanowire is 314 GPa.
This result is in good agreement with the result of
338 GPa obtained by W.Li [33] et al. based on the
pseudopotential plane wave method and local density
functional theory, and the result of 362 GPa obtained
by Lambrecht et al. [34] based on full potential linear
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Muffin-Tin orbits combined with local density func-
tional theory.

For [111] crystal direction, as illustrated in
Fig. 2(b), when the temperature is below 1300 K,
the stress of nanowires increases linearly with the
increase of strain until it reaches the critical stress.
With the further increase of strain, the stress sud-
denly drops to zero, showing a typical brittle fracture
characteristic. However, after the stress increases
to the critical stress with strain at 1800 K, and with
the further increase of the strain, the stress slowly
decreases and undergoes a large strain process before
decreasing to 0, exhibiting ductile type fracture char-
acteristics. It can be observed that the fracture mode
of [111]-oriented nanowires is related to the external
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temperature, showing the fracture characteristics of
low-temperature brittle fracture and high-temperature
ductile fracture, and the brittle-ductile transition tem-
perature is between 1300-1800 K. Similarly, fitting
the linear stage of the stress—strain curve at 300 K
leads to the Young’s modulus of 406.55 GPa for the
nanowire. Petrovic et al. [35] measured the Young’s
modulus of [111]-oriented SiC nanowires using a
specially developed micro tensile tester, which ranged
from 361 to 890 GPa, showing strong dispersion,
indicating that our simulation results are reasonable.
It can be seen from Fig. 2(c) that the [112]-oriented
nanowires exhibit the same fracture characteristics
as the [111]-oriented nanowires, namely brittle type
fracture at low temperatures and ductile type fracture
at high temperatures.

The fracture mode was analyzed by combining
the atomic configuration diagrams before and after
the fracture of nanowires during stretching to further
illustrate the effect of temperature on the fracture
mode of SiC NWs. Figure 3 shows the fracture mode
of [001]-oriented nanowires at temperatures of 300 K
(Fig. 3(a)) and 1800 K (Fig. 3(b)). It can be observed
that the nanowires show a necking phenomenon
before breaking at different temperatures, and mono-
atomic chains appear after breaking, which is similar
to the results of CdSe NWs [32] and shows the char-
acteristics of ductile fracture.

Figure 4 shows the atomic configuration diagrams
of [111] and [112]-oriented nanowires at different
strain stages at 300 K and 1800 K, respectively. It can

| l'! |

e=28% &=28.5% &=29% &=32%

I

be seen that the two nanowires with different orien-
tations exhibit the same fracture characteristics. As
illustrated in Fig. 4(a) and (c), when the strain reaches
the critical strain at 300 K, the Si—C bond breaks sud-
denly without necking, and the fracture section is
relatively flat, perpendicular to the loading direction,
which indicates that the nanowire is brittle fracture.
It can be seen from Fig. 4(b) and (d) that a signifi-
cant necking phenomenon occurs during the stretch-
ing process of the nanowire at 1800 K. For [111]-ori-
ented nanowire, the surface atomic bonds fracture at
a strain of 25%. As the strain further increased, the
nanowire undergoes significant plastic deformation,
and the atomic bonds do not fracture on a large scale
until the strain reaches 45%. At this time, the nanow-
ire failed and exhibits obvious ductile fracture char-
acteristics. The atomic configuration diagram during
the stretching process of SiC NWs further proves that
[111] and [112]-oriented nanowires fracture in a brit-
tle type at low temperatures and in a ductile type at
high temperatures.

The Young’s modulus and critical stress of
nanowires with different orientations at different
temperatures were calculated to explore how the
temperature affects the mechanical properties of
SiC NWs, as shown in Table 1. It can be seen that
the mechanical properties of nanowires exhibit
significant temperature dependence. For example,
for [001]-oriented nanowires, as the temperature
increases from 300 to 1800 K, Young’s modulus
decreases from 314 GPa to 249.24 GPa, fracture

£=16.5% &=19.5% &=24% &=39%

Fig. 3 Atomic configuration diagram of [001] SiC NWs for various strain levels at (a) 300 K and (b) 1800 K
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Fig. 4 Atomic configuration diagram of [111] SiC NWs for various strain levels at (a) 300 K and (b) 1800 K, and [112] SiC NWs

for various strain levels at (¢) 300 K and (d) 1800 K

strength decreases from 52.75 GPa to 26.3 GPa,
and both the Young’s modulus and critical stress
decrease with increasing temperature. This phe-
nomenon can be explained as the energy of atoms
increases and the vibration amplitude intensi-
fies as the temperature increases, which makes it
easy for atoms to detach from the normal lattice

position and causes the atomic bonds to fully elon-
gate, increasing the possibility of the atomic bonds
reaching the critical bond length. Therefore, as
long as a small tensile force is applied, the bond
fracture will occur, indicating that the thermal
activation process contributes greatly to the com-
plete elongation of SiC NWs.

