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 Silicon carbide (SiC) is a competitive candidate material to be used in 

several advanced and Generation-IV nuclear reactor designs as a neutron 

moderator, fuel coating, cladding, or core structural material. Many 

studies have been performed to investigate the durability of SiC in a 

severe environment in a nuclear reactor. However, the nature and 

behavior of defects induced by neutron irradiation are still not fully 

understood. This paper is aimed to study collision cascade and primary 

radiation damage in SiC using molecular dynamics simulation. The 

potential being used was a hybrid Tersoff potential modified with Ziegler-

Biersack-Littmark (ZBL) screening function. The collision cascade was 

let evolved for 10 ps from a Si or C primary knocked atom (PKA) located 

initially at the top center of a system containing 960.000 atoms. The 

simulation was carried out at room temperature as well as at several 

advanced fission reactor-relevant temperatures. It was obtained that the 

number of C point defects was larger than the number of Si point defects. 

The number of stable point defect was found to be temperature-

dependent. It was also obtained that the recovery of point defects was 

larger at high temperature (>800°C). This recovery behavior shows that 

SiC is suitable to be used at high temperature condition.   
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1. INTRODUCTION 

Silicon carbide (SiC), although it has been used 

in nuclear reactor application since 60 years ago as a 

coating material of High Temperature Gas-cooled 

Reactor (HTGR) fuel, is still a competitive material 

to be used in advanced reactor designs currently 

being developed [1–3]. Besides its use in HTGR, 

SiC coated fuel particles are also used in pebble-bed 

molten salt reactor (PB-MSR) design [4]. SiC is also 
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a strong candidate material for accident tolerant fuel 

(ATF) cladding in light water reactor-based small 

modular reactor (SMR) [5, 6]. Moreover, SiC is 

currently proposed to be used as coating for graphite 

in MSR to protect graphite from salt infiltration [7, 

8]. The properties of SiC which make it desirable for 

use in nuclear reactors are its excellent mechanical 

strength in high-temperature, radiation and oxidation 

resistance. However, it is known that properties 

modification of SiC might occur due to neutron 
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irradiation at different irradiation environment, such 

as different fluence and temperature. Currently, 

study about radiation damage on SiC is still 

massively being performed.  

Besides the studies of radiation damage 

performed through irradiation experiment such as 

reported in Ref. [9–11], it can also be performed 

through computational means. One of many types of 

computational study ubiquitously used to study 

radiation damage in atomic scale is Molecular 

Dynamics (MD) simulation. From MD simulation, 

the mechanism of radiation damage production can 

be understood from early stage. When a particle or 

radiation, for example a neutron, hits the first atom 

in SiC, it will displace the atom (Primary Knock-on 

Atom/PKA) from its original position. This atom 

then hit another atom in the lattice and so on until it 

forms a phenomenon called collision cascade. At the 

end of the collision cascade, primary damage in 

terms of Frenkel pair (vacancy and interstitial) might 

occur. Several recent studies regarding radiation 

damage in SiC include the effect of electronic 

stopping on collision cascade of SiC [12, 13], defect 

cluster distribution in ion irradiated SiC [14], and 

comparison of interatomic potential for cascade 

simulation of SiC [15]. 

In this work, the collision cascade and primary 

damage production on SiC induced by neutron 

irradiation was studied using MD simulation. The 

simulations were performed at several temperature 

values which correspond to the temperature of 

several advanced nuclear reactor designs [300ºC 

(APWR), 550ºC (SFR, LFR, SCWR), 800ºC (MSR, 

GFR), and 1000ºC (VHTR)] [16]. The cubic 

structure of SiC (3C-SiC) was used in the simulation 

since it is the most common type of SiC used in 

nuclear reactor applications. The primary damages 

analyzed were the number of vacancies and 

interstitials, also in terms of replacement and 

antisites. These damages are the common types of 

primary radiation damage found in ceramic material.  

2. THEORY 

A classical MD simulation is a computer 

simulation method to track the movement of atoms 

or molecules based on Newton’s equation of motion. 

The basic flow in MD simulation is at first having a 

system consisting a set of atoms with known mass 

𝑚, initial position 𝒓𝒊, and velocity 𝒗𝑖. A potential 𝑽 

describing the interaction between those atoms is set. 

Then the force 𝑭 acting between the atoms is 

calculated which is the gradient of potential [17],   

 𝑭 = −∇V(𝑟) (1) 

The acceleration 𝒂 can be determined using 

Newton’s law, 

 𝒂 = 𝑭/𝑚 (2) 

Since the atoms will move based on the potential and 

acceleration, after a specific timestep ∆t, the position 

and velocity of each atom can be updated, 

 𝒓𝑖+1 =  𝒓𝑖 + 𝒗𝑖𝑡 +  1 2⁄ 𝒂∆𝑡2 (3) 

 𝒗𝑖+1 =  𝒗𝑖 + 𝒂∆𝑡 (4) 

The timestep can then move forward to the next 

timestep 𝑡 = 𝑡 +  ∆𝑡 and the updated position and 

velocity then become the initial position and velocity.  

