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Mechanical properties of Si(1−x)–C(x): strength and stiffness of materials using
LAMMPS molecular dynamics simulation

Clint Eldrick Petilla1*, Catherine Joy Dela Cruz1,2, and Christian Lorenz Mahinay1

1Department of Physics, School of Science and Engineering, Ateneo de Manila University, Loyola Heights, Quezon City, Philippines
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Received April 22, 2024; revised June 27, 2024; accepted July 24, 2024; published online August 22, 2024

This study investigated the mechanical properties (elastic modulus, tensile strength, yield strength, and toughness) of different percent C of silicon
carbide (SiC) using molecular dynamics simulations via the large-scale atomic/molecular massively parallel simulator (LAMMPS) with the uniaxial
tensile test at four strain rates: 0.1, 0.5, 1.0, and 5.0 m s−1, using the Tersoff potential. The simulation uses 20 × 20 × 20 atoms
(108.6 Å × 108.6 Å × 108.6 Å) of the diamond cubic structure of Si, then carbon atoms were placed randomly at 5% intervals from 0–50 percent
C. Results show improved mechanical properties when increasing percent C until peaking at 25%, before decreasing. This is caused by the
shortest bond length at 25 percent C from the increase of Si=C using the radial distribution function analysis. Increasing the strain rate generally
improves the mechanical properties of the material. The deformation mechanism shows that increasing (decreasing) strain rate generally results in
multiple (lesser) failure points with a ductile (brittle) fracture mode. © 2024 The Japan Society of Applied Physics

Supplementary material for this article is available online

1. Introduction

Silicon carbide (SiC) is a ceramic material with excellent wear
resistance and strong covalent bonds having similar properties
to metal.1) Owing to SiC’s robust covalent bond, it has
outstanding physical and electronic properties due to its creep
resistance, chemical stability, high modulus, hardness, and
strength at elevated temperatures.1) Moreover, SiC also has a
wide bandgap, making it a suitable semiconductor.2) Some
applications of SiC include ceramic crucibles and plates,
semiconductor bases, and seals. SiCs generally have low
density, high strength, excellent thermal conductivity, and
low thermal expansion.3,4) However, SiCs are expensive and
difficult to manufacture5) since they require high sintering
temperatures due to strong covalent binding energy.1)

This study utilized the large-scale atomic/molecular mas-
sively parallel simulator (LAMMPS), a molecular dynamics
(MD) software, which is a computational method for
materials science research. The use of MD to investigate
SiC has been performed by Zhang et al.,6) wherein they
studied the frictional, mechanical, and thermal properties of
ß-SiC. Maulana et al.7) have also investigated the effects of
different compositions of a binary phase metal and tested the
mechanical properties of Fe, Ni, and Fe–Ni alloys where they
varied the percent Ni composition and examined the strength
and stiffness of the binary Fe–Ni alloy. Rahman et al.8)

investigated the mechanical properties of Si–Ge at 100, 50,
and 0% Si.
As such, this study draws motivation from the aforemen-

tioned studies wherein the proponents aimed to predict the
various mechanical behaviors (i.e. elastic modulus, ultimate
tensile strength, yield strength, and toughness) of different
percent C content of SiC using uniaxial tensile tests.9) To
characterize the material, the study performed the radial
distribution function (RDF) to check for the behavior of the
bond lengths at different percent C content. It is essential to
note that this is an idealized experiment and that the results of
the mechanical tests and the RDF were a result of the MD
simulations from the LAMMPS software using the Tersoff
Potential.10)

The results of this study would ultimately contribute to the
current knowledge regarding SiC materials. More specifi-
cally, this would allow scientists and engineers to predict the
various mechanical behaviors of the different percent C
content of SiC and be able to fabricate the desired material
depending on their respective applications using the results of
the simulations as a starting point for their experiments. As
such, the objective of this study is to perform molecular
dynamics simulations using LAMMPS with increasing per-
centages of Carbon in Si(1−x)C(x) and assess their mechanical
properties using the stress–strain curve. Furthermore, the
structure of the material is analyzed using the RDF and the
effect of strain rate on the mechanical properties of the
material is visually examined using Open Visualization Tool
(OVITO).11) The rest of the paper is organized as follows, the
data and methodology used in this study are presented in
Sect. 2, the results and discussion are provided in Sect. 3, and
a summary of the conclusions is presented in Sect. 4.