Table 1 The young’s

i Orientation  Young’s modulus (GPa) Critical stress (GPa)
modulus and critical stress
of SiC NWs with [001], 300 K 800 K 1300K  1800K 300K 800K 1300K 1800 K
[111],[112] orientation at
different temperatures [001] 314 298.46  273.42 249.24 52.72 40.3 32.88 26.3
[111] 406.55 402.5 392.97 344.43 7746  62.33 49.30 34.85
[112] 38043  362.61 334.79 294.66 65.88 53.05 40.01 28.86
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The potential energy distribution of per atom for
[001]-oriented nanowires at different temperatures
was studied to obtain more information about the
effect of temperature on the mechanical properties
of SiC NWs. It can be seen from Fig. 5 that no mat-
ter what the temperature is, the surface atoms always
have high energy. This is because the low coordina-
tion number of the surface atoms makes them easy
to combine with other atoms and have high activity.
When the nanowire is loaded, the surface atoms are
easy to become the nucleation zone of crack defects,
and the cracks evolve from the surface to the inte-
rior, resulting in the fracture failure of the nanow-
ire. However, the number of atoms with high poten-
tial energy in the center of the nanowire gradually
increases with the increase of temperature, making
the nanowire unstable and increasing the possibility
of internal crack defects, making fracture more likely
to occur and leading to a decrease in the mechanical
properties.

Effect of crystal orientations on the mechanical
properties and fracture mechanism of SiC NWs

The stress—strain curves of SiC NWs with [001],
[111], and [112] orientations at 300 K are shown in
Fig. 6(a). It can be observed that the fracture strain of
nanowires with different orientations is approximately
the same, all around 27%, however, by measuring the
area below the stress—strain curve, it is found that

Fig. 5 Potential energy
distribution of per atom for
[001] SiC NWs at different
temperatures
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[111]-oriented SiC NWs have the maximum fracture
toughness, which means that they need to consume
more energy before fracture and have higher resist-
ance to fracture, while the minimum fracture tough-
ness is obtained for [001]-oriented SiC NWs. The
changes in critical stress and Young’s modulus of dif-
ferent oriented nanowires with temperature are shown
in Fig. 6(b) and (c) respectively. It is observed that
regardless of temperature, [111]-oriented nanowires
always exhibit the maximum Young’s modulus and
critical stress, followed by [112] and [001]-oriented
nanowires, indicating that the mechanical properties
of nanowires have strong orientation dependence.
Similar research results have also been reported in the
study of Si [36] and CdSe [37] nanowires.

The reason why SiC NWs with different crystal
orientations show different mechanical properties
is mainly that nanowires with different orientations
have different outer surfaces, corresponding to dif-
ferent surface energies [38, 39]. Besides, the bond-
ing state of surface atoms is different from that of
internal atoms, and the mismatch of bonding states
of surface atoms results in the softening of intrin-
sic stress on elastic modulus. It has been reported
[39-41] that among the three orientations, [111]
SiC NWs have the largest surface atomic distance,
thus the minimum surface atomic density, which
allows it to have the lowest surface energy and the
most stable atomic structure. In addition, the mini-
mum surface atomic density leads to the lowest
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Fig. 6 (a) Stress—strain curves of SiC NWs for different orientations at 300 K. Variations of Critical stress (b) and Young’s modules

(c) with temperature for nanowires with different orientations

softening effect of the intrinsic stress and the largest
elastic modulus, followed by [112] and [001] orien-
tations. What’s more, the lowest surface energy of
the [111] SiC NWs endows it with the highest frac-
ture resistance and therefore has the highest tensile
strength.

