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1. Introduction

Silicon carbide has been widely used in industry as semicon-
ductor electronic devices [1, 2], light emitting diodes (LEDs) 
[3], and structural materials [4, 5] in nuclear reactor due to its 

exceptional characteristics, such as high melting temperature, 
high thermal conductivity and wide band gap. Since the state-
of-art next generation high temperature gas-cooled reactor 
(HTGR) can be challenged by some safety issues [6–8], the 
unique application of SiC in HTGR, as one of the barriers in 
tri-structural isotropic (TRISO) fuel coated particles, is one 
way to overcome the problem by containing the fission prod-
ucts (FPs) within the fuel elements for accident scenarios.
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Abstract
The analytical bond-order potential has been developed for simulating fission product  
(Ag, Pd, Ru, and I) behavior in SiC, especially for their diffusion. We have proposed adding 
experimentally available elastic constants and physical properties of the elements as well as 
important defect formation energies calculated from density functional theory simulation 
to the list of typical properties as the extensive fitting database. The results from molecular 
dynamics simulations are in a reasonable agreement with defect properties and energy barriers 
of their experimental/computational counterparts. The successful validation of the new 
potential has established a good reliability and transferability of the potentials, which enables 
the ability of simulation in extended scale. The kinetic behavior such as diffusion of different 
interstitials is then realized by applying the new interatomic potentials. The bulk diffusion is 
less likely to dominate the transport of the four fission products under pure thermal condition, 
when we refer to their extremely small values of the effective diffusion coefficients. The 
interstitial mechanism is hard for Pd, Ru, and I to access due to the high formation energy and 
high migration energy. However, it is found that the migration energy of silver is relatively 
low, which indicates Ag diffusion via an interstitial mechanism being feasible, especially 
under irradiation condition, where massive interstitials can be formed in high-temperature 
nuclear reactors.
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The FPs for TRISO fuel particles are classed into two 
groups [9]. The first group contains elements which can chem-
ically interact with SiC, thereby destroying the integrity of the 
SiC layer and the TRISO particle. These elements are noble 
FP elements Pd, Rh and Ru; chlorine in the TRISO particle 
remaining from the manufacturing process; and uranium from 
the kernel which diffuses to the SiC layer to interact with the 
SiC [10]. The second group is the FPs which may transport 
from the TRISO particle that may have a radiologic impact on 
immediate operation. The most important of these are 110mAg, 
134I, 131Cs and 137Cs, 90Sr, 88Kr, 133Xe [11–13]. Although the 
identification of Ag and Pd in SiC by Van Rooyen et al [14, 
15] was an important milestone for the TRISO fuel system, 
further information is still remaining to understand the under-
lying fission product transport mechanisms. Thus, measure-
ment of diffusion coefficients and fundamental understanding 
of the diffusion dynamics of these FPs under irradiation are 
critical to the design, performance, and reliability of SiC bar-
riers in HTGR. The high fuel burnups design envelope will 
require new data with respect to SiC behavior.

The release mechanisms of the metallic FPs from intact 
TRISO fuel has long been a mystery. Refining knowledge 
and understanding of synergistic effects of radiation damage 
at atomic level will provide reliability of empirical models 
in predicting irradiation and accident performance in TRISO 
fuel. Atomic-scale simulations have the capability to predict 
the properties of defect structures that are often inacces-
sible by experimental techniques. These predictions require 
accurate force acting and potential energy distribution within 
crystal, which are able to perform various atomic environ-
ments. The typical accurate quantum mechanical method (i.e., 
first-principle calculations) has its difficulties in simulating 
large atomic systems, which would be both costly and time-
consuming. However, the empirical interatomic potential 
could be applied as one of the solutions to obtain a better com-
putational efficiency on a large scale. Thus, maximizing com-
putational efficiency requires the development of interatomic 
potentials which are reliable for the computational simula-
tions [16]. The potentials will thus serve as the link between 
density functional theory (DFT) and the next coarser level, 
namely molecular dynamics (MD) simulations, to handle the 
interaction of FPs with Si and C, and their defect states in a 
crystal. In the present work, an empirical many-body intera-
tomic potential is developed by fitting to various equilibrium 
properties and stable defect configurations in bulk SiC, using 
a lattice relaxation fitting approach. This parameterized poten-
tial has been used to calculate defect formation energies and to 
determine the most stable configurations for interstitials using 
the MD method. The kinetic behaviors of the fission product 
are also discussed.