The force and acceleration then recalculated and the 

position and velocity are also reupdated. This cycle 

can be repeated as many as intended.  

The position and velocity of each atoms at each 

time steps can be used for calculating observables and 

thermodynamic properties of the system. All of those 

calculations are performed numerically using 

specific numerical integrator and algorithm such as 

Verlet Algorithm, Beemans Algorithm, etc.     

The MD simulation can be performed using 

specific thermodynamics ensemble depending on 

the simulated system and the targeted 

thermodynamical properties. Those ensembles are 

microcanocical, canonical, and isothermal-isobaric 

ensemble. Interatomic potential or force field used to 

describe the interaction between atoms or  molecules 

can be an empirical potential, semi-empirical 

potential, or ab-initio potential. Further detail 

regarding molecular dynamics simulation can be 

found in many textbooks, one of which is 

“Understanding Molecular Simulation: From 

Algorithms to Applications,” a book by Berend Smit 

and Daan Frenkel. 

3. METHODOLOGY 

In this study, the MD simulation was performed 

using an open source classical MD software 

developed by Sandia National Laboratory named 

Large-scale Atomic/Molecular Massively Parallel 

Simulator (LAMMPS) [18]. The crystal structure of 

3C-SiC is cubic zincblende structure with lattice 

parameter of 4.359 Å. The simulation box was 

created using 40×40×75 unit cells (~960.000 atoms). 

Periodic boundary condition was used in all 

directions. To avoid any unphysical effects during 

the simulation, five outermost layers excluding the 

top layers were set as thermostat. Temperature of the 

thermostat was maintained at the simulation 

temperature using velocity rescaling. The 

simulations were performed for five temperature 

variations; one is room temperature and the other 

four are the temperature of several advanced fission 

reactors [300º C (APWR), 550º C (SFR, LFR, 

SCWR), 800º C (MSR, GFR), and 1000º C (VHTR)] 

[16]. 
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Tersoff/ZBL was chosen as the interatomic 

potential for 3C-SiC. This is a three-body hybrid 

potential with a close-separation pairwise 

modification based on a Coulomb potential and the 

Ziegler-Biersack-Littmark universal screening 

function [19]. This potential had been checked 

before performing the simulation and it was able to 

produce the lattice constant and cohesive energy. 

The collision cascade in the simulation box was 

initiated by Primary Knock-on Atom (PKA) having 

energy of 10 keV in [4 11 95̅̅̅̅ ] direction. High index 

direction was chosen to avoid or minimize the 

channeling effect. Two types of simulations were 

performed, namely single silicon PKA and single 

carbon PKA. The PKA was defined at the top center 

of simulation box. 

The system was equilibrated first for 1 ps 

using NVE microcanonical ensemble along with 

temperature rescaling of the thermostat. Second 

equilibration was performed for another 1 ps but 

without temperature rescaling of the thermostat. 

With this, energy was allowed to leave the system 

through interaction with thermostat region, but the 

thermostat does not affect the energy in the 

simulation domain. The observation of collision 

cascade in three phases (initial, intermediate, final 

phases). The initial phase with 0.01 fs timestep was 

run for 0.1 ps, the intermediate phase with 0.1 fs 

timestep was run for 1 ps, and the final phase with 1 

fs timestep was run for 10 ps. 

Defects identification and counting was 

performed using voronoi diagram analysis in terms 

of total vacancy and interstitial, C and Si vacancy, C 

and Si replacement, C_Si and Si_C antisite. The first 

step of the initial phase was used as reference 

geometry and as the center for 3D Voronoi diagram. 

The type of defect was identified based on the cell’s 

occupancy. If the cell’s occupancy is less than 1, it 

means a vacancy. If the cell’s occupancy is more 

than 1, it means an interstitial. If a previously empty 

cell (vacancy) is then filled with the same atom it is 

called a replacement, while if it is filled with 

different atom it is called an antisite. 

4. RESULTS AND DISCUSSION 

Fig. 1 shows the visualization of the collision 

cascade event of one Si PKA at several timesteps. 

Blue atoms are silicon and red ones are carbon. 

Atoms with coordination number 4 were deleted so 

only atoms affected by the collision cascade were 

visualized. It can be seen that the collision cascade 

gradually escalated and reached maximum at around 

1 ps. The number of affected atoms was also 

maximum at this timestep. This is when all kinetic 

energy owned by the PKA had been fully transferred 

during the cascade. After that, the number of 

affected atoms decreased until saturation was 

reached. It can be deducted from the figure that the 

concentration of affected atoms are saturated after 1 

ps. This is clearly due to the recombination event of 

Frankel pairs.  