2. Data and methodology

This study was done in three phases: characterization of the
material using RDF, the uniaxial tests done through the MD
simulations in LAMMPS, and the analysis of the uniaxial
tests. This study is based on the experimental setup wherein
Maulana et al.7) tested the mechanical properties of Fe–Ni
alloy at different ratios. For this study, a total of 55 runs were
performed, comprising 44 tensile tests and 11 RDF runs.
OVITO, an open-source, 3D visualization and analysis

software for data visualization in molecular dynamics11) was
used in visually rendering the 3D simulations from the MD of
LAMMPS. The 3D render was saved and was used to
examine the deformation mechanism and to visually deter-
mine the material’s mode of fracture. The surface mesh in
OVITO was also used to ascertain the material’s surface
features, cavity, and void formation during and after the
tensile test.
Furthermore, the RDF modification of OVITO was used to

determine the maximum count of the pair separation distance.
The sample’s data is then obtained and compared to the
theoretical values of the bond lengths of silicon and carbon
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single bond (Si–C) which are 1.91Å for Si–C and single and
carbon double bond (Si=C) which is 1.74Å.12)

2.1. Initialization and boundary conditions
The geometrical model used in the simulation was set as a
diamond crystal structure with a lattice parameter of
0.543 nm. Additionally, the diamond cubic crystal structure
has a face centered cubic (FCC) lattice consisting of two
silicon atoms. Based on this structure, the nearest neighbor
distance is 0.235 nm.13) Since this is an idealized experiment,
the crystal structure is sustained as the carbon impurities were
added and assumed a structure without any voids. The
Tersoff Potential was used in this study since it has been
used in numerous studies with good predictions in simulating
the Young’s modulus of the material.14–16) Tersoff10) has
demonstrated that the potential captured the lattice constant
of the SiC with an accuracy of 1% and successfully simulated
SiC and its defects. Figure 1 shows the Si(1−x)C(x) diamond
crystal structure with increasing carbon content in LAMMPS.
A crystal structure of 20× 20× 20 (108.6Å× 108.6Å×

108.6Å) was used in the experiment to simulate a bulk
material. To prepare the different compositions of the bulk
material, the Si atoms of the bulk material were randomly
substituted with carbon atoms. For this study, the percent C is
defined to be the amount of carbon atoms in the composition
of the structure. For example in the Si0.10C0.90 structure, it is
equivalent to 10 percent C where among the 100 silicon
atoms, 10 Si atoms were substituted to C atoms. The
distribution of the carbon atoms is uniformly distributed using
a random seed. Moreover, periodic boundary conditions were
imposed along all directions. Before the tensile test was
performed, the sample was relaxed under zero pressure at a
constant temperature of 300 K for 2000 femtoseconds, which
utilizes the Nose–Hoover thermostat method following the
constant-temperature ensemble, or the NPT ensemble.17,18)

Moreover, constant-pressure was achieved using a combina-
tion of computational methods. The equations of motions by

Shinoda et al.19) were utilized, which combine the hydrostatic
equations from Martyna et al.20) with strain energy from
Parrinello and Rahman.21) Then, the time integration schemes
and integrators were derived from Tuckerman et al.22)

2.2. Uniaxial tensile test
The uniaxial Tensile Test was performed in LAMMPS
wherein a uniformly distributed tensile force is exerted along
the x-axis of the sample such that the domain of the simulation
box is extended at a constant strain rate. The stress is kept zero
along the y and z axes, and the environmental temperature is
kept constant using the NPT Nose–Hoover method17,18) while
the isobaric conditions utilize a combination of computational
methodologies.19–22) While the material has been subjected to
the test, the resulting stresses and strain are calculated and
recorded at each strain increment, and the corresponding strain
is calculated by multiplying the simulation time of deforma-
tion by the strain rate. More specifically, the stress of the
material can be calculated by Eq. (1):9)

