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a b s t r a c t

The tensile strength of irradiated 3C-SiC, SiC with artificial point defects, SiC with symmetric tilt grain
boundaries (GBs), irradiated SiC with GBs are investigated using molecular dynamics simulations at
300 K. For an irradiated SiC sample, the tensile strength decreases with the increase of irradiation dose.
The Young's modulus decreases with the increase of irradiation dose which agrees well with experiment
and simulation data. For artificial point defects, the designed point defects dramatically decrease the
tensile strength of SiC at low concentration. Among the point defects studied in this work, the vacancies
drop the strength the most seriously. SiC symmetric tilt GBs decrease the tensile strength of pure SiC.
Under irradiated condition, the tensile strengths of all SiC samples with grain boundaries decrease and
converge to certain value because the structures become amorphous and the grain boundaries disappear
after high dose irradiation.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Silicon carbide (SiC) and its composites are promising cladding
materials for light water reactors (LWRs) and it can be used in
fusion systems [1e3]. The inherent low neutron absorption cross
section, high temperature strength [4], creep resistance [5], good
oxidation resistance [6,7], low activation properties make SiC a
promising material used in irradiation environment. The SiC-based
fibers [8] may overcome the brittle property of SiC, and the SiC
fiber-reinforced SiC-matrix (SiC/SiC) structural composites can be
used in nuclear devices.

The physical properties of SiC under neutron irradiation have
been studied and reviewed intensively, including microstructure,
swelling, thermal properties, electrical properties, mechanical
properties, and creep [9e12]. After neutron irradiation, the
amorphization occurs around 300 K. Under irradiation condition at
higher temperature, “black spots” or tiny clusters of self-interstitial
atoms appear [9,10]. The microstructure evolution under the irra-
diation condition may affect the mechanical properties of SiC.
Neutron irradiation reduces SiC elastic modulus at temperature

lower than 1000 K [9,13]. The fracture toughness of SiC increases in
the intermediate irradiation temperature range [9]. The strength of
SiC depends on Si/C ratio [9,14]. High purity CVD SiC exhibits
excellent irradiation resistance and the strength of non-
stoichiometry SiC decreases significantly under neutron irradia-
tion. Furthermore, amorphous structures appear after high dose
irradiation at low temperature, which decrease the hardness and
elastic modulus of SiC after neutron irradiation [15].

Molecular dynamics (MD) simulations are usually used to study
the irradiation damage of materials [16e20]. The primary damage
of displacement cascade process, or the short-term of point defects
and small clusters generated at atomic scale are well handled with
MD simulations [19]. The mechanical properties of SiC such as
elastic constants, the bulk and elastic moduli, and irradiation
swelling at low temperature due to damage accumulation are
simulated with MD and consistent with experiment results [21,22].
Evolution of the microstructure damage under irradiation is com-
plex, which contains the accumulation, migration, and elimination
of defects and so on. As a result, long time simulation approaches
for a large systemwith complex defects are needed to simulate this
process. For example, kinetic Monte Carlo simulations [23], tem-
perature accelerated dynamics (TAD) [24], activation-relaxation
technique (ART nouveau) [25], and cluster dynamics (CD)
modeling [26] et al., are proposed to simulate the irradiation
evolution.
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The point defect evolution in SiC during the irradiation process
has been investigated by molecular dynamics simulations [27e32].
In these works, a PKA of 10 keV Si is chosen to start an irradiation
process simulation and the evolution of interstitials, vacancies, and
antisite defects is studied. The irradiation processes generate more
carbon interstitials and vacancies than the silicon related point
defects [30]. After the overlap of cascades, the size and number of
interstitial clusters increase, showing the accumulation of irradia-
tion damage. Xi et al. investigated the role of point defects on the
elastic modulus of irradiated 3C-SiC with molecular dynamics
simulations [33]. They found that the Young's modulus increases
with the increase of concentration of CSi (carbon occupies silicon
site), while decreases with the concentrations of other types of
point defects.