Fig. 2 and Fig. 3 show the graph containing 

plot of the number of point defect count versus 

timestep. Several things can be inferred from the 

figure. The total vacancy (and also total interstitial 

because of the Frankel pair) started emerging at 0.01 

ps and gradually increased until reached maximum 

at around 1.2 ps, then it gradually decreased until 

reached steady-state and became the surviving 

“stable” point defects. Quotation marks are used to 

emphasize that it is stable in this particular time 

frame. The number of carbon vacancy (C-vac) is 

always higher than silicon vacancy (Si-vac) by a 

factor of 3-5. This is due to the lower threshold 

displacement energy of carbon atom than one of 

silicon, so that carbon are easier to move [19].  

In all cases, the number of carbon self-

replacement (C-rep) is always higher than silicon 

self-replacement (Si-rep) and the number of SiC 

antisite (SiC-ant, silicon replacing vacant carbon site) 

is always higher than CSi antisite (CSi-ant, carbon 

replacing vacant silicon site). However, although C-

rep and SiC-ant which are responsible for the 

recovery of C-vac are always higher, the recovery 

rate of C-vac is always lower than one of Si-vac. 

This is because C-vac emerges more rapidly during 

the cascade so that the net recovery of C-vac is lower 

than one of Si-vac. 

 

 
Fig. 1. Snapshot of collision cascade process at several 

timesteps (one Si PKA at 823 K) 
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At different simulated temperatures (RT, 573, 

823, 1073, and 1273 K) which corresponds to 

different nuclear reactor working temperatures [300º 

C (APWR), 550º C (SFR, LFR, SCWR), 800º C 

(MSR, GFR), and 1000º C (VHTR)] and can further 

correspond to the different annealing temperatures, 

no major difference in the trend of the graph (Fig. 2 

and Fig 3) has been found which means that the 

behavior of point defects at those temperature is 

almost the same.  

 

 
 

Fig. 2. Plot of the number point defects versus 

simulation time for single silicon PKA 

 

 

 
 

Fig. 3. Plot of the number point defects versus 

simulation time for single carbon PKA 

 

 

However, the number of stable Frankel pairs at 

the end of simulation (10 ps) is different at different 

temperatures as shown in Fig. 4. It emphasizes that 

the number of stable point defect tend to be 

maximum at around 823K (500℃) and then 

decreases at higher temperature. 

After reaching maximum value, the Frankel 

pairs decreases until it reaches steady state within 

0.7-0.8 ps. The antisites, on the other hand, appears 

to be more stable than the Frankel pairs. A slight 

reduction of SiC-ant is seen in several cases which 

possibly due to the instability of this defect near Si 

vacancy. 
 

 
 
Fig. 4. Plot of the number of stable point defects versus 

temperature (blue circles are for silicon PKA, red circles 

are for carbon PKA) 
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Fig. 5. Results of cluster identification at different 

temperature (for single Si PKA) 

 

Cluster identification with nearest neighbor 

analysis using cut off distance of 2.2 Å, which is 

slightly larger than 1.9 Å nearest neighbor spacing 

but smaller than the second neighbor spacing, show 

that the number of interstitial clusters reached 

maximum also at 823K and then decreased at higher 

temperature (Fig. 5). It was found that the most 

concentrated distribution of stable point defects was 

found at 823K. The biggest cluster contains 5 

interstitials. This indicates that temperature below 

823K is the point defect regime and around 823K is 

the cluster regime. Above 823K, although the 

simulation suggests back to point defect regime, it 

should be the regime for the more complex higher 

dimensional defect because the measured thermal 

conductivity was not recovered. This again builds up 

the conclusion of different stable form of defect and 

different underlying recovery mechanism at 

different temperature. 

5. CONCLUSION 

 The collision cascade and primary radiation 

damage was studied using molecular dynamics 

simulation. The simulations were performed for 

single Si PKA and single C PKA at room 

temperature and several advanced fission reactor 

temperatures. It was obtained that the number of 

total point defect, from either Si PKA or C PKA, was 

found to be maximum at around 0.1ps before it 

gradually decreased to a stable amount. It was also 

found that the number of C point defect was always 

larger than one of the Si and the recombination of Si 

vacancies tended to be larger than the recombination 

of C vacancies. The number of stable point defect 

was found to be increasing as the temperature 

increased, but then started decreasing at around 

800°C, indicating that the recovery of point defect is 

larger at higher temperatures. Aside from the 

dependency to temperature, the energy of PKA 

might also affects the collision cascade events and 

the production of primary radiation damage. 

Investigation of collision cascade and primary 

radiation damage at various energies dan number of 

PKAs can be a good topic for further study.       
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