( )s =
F

A
1

0

where s is the tensile stress (MPa), F is the tensile force
applied to the material in Newtons, and A0 is the initial cross-
sectional area of the specimen (m2). Then, the strain ò is
defined according to Eq. (2):

( )Î =
-

=
Dl l

l

l

l
2i 0

0 0

where l0 is the original length before any load is applied and
li is the instantaneous length.
The source code of the uniaxial tests is found in

Appendix A. The parameters, except the potential, size, and
equilibration time, were based on Maulana et al and Royce et
al.7,14) Figure 2 shows the uniaxial test of the Si0.75C0.25 (25
percent C), wherein the force is applied on the (100) and
(1̄ 00) plane.

Fig. 1. Bulk material used in the study with a size 20 × 20 × 20 (108.6 Å × 108.6 Å × 108.6 Å) at increasing carbon content.
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When the tensile test is completed, the simulation outputs a
.txt file containing the stress and strain values. The text file
was imported into the spreadsheet for computation to
characterize the mechanical properties of the bulk material
containing different percent C compositions. From the stress–
strain diagram, the elastic modulus was computed by fitting a
linear trendline in the elastic or linear region of the stress–
strain curve. The highest point in the stress–strain curve was
identified as the ultimate tensile strength. To determine the
yield strength, the offset method was used at about 0.002
units of strain.9) Lastly, the toughness of the material was
computed by solving the area under the stress–strain curve
using the trapezoidal method.23) Let f(x) be a function of the
stress–strain curve as shown in the red graph in Fig. 4, and
solving for the area under the curve, we may integrate the
aforementioned graph from initial strain to fracture, using
Eq. (3),

( )

[ ( ) ( ) ( ) ( ) ( )] ( )
ò » =

D

+ + + + +-

f x dx T
x

f x f x f x f x x
2

2 2 2 3
a

b

n

n n0 1 2 1

wherein a and b are the limits of integration, more specifi-
cally the initial strain and the fracture strain, respectively. We
may approximate the area of the curve using the trapezoidal
method to compute the total area of the trapezoid, Tn using n
number of subintervals and at subinterval length Δx given to

be:

( )-D =
-

= + Dx
b a

n
x a i x; 4i

where xi is any point in ith subinterval.23) However, the
toughness would not be computed if the material fails to
fracture since Callister and Rethswich9) define toughness as
the ability of the material to absorb energy and deform
plastically before fracture. Figure 3 summarizes the mechan-
ical properties that can be derived from the stress–strain
curve.9)

Finally, the same uniaxial test was performed for 0.1, 0.5,
1.0, and 5.0 m s−1 strain rates. The strain rates were adjusted
by manipulating the srate variable from the source code as
shown in Appendix A. For this study, the strain rate is
defined to be the quotient between the srate and 1.0e12.
Additionally, the simulation ceases when the material frac-
tures. Due to the interest of time, the simulation ceases
when the strain reaches 50 units (10 ns for 5.0 m s−1, 50 ns
for 1.0 m s−1, 250 ns for 0.5 m s−1, and 2,500 ns for 0.1 m
s−1) even if the material does not fracture. Observations on
the deformation mechanism and fracture of the material were
determined based on visual inspection from the OVITO
software11) using mesh analysis.
2.3. Radial distrial distribution function
To ascertain the accuracy of the generated SiC structures, the
RDF was used to determine the bond length between the
atoms. The RDF is a pair correlation function that allows in-
depth analysis of how the atoms in a system are radially
packed around each other.24,25) Firstly, the Si–Si bond length
of the pure Si sample was first verified with the theoretical
value from Sergeiva et al.12) Then, to check the existence of
Si–C and Si=C, they were compared to the theoretical bond
length which are given at 1.91 and 1.74Å, respectively.12)

This methodology of inferring the double bond generation
due to the decrease of pair separation distance has been used
in the study of Fazeli24) on their MD study of amorphous
silicon to determine the existence of Si bonds. Rino et al.25)

have also used the RDF in their MD study of amorphous
silicon carbide to confirm the existence of the Si–C bond in
their study based solely on the pair separation distance.