Grain boundaries (GB) may affect the mechanical properties of
SiC during the irradiation process. Wang et al. have observed the
grain boundary enhanced amorphization in SiC during the irradi-
ation process with Kr ion implantation experiments [34]. Swami-
nathan et al. have investigated structure evolution of the tilt grain
boundaries in b-SiC under irradiation condition with molecular
dynamics cascade simulations [35]. Jin et al. investigated the grain
boundary effects on the mechanical properties of irradiated nano-
crystalline SiC using molecular dynamics simulations [36]. The
hardness of SiC with GB is found decreasing dramatically with the
increase of irradiation dose. Bringuier et al. have investigated the
grain boundary dynamics of SiC bicrystals under shear deformation
[37].

Since mechanical properties are important for SiC as a structural
material, the flexural strength of SiC has been studied with exper-
imental methods under neutron irradiation condition [1,8,9,38,39].
Because the flexural strength is slightly larger than the tensile
strength, the tensile strength can be used to estimate the flexural
strength [40]. In this paper the tensile strength of irradiated SiC is
calculated with atomic-scale molecular dynamics simulation.
During the irradiation process, defects are generated which may
affect the mechanical properties. In order to evaluate the effects
from different defects, samples with various types of point defects,
SiC GBs are generated manually and the tensile strengths of these
samples are calculated respectively. Our results show that the
tensile strength of SiC decreases with the increase of irradiation
dose and it converges to certain value finally. Irradiation generated
point defects are important for the tensile strength, especially the
vacancies. The grain boundary also decrease the tensile strength of
SiC. The grain boundaries disappear after high dose irradiation due
to the amorphous transformation happens.

2. Computational methods

The MD simulations are performed using LAMMPS program
(Large Scale Atomic/Molecular Massively Parallel Simulator [41]) in
our study. There are two SiC potentials used in our simulation for
different purposes. The analytical bond-order potential developed
by Erhart and Albe [42] is used to describe the SieC interaction in
structure generation andmechanical calculation. The potential well
reproduces lattice and elastic constants of 3C-SiC. The calculation of
point defects formation energies is comparable to first principles
data [42]. It is also used to study the crack tip behavior and
deformation mechanism of SiC [43,44]. Meanwhile, the Tersoff
potential developed by Devanathan [45] in combination with Zie-
gler, Biersack and Littmark (ZBL) short-range potential [46] is used
to describe high energy atomic collisions in SiC. The potential is
widely used in cascade simulation of SiC [27,35,47,48]. The OVITO
program is used for visualization and analysis of structures [49].

2.1. Generation of SiC with point defects

Since various point defects are generated during the irradiation
process, different types of artificial point defects are generated to
investigate the point defect effects on the mechanical properties of
SiC and evaluate their differences. There are 16� 16� 50 unit cells
with 102,400 atoms in the simulation box initially. Then some Si or
C atoms are added, removed, or replaced to generate vacancies,
interstitials, and anti-site defects. Because there are many types of
point defects in SiC during the irradiation process, some of them
with lower formation energies are chosen to study in this work. The
formation energies of various point defects in SiC have calculated
with both empirical potential [42] and ab initio method [50] which
are listed in Table 1. For interstitial defects, the formation energies
of two interstitial configurations (CieC <100> and CieSi 〈110〉
dumbbells) are relatively low compared with other interstitial
configurations with both of first principles and empirical potential
calculations. As a result, they are studied in the present work. In the
defect of CieC <100> , an interstitial carbon atom and another
carbon atom share a carbon site and they form a C-C atom pair
along 〈100〉 direction. In the defect of CieSi <110> , an interstitial
carbon and a silicon atom share a silicon site, which form a C-Si
atom pair along <110> direction. For vacancy type point defects,
both of carbon vacancy (VC) and silicon vacancy (VSi) are studied.
There are two types of antisite defects studied in this work, a car-
bon atom occupying a silicon site (CSi) and a silicon atom occupying
a carbon site (SiC).