2. Method

2.1. Potential formalism

Previously, many researchers have modified the Tersoff poten-
tial using the Brenner potential [17] to better handle defect 
states, which specifically addresses the issue of dangling bonds. 

However, the interactions of FPs with both Si and C, and their 
defect states in a crystal may require some implementations 
and development of potentials. In the present work, the ana-
lytical bond-order potential (ABOP) was selected to describe 
the interactions between FPs and Si or C atoms because this 
potential form has been used to describe the interactions for 
several covalent materials, including SiC. ABOP is a straight-
forward extension of Tersoff-Brenner potential [18]. Bond-
order potentials are approximations of the moment expansion 
within the tight-binding scheme and therefore close relatives 
to the embedded-atom method. The bond-order potential 
adopted in this work has been successfully applied to handle 
covalent and metallic bonding in a different context. To date, 
it has been used for Si–C [19], Ga–N [20], Fe–C [21] and 
W–C–H [22], among other elemental combinations.

The total energy is written as a sum of individual bond 
energies

V =
∑

i,j

Vij =
1
2

∑
i,j

fC(rij) [VR (rij)− bijVA (rij)] , (1)

with the pairwise repulsive and attractive contributions given 
by

VR (rij) =
D0

S − 1
exp
î
−β

√
2S(r − r0)

ó
, (2)

VA (rij) =
SD0

S − 1
exp

[
−β
»

2/S(r − r0)
]

, (3)

where D0 and r0 are dimer energy and bond length. The cutoff 
function

fC (rij) =




1, r < R − D
1
2 − 1

2 sin
(
π
2

r−R
D

)
, |R − r| � D

0, R + D < r
 (4)

R and D specify the cutoff region. The bond-order contains 
three-body contribution and angularity, which is given by

bij = (1 + χij)
−1/2, (5)

where

χij =
∑

k(�=i,j)

fC(rik) exp [αijk(rij − rik)] g (θijk) .
 (6)

The cutoff function included here is to indicate the type of 
interactions in a compound. The angular function

g (θijk) = γ

Ç
1 +

c2

d2 − c2

d2 + [h + cos θ]
2

å
, (7)

where the three-body interactions can be determined by the 
adjustable parameters α, γ , c, d  and h.

2.2. Fitting approach

As mentioned before, a quantum mechanical method is a 
viable and well-established approach as is well known to accu-
rately determine defect states as well as migration barriers and 
pathways. Therefore, the parameters of the interatomic poten-
tial can be fitted to the physical properties predicted by first 
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principle calculations or by experiment data, where available. 
For the fitting process, it was performed by a combination of 
Matlab and large-scale atomic/molecular massively parallel 
simulator (LAMMPS). LAMMPS MD code with fitted poten-
tial parameters was used to generate the predicted properties 
to compare with the expected values. The function of Matlab 
was to provide the optimization tool for the potential fitting, 
where the least square method has been employed. The objec-
tive function is described as [23]

U =
m∑
i

wi[yi − fi (βn)]
2,

 

(8)

where yi   indicates the reference property in potential fit-
ting database, and fi is the calculated data by the current 
potential. βn includes the full parameter set. Value wi is the 
corresponding weight to the property i. The m  stands for 
the total number of properties included in the database. 
The potential parameters were optimized repeatedly based 
on Levenberg–Marquardt minimization algorithm [24] to a 
fitting database of experimental and quantum mechanical 
calculation data until the objective function was minimized. 
The parameters for FP–FP and other two sets (FP–Si and 
FP–C) were adjusted separately, while the parameteriza-
tions for Si–Si, Si–C, and C–C were taken from literature 
[19] listed in table 1.

