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This paper focuses on the two-dimensional silicon carbide (2D-SiC), which has an
excellent opportunity to be used as an alternative to graphene in nanotechnologies
such as in nanoelectronics, nanoelectromechanical systems (NEMS), nano-sensors,
nano-energy harvesting devices, and nano-composites due to its unique structural,
mechanical, electronic, and thermal properties. Their mechanical properties
characterize the stability of the nanodevices. This study performs molecular dynamics
(MD) simulation to examine the mechanical properties based on optimized Tersoff
potential of the single crystal 2D-SiC at different temperatures, strain rates, point
vacancies, and edge cracks. At room temperature (300 K), the obtained elastic modulus
and fracture strength are 423 GPa and 68.89 GPa, respectively, along the armchair
direction. As the temperature rises from 100 K to 800 K, the fracture stress falls by
21.96% and the fracture strain by 36.90%. An approximate linear reduction in fracture
strength is noticed as the temperature rises from 100 K to 800 K. The elastic modulus
also falls as the temperature rises but is not significant. Although the elastic modulus
is unchanged, the fracture stress increases by 1.84% while the fracture strain increases
by 5.84% for a change in strain rate from 0.0001 ps! to 0.005 psL. The fracture stress
and strain are significantly reduced, primarily due to the edge crack, as the
concentration of point vacancy grows from 0.1% to 0.6% and the edge crack size
increases from 0.5 nm to 1.5 nm. Moreover, anisotropic behavior is also evaluated at
300 K temperature and 0.001 ps? strain rate. These findings would offer a deep
understanding of the fracture mechanics of 2D-SiC and also help to address the
mechanical instability issue with SiC-based nanodevices.

1. Introduction

Monolayer Silicon Carbide is a recently discovered honeycomb-like structure with a prevalent Si
and C layer [1, 2]. For nanotechnology and nanoelectromechanical systems, Silicon Carbide is found
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to be highly promising for its superior and excellent electrical and mechanical properties [3].
Moreover, Silicon carbide nanosheets have been reported to be an extraordinarily favorable
alternative to graphene owing to their outstanding thermal, mechanical, and structural properties
[4]. However, the mechanical failure issue of the current nanoelectromechanical system (NEMS) is a
significant challenge to its practical implementations [5]. Nevertheless, 2D-SiC has been implemented
in many applications, such as lithium-ion batteries [6], semiconductor devices [7, 8], nanoelectronics
[9], gas sensors [10], and energy harvesting systems [11].

Hundreds of 2D materials have been successfully produced, such as graphene, silicene, h-BN, SiC,
GaN, ZnO, Phosphorene, and TMDs [12-16]. Graphene, the first 2D nanosheet of carbon atoms,
demonstrates exceptional thermal, mechanical, and electrical capabilities [17]. In recent years, semi-
2D or 2D silicon carbide layered systems have been successfully synthesized [18]. The molecular
dynamics and finite element approach have been implemented to investigate the mechanical
characteristics of SiC nanosheets and defect-induced states [19-21]. Recently, Wang et al. [22] and
Makeev et al. [23] conducted a thorough investigation using molecular dynamics (MD) simulations
to evaluate the nanomechanical behavior of pristine single crystalline SiC nanowires and good
mechanical properties of pristine SiC have been reported.

Researchers found that material flaws significantly influence the mechanical and material
properties of nanoscale materials due to their instability [24]. Ismail et al. [25] investigated the
anisotropic mechanical behaviors of 2D SiC at various temperatures and vacancy defects using
Vashishta potential. The interatomic potentials employed in molecular dynamics simulations exert a
significant influence on the resulting physical properties [26]. Previous research has utilized a range
of interatomic potential models, such as Tersoff, Stillinger-Weber (SW), MEAM, and Vashishta
potential, to characterize the atomistic interactions of SiC nanomaterials [27]. The Tersoff potential
has demonstrated its effectiveness by accurately replicating the phonon and thermal properties of
these materials [28]. In addition, the elastic constants, cohesive energy, bulk modulus, and lattice
constant of the SiC system obtained using the optimized Tersoff potential exhibit good agreement
with density functional theory (DFT) calculations [29] and experimental results [30]. Fan et al. [31]
obtained the elastic modulus of 433 GPa of SiC using the DFT method.