The point defect concentrations range from 0% to 50%. The
concentration of point defects is defined as the number of added
(interstitials), removed (vacancies), and replaced atoms (antisites)
divided by the number of original total atoms in the super cell. The
man-made point defects are uniformly distributed in the system.
For example, partial carbon atoms are randomly chosen to be
deleted to generate carbon vacancies with certain concentration.
The upper bound of 50% is applied because it is the maximum
concentration of antisite defects of CSi and SiC .

2.2. Generation of grain boundaries in SiC

The symmetric (110) <001> tilt grain boundaries (GB) in SiC
with tilt angles in the range from 0� to 90� are constructed.
Including 0� and 90�, totally 26 grain boundary configurations with
different tilt angles are generated. The (110) plane of a perfect
crystal is the median plane of the generated GBs (GB 1 plane in
Fig. 1(a)). The tilt rotation axis is along the [001] direction. All the

Table 1
The formation energies of interstitials, vacancies, and antisite defects calculated by
ab initio method [50] and empirical potentials [42]. DFT-LDA refers to density-
functional theory within the framework of the local density approximation. EA05
refers to Erhart-Albe potential. The bold defects are selected in the present
calculations.

Defects DFT-LDA [50] EA05 [42]

Interstitial CieC<100> 3.16 5.12
SiieC <100> 10.05 13.37
CieSi <100> 3.59 8.24
SiieSi <100> 9.32 17.72
CieC <110> 3.32 10.64
CieSi <110> 3.28 5.12
CTC 6.41 12.68
CTSi 5.84 9.38
SiTC 6.17 17.35
SiTSi 8.71 18.15

Vacancy VC 5.48 1.93
VSi 6.64 4.55

Antisite CSi 1.32 2.19
SiC 7.20 2.36
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GB structures are inside orthorhombic boxes with periodic
boundary conditions in three directions and the schematic of a GB
is shown in Fig.1(a). There are two grains and two GBs (GB 1 and GB
2) planes in Fig. 1(a). The x direction is parallel to the tilt rotation
axis of [001]. The symmetric tilt GB structures are generated with
the online software GB Studio [51]. The length of Lx is equal to five
times of lattice constant (2.18 nm) and it is the same for all the
generated GB structures. Ly, Lz are about 20 nm and the number of
atoms are about 100,000 for all the GB configurations.

Due to the existence of a large number of SiC grain boundary
configurations, we are trying to find the global minimum energy
configurations for the SiC grain boundaries. Once a grain boundary
is generated with GB Studio, the upper grain is shifted in x and y
directions for certain distances and then MD relaxation is used to
calculate the system energies. We suppose the configuration with
the lowest formation energy is the one for this type grain boundary,
or the grain boundary with corresponding angle. The optimization
method used here is a simplified version of that fromWojdyr et al.'s
work [52]. The optimization procedure can be described as follows:

d the upper grain is displaced in x or y direction with an
increment of 1 Å, until next periodic position. Suppose there
are m shifted configurations for the grain boundary with
certain tilt angle.

d for each configuration generated in the above step, increase
the temperature of the system to 3500 K in 5000 steps. Then
quench the system to 100 K in 20,000 steps. The canonical
ensemble (NVT) is applied in two steps. The time step is 1 fs
and the total relaxation time is 25 ps. A configuration is
recorded every 5000 steps and six configurations (including
the initial one) are recorded in this procedure.

d the system energies of the 6m saving configurations are
minimized with conjugate gradient algorithm. The structure
with the lowest system energy is considered as an optimized
one for the grain boundary with this tilt angle.

The GB formation energies of optimized structures are shown in
Fig. 1(b). For the GBs with small angles, the GB formation energy
increases with the increase of the tilt angles. For the GBs with large
angles, the GB energies do not change toomuch. The GB energy as a
function of the tilt angle is similar to that fromWojdyr et al.'s work
[52].