The unknown ABOP parameters include eleven pair 
dependent parameters D0, r0, S, β, γ , c, d, h, R, D for each 
pair and twelve three body dependent parameters α for each 
FP-SiC system. The values were chosen by fitting to various 
physical properties and defect formation energies (including 
interstitials, substitutes and defect clusters). The physical 
properties in the fitting data base include the cohesive energy, 
lattice constant, and elastic constants. Parameters were 
adjusted to converge the predicted values to those obtained 
by DFT calculations and experimental results. The entire pro-
cess proceeded in iterative steps. The cut-off distances were 
chosen to be as large as possible to exclude the second shell 
of neighbors in a diamond structure. A complete set of ABOP 
parameters associated with both pair interaction and three-
body dependence resulted from the above fitting process has 
been listed in tables 2 and 3, respectively.

2.3. Simulation detail

To calculate the relevant properties, all the simulations were 
performed by LAMMPS. A simulation block consisting of 
10a0  ×  10a0  ×  10a0 supercells was used under periodic 
boundary conditions in all directions, where a0 is the lattice 
constant (3.459 Å) of a perfect SiC. This box size results in 
8000 atoms for the diamond structure in addition to a fission 
product atom. The cell size was chosen to be large enough 
to calculate the defect properties without affecting the result 
and calculation efficiency. The atomic configurations of fis-
sion product defect and clusters were spontaneously relaxed 
by conjugate gradient algorithm. The formation of a defect 
can be calculated as [25]

Ef = Edefect − Eperfect − µFP +
2∑

X=1

nXµX , (9)

where Edefect is the total energy of a supercell containing a 
defect. Eperfect stands for the total energy of a perfect cell 
without a defect. The integer nX indicates the number of atoms 
of type X added to (nX < 0) or removed from (nX > 0) the 
supercell to form the defects. The µX (X  =  Si or C) is the 
corre sponding atomic chemical potential describing exchange 
of particles with respective reservoir. The chemical potential 
of FP (µFP) was calculated from a bulk crystal of FPs.

The diffusion properties were obtained using MD simula-
tions with NVT ensemble (constant number of atoms, volume, 
and temperature). The temperature was controlled through a 
Nose–Hoover chain thermostat [26]. Each simulation was car-
ried out about 4 ns, during which time step was chosen to be 
2 fs. At a given temperature, the trajectory of defect can be 
tracked during MD simulations and the positions ri(t) of all 
atoms at time t are recorded. The simulation box was initially 
relaxed for 10 ps, after which the MSD was recorded. The 
time interval for the recording is 500 timesteps, which is 1 ps. 
Given enough simulation time, the diffusion rate of the defect 
can be determined by the sum of mean square displacement 
(MSD) of the fission product atom. Thus, the diffusion coef-
ficient, D of the defect can be obtained using Einstein relation 
from random walk theory:

D =
MSD

6t
, (10)

where MSD = 1
N

∑N
i=1 [

−→ri (t)−−→ri (0)]
2. N is the total atomic 

number. The relation of the migration energy, Em and D can 
be obtained by the Arrhenius equation

D = D0 exp

Å
−Em

kT

ã
, (11)

where D0 is the pre-exponential factor, and k is the Boltzmann’s 
constant. T corresponds to the temperature.

3. Fitting results

The parameterized potentials were used to determine the ther-
modynamics and kinetics properties of FPs in SiC. Systematic 

Table 1. Parameter sets for silicon, carbon, and silicon carbide 
interactions taken from [19], as applied in current simulation study.