3. Results and discussion

3.1. Radial distribution and pair separation distance
Figure 4 shows the radial distribution function of the SiC
bond at increasing carbon content. The proponents tested the
RDF of the pure silicon crystal, and the result is in agreement

(a) (b)

Fig. 2. (a) Free body diagram of the uniaxial test, red arrows indicate the direction of the forces along the x-axis used in the test and (b) the material under
tensile test and fracture.

Fig. 3. Mechanical properties derived from a typical stress–strain curve.
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with Kyushin et al.,26) wherein the theoretical bond length of
crystalline Si is 2.31Å, and the results show that the
simulated bond length is 2.35Å, which is equivalent to a
percent error of 1.73%.
Figures 4(a) and 4(b) show the pair separation distance

between Si and C atoms based on visual inspection,
increasing the carbon content of the bulk material decreases
the pair separation distance of the SiC. Moreover, it can be
observed that increasing the carbon content shifts the peak of
the pair separation distance to the left. Since the theoretical
bond lengths of Si–C and Si=C were given at 1.91 and
1.74Å, respectively, the shift of the peaks to the left
manifests the increase of Si=C and a reduction of Si–C.12)

Figure 4(b) shows the peaks of the pair separation distance
from Fig. 4(a) in Å at increasing carbon content. Based on the
results, increasing the carbon content reduces the pair
separation distance up to 25 percent C, and starts to increase
when percent C is increased further.
Sensitivity tests on the equilibration were performed

wherein the proponents tested an equilibration time of
2000 fs and 20000 fs. Based on the results (not shown),
the phase separation between the Si and C atoms was not
apparent and the RDF remained consistent for both dura-
tions. The proponents have tested the effects of changing the
random seed, hereinafter referred to as seed, during the
initial sample configuration to check if the simulation does
indeed randomly place the carbon atoms based on the seed,
during the initialization and setup of the bulk material.
Based on the RDF of Fig. S1, the random placement of the
carbon atoms is indeed random, with the trends consistent in
that there is a global minima of the pair separation distance
at 25 percent C the average peaks from the RDF at
increasing percent C.
3.2. Uniaxial tensile test
This section discusses the results of the uniaxial test on a
20× 20× 20 (108.6Å× 108.6Å× 108.6Å) sample at a
strain rate of 0.1, 0.5, 1.0, and 5.0 m s−1. Figure 5 shows
the stress–strain curve of the different percent C components
until a strain of 2 units.
3.2.1. Effects of mechanical properties on increasing
percent C. After retrieving the stress–strain curve of each
run, the mechanical properties were computed and summar-
ized in Fig. 6. The figure shows the computed mechanical
properties, such as (a) elastic modulus, (b) ultimate tensile
strength, (c) yield strength, and (d) toughness, at increasing

carbon content, with the different strain rates with its
respective color code: 5.0 m s−1 (blue), 1.0 m s−1 (red),
0.5 m s−1 (gray), and 0.1 m s−1 (yellow).
Based on visual inspection of Fig. 6, an increase in carbon

content increases the elastic modulus of the material at 1.0 m
s−1 and 0.5 m s−1, while there exists a general decrease in the
ultimate tensile strength, yield strength, and toughness.
More specifically, there exists an increase in elastic

modulus when the percent C content is increased until 25
percent C, as shown in Fig. 6(a). This trend was observed
when strain rates were at 1.0 m s−1 and 0.5 m s−1, and the
increasing trend was also observed up to 15 percent C for
0.1 m s−1. Based on Figs. 6(b) and 6(c), the ultimate tensile
strength and the yield strength decrease at increasing percent
C (except when the strain rate is 0.1 m s−1). Based on
Fig. 6(d), it can be observed that increasing percent C reduces
the toughness of the material, especially when the strain rates
were at 5.0 m s−1, 1.0 m s−1, and 0.5 m s−1. Hence, it can be
observed that increasing (decreasing) the carbon content
makes the material more (less) brittle. This observation will
also be discussed later in the deformation mechanism in
Sect. 3.3.
One of the probable causes for an increase in elastic