2.3. Irradiation simulation of cascade overlap

In this paper, the irradiation simulations of cascade overlap for
SiC and SiC GBs are carried out with the same cascade overlap
simulation procedure of SiC in our previous work [22]. Isothermal-
isobaric (NPT) ensemble is applied to relax the internal stress
before cascade overlap simulations and the external pressure is
0 Pa. The irradiation temperature is 300 K. Each cascade simulation
is followed by a subsequent annealing process. In order to see the
dose effect, totally 300 iterations are performed for the cascade
simulations for each sample. The microcanonical ensemble (NVE) is
applied for the cascade process and NPT ensemble is used for the
annealing process. In the cascade process, we randomly choose a Si
atom as PKA and its initial kinetic energy is set as 10 keV. Each
cascade process lasts 6.2 ps with variable time steps. The time step
setting criteria guarantees all the atoms would not move longer
than 1.5% of the lattice constant per time step. During the cascade
procedure, the system temperature increases. The following
annealing process lasts 50 ps and cools the system temperature
down.

In our calculation, ‘MD-dpa’ is used to define the irradiation
dose in irradiated SiC. It is used to describe the displacement per
atom during the molecular dynamics simulation and the detailed
calculation scheme of the irradiation dose is described in Ref. [22].
The overall irradiation dose for the 300 overlapped cascades is 0.47
MD-dpa.

2.4. Tensile strength calculation

The stress-strain curves under uniaxial tensile conditions are
calculated for the bulk SiC, SiC with point defects, SiC GBs, irradi-
ated SiC, and irradiated SiC GBs at 300 K. Before the tensile load is
applied, NPT ensemble is used to release the internal stress for all
the samples. The relaxation time is 10 ps and the time step is 1 fs.
Then the tensile strain is applied in the z direction on a sample
studied in this work and the deformation rate is 0:0005=ps. During
this process the stresses in the other two directions x and y are kept
as 0 Pa and the stress in the z direction is calculated with LAMMPS.
The stress-strain curves are plotted with the engineering strains
and the corresponding output z direction stresses. The maximum
stress in one curve is the tensile strength of this sample.

Fig. 1. (a) The schematic of a GB structure. (b) The tensile strength and the formation energy of symmetric (110) <001> tilt GBs as functions of tilt angle.
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3. Results and discussions

3.1. Tensile strength of irradiated SiC

Irradiation effect on the mechanical properties of SiC is an
interesting topic if SiC is chosen as a cladding material for nuclear
reactors. In this section, neutron irradiation process is simulated
with MD simulations and the mechanical property is evaluated
with stress-strain curve. A stoichiometric SiC sample is generated
first without irradiation condition and the stress-strain curve is
calculated under uni-axial tensile strain condition in the [001] di-
rection. The stress-strain curve of the un-irradiated SiC sample is
shown in Fig. 2(a). The stress increases with the increase of tensile
strain and drops abruptly after the maximal point. It demonstrates
the brittle fracture property of a ceramic material. Our calculated
tensile strength is 85.5 GPa, which is close to Xue et al.'s simulation
data of � 90.8 GPa [53].

For the irradiation sample, the material configuration is saved
every 10 cascade overlaps and totally 30 configurations are used to
evaluate the irradiation dose effect on the mechanical property of
SiC. All of these 30 snapshots are relaxed to release the internal
stress and then uni-axial tensile strain condition is applied to
calculate the stress-strain curves of these samples. The same strain
rate is applied on the irradiated samples as that on the un-
irradiated SiC sample. Since different sample represents different
irradiation does, the corresponding tensile strength difference is
the function of irradiation dose.

The tensile strength as a function of irradiation dose is plotted in
Fig. 2(b). The tensile strength generally decreases with the increase
of irradiation dose. The strength decreases at low dose dramatically
and it converges to 25.1 GPa finally. The tensile strength of bulk SiC

drops about 71% after the irradiation process of 300 overlaps of
cascade at 300 K. The Young's modulus decreases with the increase
of irradiation dose, as shown in Fig. 2(b), which agrees well with the
experimental [9,13,15] and the simulation work [21]. The Young's
modulus retains 75% after 300 PKA irradiation at 300 K, which is
close to the experimentmean value 83% [9,13]. Gao andWeber have
calculated the elastic constants, the bulk modulus, and elastic
modulus for SiC under irradiation condition with MD simulations
[21]. The mechanical parameters generally decrease with the in-
crease of dose and they saturate at doses greater than 0.1 MD-dpa.
This phenomenon is similar with our simulations. The authors
claim that the point defects and small clusters induce the changes
of mechanical properties of SiC at 300 K at low irradiation dose and
crystalline-to-amorphous (c� a) transformation happens at large
dose which makes the mechanical property saturated [21]. The
point defect effects on the tensile strength of SiC are investigated in
the next section. The c� a transformation is analyzed with pair
correlation functions.