Si–Si Si–C C–C

D0 (eV) 3.24 4.36 6.00
r0 (Å) 2.232 1.79 1.4276
S 1.842 1.847 2.167
β 1.4761 1.6991 2.0099
γ 0.114 354 0.011 877 0.112 33
c 2.004 94 273 987 181.910
d 0.814 72 180.314 6.284 33
h 0.259 0.68 0.5556
R (Å) 2.82 2.40 2.00
D (Å) 0.14 0.20 0.15
α (Å−1) 0.0 0.0 0.0

J. Phys.: Condens. Matter 32 (2020) 085702
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Table 2. Potential parameters for pair interactions that have been derived in this study.

Ag–Ag Ag–Si Ag–C Pd–Pd Pd–Si Pd–C Ru–Ru Ru–Si Ru–C I–Si I–C

D0 (eV) 1.6991 1.8659 2.1079 1.2939 3.6485 4.9940 3.5739 4.0886 6.5229 2.1982 2.1412
r0 (Å) 2.5886 2.3786 1.9660 2.4481 2.0675 1.7588 2.1189 2.1769 1.7136 2.5821 2.1266
S 4.0278 2.2295 3.9027 1.2283 1.9197 3.8645 1.3923 1.8837 3.6804 2.9203 4.5763
β 1.4801 1.2759 1.3093 1.4461 1.6268 2.6413 1.4795 1.7812 2.2784 0.9906 1.8042
γ 0.0363 1.8096 0.9386 0.3460 0.0516 0.0533 0.0597 0.1371 0.1280 0.1338 0.1023
c 1.2181 212.4988 3.5817 4.2167 1466.9545 19.544 1.8525 941.1976 6.7373 4.2429 28.9737
d 0.2704 1168.7316 1.3679 0.8216 4263.1292 1.7206 1.4562 26.9482 1.2811 28.1896 2.0529
h −0.1474 0.5460 1.1155 0.2328 0.2722 0.9040 −0.3998 −0.1935 0.9168 −0.0623 −0.1676
R (Å) 3.7982 2.7376 3.7047 3.5008 2.5359 3.4677 4.7770 1.8818 3.2631 2.7210 3.9449
D (Å) 0.2589 0.6580 0.4650 0.1929 0.8622 0.6830 0.2617 0.7751 0.1886 0.7941 0.3283
α (Å−1) 1.3420 See table 3 See table 3 2.1704 See table 3 See table 3 4.2836 See table 3 See table 3 See table 3 See table 3
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studies were performed to compare our ABOP potentials with 
the available experimental data, first principle results from 
literature and our high-level DFT calculations on physical 
properties, thus validating the applicability of the potentials. 
In particular, geometries and energies of numerous defect 
clusters, lattice constants, and cohesive energies of a variety 
of lattice structures, as well as elastic constants, and energies 
of vacancies, interstitials in a ground state phase were widely 
considered.

3.1. Properties in pure fission product

Pure fission product elements were fitted with several proper-
ties of alternative phase structures as well as some physical 
properties. The results calculated by the developed potential 
for pure metals are compiled in tables 4–6, including exper-
imental, DFT, and ABOP values. Molecular statics energy 
minimization simulations have been used to determine cohe-
sive energies and geometries of a variety of phases. For numer-
ical references, the cohesive energies Ec, the lattice constant, 
a0 and the relative energy difference with respective to the 
ground state, ∆Ec, obtained for different FPs using same 
model, are all tabulated. Theoretically, the binding energy, Eb, 
the equilibrium bonding distance, rb, and the vibration fre-
quency, ω0, of the ground state oscillation are directly related 
to the potential parameter β [16]. From the values fitted in the 
new potentials, we extracted and derived the results for the 
dimer properties to further identify the eligibility of the poten-
tials. The corresponding dimer data based on the new poten-
tial parameters are also summarized in tables 4–6 for Ag, Pd, 
and Ru, respectively.