modulus when percent C is increased until 25 percent C may
be likely since there exists an increase of the SiC double bond
as a manifestation in the dip of the pair separation distance in
Fig. 4(b). Based on the RDF, 25 percent C has the lowest pair
separation distance and may explain an increase in the Si=C.
As a result, this requires more energy to break, which
increases elastic modulus. Silberberg et al.27) assert that for
a given pair of atoms, a shorter bond is a stronger bond.
However, as the percent C is further increased to >25 percent
C, the pair separation distance increases, which may explain
the brittleness of the material.
Another observation from a study28) investigating the

mechanical properties of boron carbide at increasing percent
C (0 to 15 wt percent C), found that an improvement in
elastic modulus and flexural strength exists until 10 wt
percent C, before the material starts to become brittle due
to the presence of pores at 15 wt percent C. The same
phenomenon has also been observed in steel alloys, wherein
increasing carbon content results in increased hardness with a
decrease in toughness.29)

Although no literature has explicitly asserted the theore-
tical values for the elastic modulus of SiC at different carbon

(a) (b)

Fig. 4. The (a) radial distribution function of the SiC bond at increasing percent C and (b) the corresponding peaks.
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content, the MD simulation performed in this study greatly
underestimated the elastic modulus but the value of the yield
strength is comparable to that of experimental values.6,30–33)

This contradicts the observations from Hornyak et al.34)

where they have noted that when a material approaches the
nanoscale, the mechanical properties such as tensile strength
can approach the theoretical limit, as observed in carbon
nanotubes. The results of this study also contradict the
observation made by Llorin et al. and Xiang et al.,14,35)

where the study noted that the Tersoff potential has been
reported to predict the Young’s Modulus of the material
reliably.
The proponents would emphasize that this simulation is an

idealized experiment and that the measured fracture strengths
of most ceramic materials are significantly lower than the
predicted theory derived from the covalent bonding.9) At the
macroscopic level, ceramics immediately fracture before
significant plastic deformation occurs.9,36,37)

(a) (b)

(c) (d)

Fig. 5. Stress–strain curve at different percent C at a strain rate of (a) 5.0 m s−1, (b) 1.0 m s−1, (c) 0.5 m s−1, and (d) 0.1 m s−1.

(a) (b)

(c) (d)

Fig. 6. (a) Elastic modulus, (b) ultimate tensile strength, (c) yield strength, (d) toughness of the bulk material at increasing percent C at 5.0 m s−1 (blue),
1.0 m s−1 (orange), 0.5 m s−1 (gray), and 0.1 m s−1 (yellow) strain rates.
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3.2.2. Effects of mechanical properties on increasing
strain rate. Based on the graphs of Fig. 7 the elastic
modulus, increasing the strain rate, increases the elastic
modulus of the material, except for the materials having
>10 percent C such that the modulus decreases when the
strain rate is 5.0 m s−1, as shown in Fig. 7(a). For the ultimate
tensile strength, as shown in Fig. 7(b), there is a continuous
increase of the material’s strength except for the materials
having >20 percent C where a decrease at 0.5 m s−1 before
the strength increases. Moreover, the 0 percent C (pure
silicon) experienced a reduction in strength at 5.0 m s−1. For
the yield strength, there is a general increase for all materials,
as shown in Fig. 7(c). One inverse relationship observed in
increasing the strain rate is the toughness, as shown in
Fig. 7(d), wherein the toughness values generally decrease
when the strain rate is increased.
One noticeable trend for the 5.0 m s−1 strain rate is that the

elastic modulus, tensile strength, and yield strength, were
greater than the other strain rates. This is because fewer data
points exist, leading to an overestimated computation of the
mechanical properties. However, the toughness of the mate-
rial is low due to the lower strain value from the sudden
fracture of the material. Wang et al.29) discussed that for
metals, yield strength, ultimate tensile strength, increases
with increasing strain rate, but the aforementioned study was
conducted on FeMnCoCr alloys, and the mechanism may be
different from that of ceramic. Additionally, Llorin et al.14)

have observed that increasing strain rate correlates with a
general improvement in the mechanical properties of nitrides
but have also observed a decrease in toughness.
One probable cause as to why the material improves its