The structures at different irradiation dose are analyzed with
pair correlation function and the result is shown in Fig. 2(c). First of
all, C-C bonds appear and it suggests that carbon cluster may exist
after irradiation. Second, the peak of C-Si drops dramatically. These
two observations suggest that the chemical disorder (c ¼
NC�C=NC�Si) increases after irradiation. Third, the pair correlation
function curve becomes flat showing that amorphous structure
appears after irradiation. Our results agree with the research works
from other groups. For example, c� a transformation is found by
neutron irradiation at 0.5 dpa [15] and atomic-scale simulations at
0.28 dpa [29]. In atomic-scale simulation, the c-a transformation is
analyzed with topological method and chemical disorder param-
eter [21,53]. Xue et al. claim that the strength of SiC decreases with

Fig. 2. (a) The stress-strain curves of un-irradiated and irradiated 3C-SiC samples under uni-axial tensile strain condition in [001] direction at 300 K. (b) Tensile strength and
Young's modulus of bulk SiC as a function of the irradiation dose at 300 K. (c) The pair correlation functions of SiC at different irradiation dose.
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the increase of chemical disorder and it saturates at large chemical
disorder condition. Besides, the pair correlation function of 0.47
dpa irradiated SiC agrees well with simulated and experimental
radial distribution functions of amorphous SiC [54,55]. Especially,
via the pair distribution function calculation, the C-C, Si-C, and Si-Si
bond lengths are evaluated and they are 1.57,1.91, and 2.99 Å, which
are close to the corresponding values from Ishimaru et al.,’s
experimental data of 1.51, 1.88, 3.07 Å (see Fig. 2(c)) [54].

3.2. Point defect effects on the tensile strength of SiC

Under irradiation condition, all kinds of point defects will be
generated and the concentration of the defects may increase with
the increase of the irradiation dose. In order to investigate the
concentration effects on the mechanical properties, samples with
different type point defects of various concentrations are gener-
ated. The defects are uniformly distributed in the samples. The
concentration for each defect ranges from 0 to 0.5 and the con-
centration interval is 0.05. The point defects of CieC 〈100〉, CieSi
<110> , VC , VSi, CSi, and SiC are considered in this work.

Uni-axial tensile strain is applied on the SiC samples with
various point defects. For each concentration of certain defect, the
tensile stress-strain relation is simulated at 300 K and the strength
is evaluated. The tensile strengths as functions of point defect
concentration are shown in Fig. 3. Since high radiation dose may
increase the concentration of certain point defect. The defect con-
centration of the irradiated sample is described as the radiation
dose (the upper x axis of ‘MD-dpa’) in Fig. 3. Although the ‘MD-dpa’
is not accurate to describe the concentration of point defect, it is
still can be used to evaluate the trend of the tensile strength.

For the irradiation sample, the tensile strength decreases with
the increase of irradiation dose as shown in Fig. 3. At low defect
concentration region, the tensile strengths decrease with the in-
crease of the point defect concentration for the six type of defects.
The vacancies decrease the strength dramatically compared with
other defects and it suggests that vacancies generated by irradia-
tion process affect the mechanical properties of SiC seriously.
Especially, carbon vacancies VC drop the tensile strength of SiC the
most seriously. The concentration-strength curves for CieC <100>
and CieSi <110> are very close. The antisite defects, CSi and SiC

decrease the strength of SiC at low defect concentration region and
increase the strength under high concentration condition. In gen-
eral, the irradiation induced strength decrease of SiC mainly results
from the low dose irradiation.