Within a perfect silver crystal, the present potential gives a 
lattice parameter of 4.09 Å, and a cohesive energy of 2.85 eV. 
The face-centered cubic (FCC) structure remained stable as a 
ground state crystal. As for elastic properties, bulk modulus, 
B, was fitted to 108.7 GPa, while other elastic constants C11, 
C12 and C44 were determined to be 131.5, 97.3 and 51.1 GPa, 
respectively. The results show an excellent agreement with 
the reference data obtained from experiments and DFT 
calcul ations. Moreover, the vacancy formation and migra-
tion energies were further tested for the potential reliability. 

The coincidence with experimental values shows a much 
better convergence than the other two embedded atom method 
(EAM) potentials (EAM-AFW [27] and EAM-Ackland [28]) 
from literature, especially for point defect properties. It indi-
cates that the newly generated potential reproduces a good 
description of the equilibrium properties of Ag. Pure Pd inter-
action was also fitted and tested in the same manner. Both 
lattice parameter and cohesive energy for a ground-state FCC 
lattice coincidence with the experimental values, where lattice 
parameter is of 3.89 Å and cohesive energy is of 3.91 eV for 
Pd. The relatively small energy difference of hexagonal close-
packed (HCP) phase with respect to FCC phase has shown to 
be metastable for palladium. Even though the elastic constants 
calculated by the current potential present some discrepancies 
in comparison with experiments, the estimation of vacancy 
formation and migration energy has improved over the EAM 
prediction [27], which makes the current potential to be reli-
able for further kinetic calculations in addition to point defect 
and bulk properties. For Ru, the potential describes HCP 
structure as a ground state crystal, and its energy differences 
to other alternative structures remain the same order as given 
by experiments. The bulk properties of available experiment 
and DFT results have been reproduced generally. However, 
the elastic constants were in reasonable agreement with exper-
imental values, but the high weights were justified to obtain 
better point defect property.

3.2. FP–Si and FP–C

Additionally, the crossover terms associated with FPs and 
SiC were obtained. The formation energies of interstitials 
and defect clusters were included in the fitting database, 
which were obtained primarily by DFT [25], calculations car-
ried out in our group to reproduce a good description of the 
defect properties of FPs in SiC. The DFT calculations were 
carried out with the Vienna ab-initio simulation package 
(VASP) [56] with generalized gradient approximation (GGA) 
of exchange-correlation functions [57] as parameterized by 
Perdew, Burke and Ernzerhof (PBE). The model introduced 
was a SiC supercell composed of 3  ×  3  ×  3 with 216 atoms. 
The lattice parameter is 4.36 Å. The convergence test guided 

Table 3. Parameter sets for three-body dependence terms.

α (Å−1) α (Å−1) α (Å−1) α (Å−1)

Ag–Si–Si 0.3360 Pd–Si–Si 5.1745 Ru–Si–Si 12.5283 I–Si–Si 2.5711
Si–Ag–Si 0.8675 Si–Pd–Si 7.0121 Si–Ru–Si 26.5754 Si–I–Si 4.8304
Si–Si–Ag 5.6133 Si–Si–Pd −3.0980 Si–Si–Ru −0.6469 Si–Si–I 3.9677

Ag–C–C −0.6508 Pd–C–C 2.9764 Ru–C–C 1.5877 I–C–C 0.0052

C–Ag–C 0.7255 C–Pd–C 2.5341 C–Ru–C 0.0144 C–I–C 2.3667
C–C–Ag 1.8583 C–C–Pd 2.6608 C–C–Ru 0.0960 C–C–I −3.1954
Ag–Si–C 0.6459 Pd–Si–C 0.3017 Ru–Si–C −0.2975 I–Si–C 2.9734

Ag–C–Si 1.1482 Pd–C–Si 1.5845 Ru–C–Si 6.6810 I–C–Si 0.2915
Si–Ag–C 5.5075 Si–Pd–C −0.0516 Si–Ru–C −2.1381 Si–I–C −1.1041
C–Ag–Si 2.1706 C–Pd–Si −1.3802 C–Ru–Si −2.6391 C–I–Si 0.0954