However, variations in the mechanical behavior of SiC monolayers subjected to various
temperatures, strain rates, and defect concentrations using Tersoff potential have not yet been
studied. This research investigated the mechanical behavior of pristine 2D-SiC nanosheets at various
temperatures and strain rates using Tersoff potential. The changes in mechanical properties with
induced defects, namely point vacancy and edge-crack with various concentrations and lengths,
respectively, have also been explored in this study. At the start of the simulation, created monolayers
were equilibrated for enough time steps to minimize the energy of the system and subsequent
equilibration of all the thermodynamical parameters. The classical molecular dynamics
simulation explored fracture strength and strain in the armchair orientations. Only the tensile
properties in the X-X directions, precisely the armchair direction, were evaluated in this investigation.

2. Methodology

We used Classical molecular dynamics (MD) simulation software LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator) [32] to analyze the mechanical behaviors of the
single crystal SiC nanosheets at different temperatures and strain rates. Selecting an appropriate
potential for a specific system is a prerequisite for generating satisfactory outcomes from MD
modeling. The conventional Vashishta potential, an upgraded form of the Stillinger-Weber (SW)
potential, has recently been created to evaluate the physical characteristics of the SiC system [33].
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However, Tersoff and SW potentials are appropriate for silicon and carbon-based systems [28, 34].
The structural alteration of SiC under high pressure cannot be adequately described by SW potential.
The Tersoff potential has effectively replicated the mechanical phenomenon of 2D-SiC and was in
good agreement with previous DFT calculations [29]. So, in our work, we used the Tersoff potential
generated by Tersoff [35] to clarify the atomic interactions among Si-Si, C-C, and Si-C particles.
Moreover, employed Tersoff potential also includes terms with two- and three-body interactions,
which is essential in precisely predicting the mechanical behavior of any system. Interatomic
potential expression is written in Eq. 1 [35].

i (1) = [or(rij) — Bij palrij)] (1)

where, ¢ and ¢4 represents repulsive and attractive pair interactions, B;; denotes bond order
terms in between atom i and j. The bond order term can be written as in Eq. 2.

By = B(¥y)) @)

where, 1;; is a function that specifies the number of nearby atoms and the angles between them
within a specific distance, describing how the atoms bond together [35].

Vij = fe(ryj) (A e™a7i — Byje~%Tu) (3)
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11'1 r <R-D
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where in Equations 3 to 7, {;; describes angular effects according to the number of potential pair
bonds in the summation. r;; — 1y the relative distance between two nearby atoms. A denotes the
bond strength and 6, indicates the effective angle in between bonds ij and ik. fc(rl-j) is a cut-off
radius function.

Figure 1 depicts the armchair and zigzag chiral directions of the SiC nanosheet in its atomistic
configuration and pictorial representation of point vacancy and edge crack. DFT obtained lattice
parameters, and internal atomic coordinates were used to construct the crystal structure of the SiC.
The VESTA platform created the 2D SiC nanosheet with a size of 151.38 nm? (17.4 nm long and 8.7
nm wide) and 6400 atoms. The 2D SiC structure was converted to a LAMMPS-compatible input file
using the Atomsk program. For the uniaxial tensile loading, periodic boundary conditions were
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applied inthe X, Y, and Z directions. Vacuum space was produced along the Z-axis to stop atoms from
interacting across the periodic boundary. The velocity Verlet algorithm was considered to calculate
the interatomic forces between the atoms in the monolayer. The system’s energy was minimized
using the Conjugate Gradient (CG) algorithm before applying the tensile load. We used the canonical
ensemble for 100 ps to stable the system’s temperature to room temperature. In order to achieve
pressure equilibrium, the system was subjected to an isothermal isobaric (NPT) ensemble for 40 ps
at 1 bar before applying the constant strain rate of 10° s'1. Although the employed strain rate is much
greater than in real life, it is well suited for atomistic simulations to explore material failure processes
with a manageable computational resource [36]. The applied stresstensor of the
structure was calculated using the Eq. 8, following virial stress theorem [37]:

1,1 i j
ofj = —Z CmOvEvi+ X repfe) (8)

where i,j = Cartesian coordinate system indices @, § = Atomic indices m% = Mass of atoms v* =
velocity of the atoms 7,5 = Atomic distance between a and B fop = Atomics force between
aand f 0% =Volume of atom a.