mechanical properties at faster strain rates is that it does not
have enough time to induce local deformation, which would

result in fewer voids.38) As a result, the material inhibits the
formation of localized stress concentration, with improved
mechanical properties but results in multiple failure points, as
demonstrated by 1.0 m s−1 and 5.0 m s−1 strain rates. In
contrast, the inability of the lower strain rates to fail the
material is that the material is given enough time to form and
redistribute the stress.39) This phenomenon has also been
observed in the MD study,14) where lower strain rates fail to
fracture the nitrides under tensile stress.
Figure 7 shows a similar trend for strain rates at 1.0 m s−1

and 0.5 m s−1, except for toughness. More importantly, there
exists a rise in the elastic modulus from pure Si to 25 percent
C before it starts to decrease. The probable causes were
discussed earlier (optimal Si and C proportion for FCC
structure and increase in Si=C bonds). This phenomenon is
also observed in the 0.1 m s−1 strain rate, wherein the elastic
modulus drops significantly at >25 percent C content.
Some of the trends mentioned above deviate when the

strain rate is further reduced to 0.1 m s−1. More particularly,
the yield strength and ultimate tensile strength of the samples
having >25 percent C start to increase at the lowest strain
rate. One apparent effect of a lower strain rate is the increase
in toughness and failure of the material to fracture. Pelleg40)

noted that strain rate greatly influences the toughness of the
material aside from temperature and the notch effect.
Moreover, the material did not fracture when the material
had a carbon content of <25 percent C at 0.5 m s−1 strain rate
and <30 percent C at 0.1 m s−1 strain rate.
Lastly, the strain rate greatly determines the deformation

mechanism of the material. Faster strain rates immediately
fracture the material, and lower strain rates allow the material
to undergo brittle fracture (when C content is >20 percent C)
or ductile fracture (percent C is ⩽20 percent C).

(a) (b)

(c) (d)

Fig. 7. (a) Elastic modulus, (b) ultimate tensile strength, (c) yield strength, and (d) toughness of the bulk material at increasing percent C at 5.0 m s−1, 1.0 m s−1,
0.5 m s−1, and 0.1 m s−1 strain rates.
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To further check the effects of different seeds and to verify
if there exists a significant effect of different seeds on the
mechanical properties of the material, the proponents have
tested two seeds of equilibration and tensile test (seed 12345
and 54321) of this study with a 1 m s−1 strain rate. The
results (not shown) noted that both seeds are comparable in
magnitude with ±0.5 units of difference in magnitude
between the elastic modulus, tensile strength, yield strength,
and resilience, while ±3.0 J m−3 difference for toughness.
3.3. Deformation mechanism
This section discusses the deformation and fracture me-
chanism of the material during the tensile test at 300 K.
Recall that this molecular dynamics simulation is an idealized
experiment such that the material initially contains no voids.
When the material was subjected to a strain rate of 5.0 m s−1,
the material behaved like a fluid wherein the particles moved
so rapidly that they immediately disintegrated the material.
When the strain rate is lowered to 1.0 m s−1, the brittle

(Fig. 8) and ductile (Fig. 9) fracture modes are now visible.
Based on visual inspection, the pure silicon underwent a
ductile fracture mode accompanied by necking and fracture.
In contrast, the Si0.75C0.25 underwent a brittle mode of
fracture wherein the direction of crack and failure is very
nearly perpendicular to the direction of the applied tensile
stress, resulting in a relatively flat fracture surface.9)

Silicon carbide is a ceramic, and the fracture mechanism of
ceramics is mainly ductile with little to no plastic deforma-
tion. In the simulations, when the percent C of the material is
greater than 20 percent C, the fracture mode is brittle.
Figure 8 examines the brittle fracture mode, with
Figs. 8(b), 8(d) highlighting the surface mesh of the material.
Based on closer examination, the simulation can demonstrate
the brittle mode of fracture of Si0.75C0.25 and Si0.50C0.50 at 0.5
m s−1 and 0.1 m s−1 strain rates, respectively, as shown in
Figs. 8(a), 8(c). Based on the visual inspection, a brittle
fracture occurred which is manifested by a very near
perpendicular crack direction to the applied tensile stress.9)