3.3. Grain boundary effects on the tensile strength of SiC

Besides the point defects, grain boundaries may affect the me-
chanical properties of SiC. Totally 26 grain boundary configurations
with different tilt angles are generated to study the mechanical
property. The tensile strengths are evaluated with the stress-strain
curves under the uni-axial tension strain condition in z direction.
The GB tensile strength as a function of tilt angles is shown in
Fig. 1(b). The tensile strengths of the samples with tilt angles in the
range of 0+ < q<90+ are lower than that of the sample with the
angles of 0� and 90�. The average strength with a grain boundary is
about 60% of the strength of the bulk 3C-SiC. It shows that grain
boundaries decrease the strength of SiC. A grain boundary sample
with the angle of q ¼ 8:7+ (S85) and the onewith angle of q ¼ 36:9+

(S5) are selected as to study the SiC GB effects on tension properties
under irradiation condition.

3.4. Tensile strength of irradiated SiC GBs

Two SiC grain boundary samples with tilt angles of 8.7� and
36.9� are irradiated at 300 K. Uni-axial tensile strains are applied on
the configurations of the irradiated samples along z direction.
During the irradiation process, configurations are recorded every
5000 time steps and these configurations are used to evaluate the
irradiation dose effect. The tensile strengths of the SiC GBs as
functions of the number of PKA atoms are plotted in Fig. 4. The
number of PKA atoms denotes the number of overlapped cascades,
or irradiation dose. At low irradiation dose, the tensile strengths of
the SiC GBs are lower than that of bulk SiC. The strength of the
sample with a tilt angle of 8.7� is higher than that with an angle of
36.9�. Including a bulk SiC sample without any grain boundary, all
of the three strength curves decrease with the increase of the
irradiation dose. Eventually, the three curvesmerge together. As we
know, SiC undergoes c� a transformation after irradiation at 300 K.
The final strength of the SiC samples with or without a grain
boundary may be the strength of an amorphous structure after
irradiation. The SiC samples with a GB before and after irradiation
are shown in Fig. 5. After the irradiation of 200 PKA, the lattice

Fig. 3. Tensile strengths of SiC as functions of defect concentration for six types of
point defects. The stress-strain curves are simulated at 300 K. The upper x axis is used
to evaluate the concentration of the defects generated by irradiation process of the
irradiated sample.

Fig. 4. The tensile strengths of irradiated SiC samples with symmetric tilt GBs as
functions of PKA cascade times.
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structure of the two samples with grain boundaries disappears and
we cannot see the grain boundaries any more. It demonstrates that
the SiC samples become amorphous structure after high dose
irradiation. The results show that the GB effect on tensile strength
dominates under low irradiation dose conditions and it disappears
under high dose conditions.

Experimental works show that the strength of high purity CVD
SiC is excellent under neutron irradiation conditions [9]. Our cal-
culations show that the point defects and grain boundaries
decrease the mechanical properties of SiC after irradiation. Kiani
et al. found that the room-temperature plasticity of 6H-SiC crystal
is controlled by glide of dislocations [56]. Stacking faults are also
generated during the fabrication process [57,58]. The relationship
between the microstructure defects and mechanical properties of
SiC under irradiation condition needs further investigations.

4. Conclusions

The tensile strengths of irradiated bulk SiC, SiC samples with
designed point defects, SiC samples with GBs, and irradiated SiC
GBs are investigated usingmolecular dynamics simulation at 300 K.
For irradiated bulk SiC, the strength decreases with the increase of
irradiation dose and finally converges. The Young's modulus de-
creases with the increase of irradiation dosewhich agrees well with
experiment work. The designed point defects dramatically
decrease the tensile strength of SiC. Among the point defects
studied in this work, the vacancies drop the strength the most
seriously. The tensile strength of a SiC sample with grain boundary

is lower than that of a bulk sample without grain boundary. Under
irradiated condition, the tensile strengths of all SiC samples with
grain boundaries decrease and converge to certain value because
the structures become amorphous and the grain boundaries
disappear after high dose irradiation.
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