(a)

Zigzag Direction

Vacancy

Fig. 1. (a) Loading components across the armchair and zigzag direction of monolayer-SiC; Pictorial
representation of (b) point vacancy (c) edge crack in the monolayer
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3. Results
3.1 Method Validation and Anisotropic Behavior

The elastic modulus was calculated only along the armchair direction as the stress-strain curve’s
initial portion aligns along the armchair and zigzag direction of the 2D-SiC monolayer. By applying the
linear fit approach calculated elastic modulus is 423 GPa at the constant strain rate of 0.001 ps* and
temperature of 300 K. The elastic modulus value obtained using the DFT method from the previously
studied SiC monolayer is 433 GPa [31]. The deviations of the obtained values of elastic modulus are
2.3%. That means the simulated value obtained from this work is close to the previous study and thus
justifies the employment of Tersoff interatomic potential.
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Fig. 2. Stress—strain relationships of SiC monolayer along the
armchair and zigzag direction at 300 K temperature and
0.001 ps’strain rate

Figure 2 displays the effect of loading directions of the stress-strain response along the armchair
and zigzag orientations at 300 K temperature and 0.001 ps strain rate. Both armchair and zigzag-
oriented 2D SiC exhibit a linear correlation between stress and strain almost up to the critical strength
point, yield point, followed by a sharp drop corresponding to brittle fracture. At 300 K, the armchair-
directed monolayer yields a maximum tensile strength of ~68.6GPa, whereas the zigzag orientation
achieves a maximum of ~72.8GPa. Conversely, the critical fracture strains are 0.272 and 0.328 along
armchair and zigzag orientations. This significant anisotropy in mechanical response along the two
chiral orientations is typical behavior of 2D systems [25]. Each unit cell in the armchair orientation
contains six stress-carrying bonds, four of which produced an angle of 60 degrees to the armchair
loading direction and two parallel to the loading direction. In contrast, the zigzag orientation exhibits
chirality at an angle of 30 degrees, with four stress-carrier bonds in each unit cell [25].

3.2 Effect of Temperature

2D nanomaterials must have good thermal stability at low and high temperatures to serve as high-
guality nanodevices. Evaluation of the temperature-dependent mechanical behavior is therefore
crucial. We simulated the SiC nanosheet from 100 K to 800 K to investigate the effect of temperature
on mechanical characteristics under applied uniaxial tensile loading at a constant strain rate of 0.001
ps*talong the armchair direction, as shown in Figure 3. When the temperature is 100 K, the 2D-SiC
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sheet exhibits a fracture strength of around 75.46 GPa and a fracture strain of 0.336. However, when
the temperature is raised to 800 K, the fracture strain and stress drop to 0.212 and 58.89 GPa,
respectively. The fracture strain decreases by 36.90%, and the fracture stress decreases by 21.96%
as the temperature increases from 100 K to 800 K. At normal temperature, the atomic oscillation of
2D-SiC is not as noticeable as at higher temperatures. However, when the temperature rises, the
strength of the thermal vibration becomes more pronounced. As a result, the bond stress of the sheet
decreases significantly, which harms the tensile properties of the 2D-SiC sheet. Tensile strength
decreases with increasing temperature. As the temperature increases, the structure becomes less
rigid due to the atom’s thermal vibration. As a result, the chemical bond between Si and C becomes
weaker. That is why, with increasing temperature, fracture strength and strain decreased.
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Fig. 3. (a) Stress-strain response of the SiC monolayer along the armchair direction at
different temperatures and 0.001 ps™ strain rate and Variations of (b) fracture stress,
(c) fracture strain with temperature

3.3 Effect of Strain Rate

The applied loading variation can significantly impact the mechanical behavior of the nanosheets
employed in practical applications. Notably, the fracture performances have significantly changed
when the strain rate has changed. Here, we investigated strain rate effects from 0.0001 ps™ to
0.005 ps? on the mechanical characteristics of 2D-SiC under uniaxial tensile strain at ambient
temperature (300 K) as shown in Figure 4. Whereas the 2D-SiC sheet has a fracture strength of ~67.33
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GPa and a failure strain of 0.257 at a strain rate of 0.0001 ps?, it increases to ~68.59 GPa and a
fracture strain of 0.272 with a strain rate of 0.005 ps™'. For the increase of the strain rate from 0.0001
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Fig. 4. Effect of strain rate on stress-strain behavior of SiC along (a) the armchair

orientation and variations of (b) fracture stress, (c) fracture strain with strain rate at
temperature 300 K

ps?t to 0.005 ps?, the fracture stress rises by 1.84%, while the fracture strain rises by 5.84%. This
characteristic makes sense since the material experiences uneven stress distribution when loaded at
a high-speed strain rate. As a result, fracture strength and strain increase with increasing strain rate.