This phenomenon of the crack propagation direction has also
been observed in silicon carbide materials under tensile
stresses.36,37) When the simulation was reviewed, there
were no signs of initial cracks and fracture (i.e., reduction
in cross-sectional area or necking). More specifically when
examining the duration of the fracture mechanism of the
25 percent C to 50 percent C (30% to 50%) samples at 0.5 m
s−1 (0.1 m s−1) strain rates, the crack propagation and failure
within 2500–3500 (1500–2000) timesteps or 2.5–3.5
(1.5–2.0) ns.
However, when the strain rate is increased to 1.0 m s−1 for

the Si0.50C0.50, the fracture mechanism transitions into a
ductile mode of fracture with multiple failure points. The
material undergoes plastic deformation and necking, while at
some points, the material also undergoes brittle fracture.
The plastic deformation, necking, and ductile mode of

fracture are apparent when strain rates are very low, as shown
in Fig. 9, or when the carbon content in the material is <20%.
Figures 9(a) and 9(b) show pure Si and Si0.95C0.05, respec-
tively, and it can be observed that necking is noticeable
before fracture.
Pure silicon is neither a metal nor a non-metal wherein and

the material’s properties exist somewhere in between, but
based on visual inspection, it exhibited a somewhat ductile
mode of fracture albeit the absence of a cup-and-cone fracture
as described by Calliester and Rethwisch9) and an MD
study14) on nitrides. Moreover, there exist numerous sphe-
rical “dimples” as shown on the surface mesh in Figs. 9(c)
and 9(d). The surface mesh also reveals the existence of voids
and cavity formation, which manifests a ductile fracture
mode (Callister and Rethwisch).9) When the strain rate is
further reduced to 0.5 m s−1 and 0.1 m s−1, the material does
not fracture and instead undergoes infinite elongation.
This phenomenon has been observed in the study by Llorin

et al.,14) wherein the material stretches to a length while
reducing its cross-sectional area. As such, there exists no
fracture analysis for the material of <25 percent C when the

(a) (b)

(c) (d)

Fig. 8. Brittle mode of fracture of (a), (b) Si0.75C0.25 at 0.5 m s−1 strain rate and (c), (d) Si0.50C0.50 at 0.1 m s−1 strain rate with surface mesh (b), (d).
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strain rate is at 0.5 m s−1 and <30 percent C when the strain
rate is 0.1 m s−1. This is a result of the tensile forces acting
on the material is not enough to rupture the bonds, where a
study39) elucidated that if the strain rate is too low, the
material is given enough time to form and redistribute the
stress as simulated in their study on the MD on aluminum
nitride.
Although the results were able to demonstrate the different

deformation mechanisms and the mode of fracture, these
results must be tested experimentally. Based on the results so
far, the Tersoff potential is ineffective at capturing the
fracture behavior of the material, such that when the
experiment was conducted at different seeds, the points of
failure varied on both seeds as shown in Fig. S2, yet the
timestep when the fracture occurred is similar. Llorin et al.
and Xiang et al. also noted the varied fracture behavior of the
materials where they have pointed out that most potentials
have difficulty in predicting fracture behavior in complex
crystal structures.14,35) Moreover, the material’s response to
different strain rates may also be a manifestation of viscoe-
lastic properties which may be further investigated in future
studies.

4. Conclusion

This study was able to evaluate the mechanical properties and
deformation of SiC at increasing percent C from 0 to 50% at
0.1, 0.5, 1.0, and 5.0 m s−1 strain rates using the LAMMPS
MD simulation. Based on the results, the study was able to
demonstrate the trends in mechanical properties of Si(1−x)C(x)

material with increasing carbon content through the tensile
test wherein increasing percent C makes the material brittle
yet stiffer (to a certain extent at 25 percent C). More
specifically, increasing percent C results in an increase in
elastic modulus until 25 percent C, a decrease in tensile
strength, yield strength, and toughness. The study examined
the structure of the bulk material using RDF such that an
increase in percent C increases the Si=C to a certain extent