Then, the failure mechanism of nanowires with
different orientations at 300 K was investigated. In
order to understand the nucleation process of cracks
more clearly, the DIA (identify diamond structure)
atomic recognition method was adopted to identify
and color the crystal structure, as shown in Fig. 7.
The generation of Other type atoms indicates that
the stress concentration caused by local defects
leads to the atoms detaching from their normal

@ Springer

lattice positions and having unknown coordination
structures, resulting in the fracture of atomic bonds
and the formation of cracks.

For the [001]-oriented SiC NWs, it can be seen
from Fig. 7(a-I) that the cracks form on the surface
at the strain of 27%. With the further increases of
the strain, cracks begin to expand and branch, and
large-scale failure occurs at 28.8% strain, at which
point the nanowires fail. Combining Fig. 7(a-II)
and (a-IIT) can provide a clearer understanding of
the crack propagation direction. Observing from
the x-z and y-z planes, it was found that the frac-
ture plane always has a 45° angle with the nanowire
axis, indicating that the fracture occurred along the
{111} planes [42-44].
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Fig. 8 Representations of atomic arrangements of SiC NWs with different crystal orientations. Dotted lines represent the crack

nucleation direction of nanowires under load

As can be seen from Fig. 7(b-I) and (c-I), the frac-
ture characteristics of the [111] and [112]-oriented
SiC NWs are different from that of the [001]-ori-
ented. There is no crack propagation phenomenon
before fracture, but failure occurs immediately after
reaching the critical strain, further verifying that the
[001]-oriented nanowires fracture in a brittle type.
By observing the nucleation direction of cracks in
Fig. 7(b-II) and (b-III), it is found that the fracture
plane of the [111]-oriented nanowire is always per-
pendicular to the axial direction, indicating that cleav-
age fracture occurred along the {111} planes. By
observing Fig. 7(c-II) and (c-III), it is found that the
fracture plane makes a 70° angle with the axial direc-
tion in the x—z plane, while makes a 20° angle with
the axial direction in the y—z plane. Through calcu-
lation, it was found that the angle between the [112]
and [111] crystal orientations is 20°, indicating that
the angle between the [112] crystal orientations and
the {111} planes is 70°, which is consistent with the
observed angle, indicating that the [112]-oriented
nanowires also fracture along the {111} planes.

Studies have shown that the bond breaking in the
cleavage plane mainly depends on the surface polar-
ity, atomic bond length, and coordination number
[45]. To explain the fracture mechanism of nanow-
ires, the atomic arrangement patterns corresponding
to different crystal orientations of SiC NWs (Fig. 8)
were provided. It can be seen that the maximum
plane spacing corresponding to the [001], [111], and
[112]-oriented nanowires are at an angle of 45°, 90°,
and 70° to their axis, respectively. The large spacing
between planes leads to a decrease in interatomic
forces, resulting in a decrease in the energy required

@ Springer

for crack nucleation. Therefore, the crack propagates
in different directions, forming fracture planes at
different angles, consistent with the results observed
in Fig. 7

Conclusions

The effects of temperature and crystal orientation on
the tensile mechanical behavior of SiC NWs have
been studied through molecular dynamics simula-
tion in this investigation. The results indicate that
the fracture mode and mechanical properties of SiC
NWs exhibit significant temperature dependence.
With the increase of temperature, the critical stress
and Young’s modulus of nanowires with different
crystal orientations will decrease due to the surface
effect and the soft effect induced by high temperature.
For [111] and [112]-oriented nanowires, they exhibit
brittle fracture characteristics at low temperatures
and become ductile fracture at high temperatures.
The transition temperature for ductile-brittle fracture
is between 1300-1800 K. In addition, it is found that
there are great differences in mechanical properties
of nanowires with different crystalline orientations.
Regardless of the temperature, [111]-oriented nanow-
ires always show the highest critical stress, Young’s
modulus, and fracture toughness, followed by [112]
and [001] crystal orientation. However, it is observed
that the nanowires with different orientations break
along the {111} plane at low temperatures. Combined
with the atomic arrangement, it is found that the
{111} plane presents the largest plane spacing and the
minimum energy required for crack nucleation. This
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study provides a detailed introduction to temperature
and crystal orientation-dependent mechanical proper-
ties and fracture mechanisms of SiC NWs, hoping to
provide theoretical guidance for the structural design
of nanowires in experiments.
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