However, the analysis demonstrates that strain rate has a relatively less impact on the mechanical
behavior of the SiC monolayer.

3.4 Effect of Point Vacancy

This section looked into the mechanical behavior of 2D-SiC resulting from point vacancies. The
stress-strain relationship of the point vacancy-defected sheet with vacancy concentrations varying
from 0.1% to 0.6% at 300 K in the armchair position is shown in Figure 5(a). The fracture stress and
strain along the armchair direction are predicted to be ~68.59 GPa and ~0.27 for a defect-free
compound. Figures 5 (b) and (c) show that the fracture stress and strain decrease monotonically with
increasing vacancy concentration. The 2D-SiC sheet has a fracture strength of ~66.99 GPa and a
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fracture strain of 0.258 when the vacancy concentration is 0.1%. However, as the vacancy percentage
is raised to 0.6, the fracture stress decreases to ~63.55 GPa, and the fracture strain decreases to
0.244. With a rise in vacancy concentration from 0.1% to 0.6%, the fracture stress drops by 5.14%,
while the fracture strain is reduced by 5.43%.
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Fig. 5. Point vacancy induced (a) stress-strain behavior of SiC monolayer, and
variations of (b) fracture stress, (c) fracture strain along the armchair direction

3.5 Effect of Edge Crack

Here, we modeled the uniaxial tensile characteristics of fractured SiC over a range of crack
lengths to see how the material would perform. Pre-cracks are created by removing an atomic line
in a zigzag pattern, and loads are applied perpendicular to the crack’s length. Figure 6 shows how the
fracture stress and strain change as the crack length increases. For the armchair loading
circumstances, as shown in the picture, the material’s tensile characteristics degrade with increasing
crack length, and it fails at relatively low strain levels. This is expected as the stress concentration at
the fracture tip increases with crack length [38].

The 2D-SiC sheet has a fracture stress of ~63.824 GPa and a strain of 0.236 when the crack length
is 0.5 nm. However, when the crack length is increased to 1.5 nm, the fracture stress decreases to
~55.560 GPa, and the fracture strain decreases to 0.187. With a rise in crack length from 0.5 nm to
1.5 nm, the fracture stress is reduced by 12.95%, while the fracture strain is reduced by 20.76%.
Similar detrimental features were also reported in previous studies on graphene, h-BN and MoS; [39,
40]. This shows wider cracks break bonds more rapidly by forming a plastic zone near the crack’s tip.

109



Malaysian Journal on Composite Science and Manufacturing
Volume 12, Issue 1 (2023) 102-113

Because of the extreme stress concentration at the fracture’s tip, this plastic region experiences
irreversible deformation, which paves the way for the crack to spread by breaking bonds [41]. As
soon as a bond is broken, the structure will collapse catastrophically due to the brittle nature of
silicon and carbon. Larger cracks may have weaker failure strengths because more atomic bonds are
broken before the crack forms, throwing the structure’s mechanical balance out of line. Even in the
presence of significant cracks, the nonlinear behavior of the stress-strain curve of the SiC remains
unchanged.
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Fig. 6. Edge induced (a) stress-strain behavior of SiC monolayer, and variations of (b)
fracture stress, (c) fracture strain along the armchair direction.

4. Conclusions

This extensive study examined how strain rate, temperature and defects affect the mechanical
properties of 2D-SiC utilizing molecular dynamics simulation. The modified Tersoff potential was
employed to gain a deeper understanding of these factors’ effect on the mechanical characteristics
of 2D-SiC. The outcome of the molecular dynamic simulation shows an excellent agreement of the
mechanical properties of SiC with that of previously studied DFT data, as the values of elastic modulus
were found to be 433 GPa, with only a 2.3% deviation. Increasing temperature causes a decrease in
fracture strength and strain of the sample. Contrarily, strain rate shows the opposite effect as it has
been observed to increase fracture strength and strain. The results from the defect-induced
nanosheets of SiC show decreased mechanical behaviors with increasing point vacancy concentration
and crack length. This study provides a clear insight into the mechanical performance of monolayer
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SiC in various situations, which will be beneficial in developing nanoelectromechanical systems
considering mechanical damage.
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