and then increases at greater than 25 percent C. Furthermore,
the study showed the effect of strain rate on the mechanical
properties of the Si(1−x)C(x) where increasing (decreasing) the
strain rate decreases (increases) toughness and the mechan-
ical performance of the material becomes better (worse).
Lastly, the study visually shows via mesh analysis that
increasing (decreasing) percent C leads to a brittle (ductile)
fracture mode.
This study offered initial insights into the increase of

carbon impurities in pure silicon, the proponents would
recommend conducting a separate study on the effects of
other parameters such as the effects of mechanical properties
at elevated temperatures. The study may have also preserved
the crystallinity of the structure by providing a predetermined
location of the silicon and carbon components to ascertain
that the material is of a diamond cubic crystal structure. The
tensile test should also have continued indefinitely until the
material fractures to ascertain the toughness values.
Moreover, the fracture and deformation mechanism of the
material using the Tersoff potential may be discussed for
future studies. The proponents would also emphasize that this
is an idealized experiment for the Si(1−x)C(x) and the
mechanical properties in this study may not exactly reflect
the true experimental value of the material. Ultimately, the
actual fabrication and experimentation of the Si(1−x)C(x)

would help confirm if these trends are observed for real-
world applications.
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Appendix A

Source code for Equilibration and Uniaxial Tensile Test.

# Tensile stressstrain code
#..............................INITIALIZATION.....................................

units metal
atom_style full
dimension 3
boundary p p p
atom_modify map array
#..............................SETTINGS.............................................
lattice diamond 5.43 #for silicon (diamond)
region block block 0 20 0 20 0 20
create_box 2 block
create_atoms 1 region block
set region block type/ratio 2 0.25 12345 #0.n% Carbon
#.......................................POTENTIAL..................................
mass 1 28.0855
mass 2 12.011
pair_style tersoff
pair_coeff * * SiC.tersoff Si C
neighbor 2.0 bin
neigh_modify delay 10 check yes
#...............................COMPUTATIONS.......................................
compute csym all centro/atom fcc
compute peratom all pe/atom
#.............................EQUILIBRATION........................................
reset_timestep0
timestep 0.001

#Change Timestep
velocity all create 300 12345 mom yes rot no
fix 1 all npt temp 300 300 1 iso 0 0 1 drag 1

# Set thermo output
thermo 10
thermo_style custom step lx ly lz press pxx pyy pzz pe temp
dump 1 all custom 100 equilibration_aSi.lammpstrj id type x y z ix iy iz c_peratom

c_csym
write_data data.relaxation_aSi

# Run for at least 10 picoseconds (assuming 1 ps timestep) - 10000
run 2000
unfix 1
undump 1

# Store final cell length for strain calculations
variable tmp equal "lx"
variable L0 equal ${tmp}
print "Initial Length, L0: ${L0}"
#.............................DEFORMATION..........................................
reset_timestep0

Continued on next page.
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Continued.

fix 1 all npt temp 300 300 1 y 0 0 1 z 0 0 1 drag 1
variable srate equal 1.0e12 #speed
variable srate1 equal "v_srate / 1.0e12" #time step
fix 2 all deform 1 x erate ${srate1} units box remap x

# Output strain and stress info to file
# for units metal, pressure is in [bars] = 100 [kPa] = 1/1000 [GPa]

# p2, p3, p4 are in GPa
variable strain equal "(lx - v_L0)/v_L0"
variable p1 equal "v_strain"
variable p2 equal "-pxx/10000"
variable p3 equal "-pyy/10000"
variable p4 equal "-pzz/10000"
fix def1 all print 100 "${p1} ${p2} ${p3} ${p4}" file aSi.deformation.txt screen

no
thermo 10
thermo_style custom step v_strain temp v_p2 v_p3 v_p4 ke pe press
dump 1 all custom 100 deformation_aSi.lammpstrj id type x y z ix iy iz c_peratom

c_csym
write_data data.deformation_SiC
#dump 2 all custom 100 data.atoms_deformation_SiC id type x y z ix iy iz
run 10000
write_data data_deformation.lammps

#Simulation Done
print "Simulation Complete!"
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