Si–C–Ag 1.8873 Si–C–Pd 2.6500 Si–C–Ru 3.5818 Si–C–I 2.3578
C–Si–Ag 1.7257 C–Si–Pd 3.5990 C–Si–Ru 4.4442 C–Si–I 1.9857

J. Phys.: Condens. Matter 32 (2020) 085702
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a plane wave expansion cutoff energy of 500 eV. The Brillouin 
Zone was sampled by Monkhorst–Pack k-mesh 4  ×  4  ×  4. 
Conjugated-gradient was used to fully relax all atomic posi-
tions, cell shapes, and cell volumes to achieve the minimum 
total energy of the systems. The total energy was required 
to reach the convergence to a small change of less than 1.0 
×10−5 eV/atom between relaxation runs, while the Hellmann-
Feynman forces were minimized until the maximum force 
on the ion was smaller than 0.01 eV Å−1. The van der Waals 
interactions are decribed by the DFT-D3 [58]. The resulting 
potential parameters were then applied to perform molecular 
static simulation on different defect configurations for FPs in 
SiC, which have been obtained by full relaxation. Their corre-
sponding configurations with respect to silicon sub-lattice 
are illustrated in figure  1. There were 18 configurations in 
total that have been investigated here. The cohesive energies 
of impurity FP elements required for the formation energy 
calcul ation were obtained from their most stable crystal struc-
tures, while Si and C were determined from a diamond struc-
ture to be  −4.63 eV and  −7.374 eV, respectively.

An overview of formation energies of point defects in SiC 
is given in figure 2, where the DFT data [55] for comparison 
were obtained by using DFT. For Ag, the two most stable con-
figurations as an impurity atom in 3C-SiC calculated by the 
current potential are a Si substitution by a Ag atom with a first 
nearest neighbor Si vacancy (AgSi–VC) and a C substitution 
by a Ag atom with a first nearest C vacancy (AgC–VSi), which 
has a similar structure as in figure 1(h), but in a different sub-
lattice. The formation energies of these two structures are 

identical being of 5.89 eV compared with a value of 5.31 eV 
[59] and 5.52 eV [25] from first principles calculations. As 
mentioned in previous work [25], when the two configurations 
were fully relaxed, the Ag atom was displaced away from its 
initial site toward the nearby vacancy. The final configurations 
for these two defects were actually identical, thus representing 
an identical formation energy. This energetic phenomenon for 
both configurations has been realized in our current MD simu-
lation. The silver atom can also be stable when it is located in 
the tetrahedral position with four carbon surroundings, noted 
as Ag_TC. It is the most stable configuration among intersti-
tials, which would be important for exploration of the dif-
fusion kinetics as interstitial is known to be fast. The point 
defect formation energies calculated with the new potential 
parameters presented a small difference from DFT results. 
The energy orders are maintained as shown in figure 2, which 
means that the potential parameter sets for Ag–Si and Ag–C 
interactions converge well in terms of the ground state defect 
formation.

Additionally, thirteen structures were found mechani-
cally stable for Pd in SiC, while five configurations can be 
converted to alternative structures listed in table  7. Among 
all available configurations, a combination of a Pd atom at 
a tetrahedral site which is surrounded by four Si atoms (TSi) 
associated with a first nearest C vacancy (Pd_TSi–VC) turns 
out to be the most stable one in Si-rich condition, which is 
illustrated in figure 1(f). The formation energy for this config-
uration based on MD simulation is 3.80 eV, which is slightly 
smaller than the DFT value of 4.21 eV. It is of interest to note 

Figure 1. Defect configurations involved with fission product atoms in SiC with respect to silicon sub-lattices. (a) Ag–Si 〈1 0 0〉 interstitial; 
(b) Ag–Si 〈1 1 0〉 interstitial; (c) Ag–Si 〈1 1 1〉 interstitial; (d) Ag_TSi; (e) Ag_TSi–VSi; (f). Ag_TSi–VC; (g) AgSi–VSi; (h) AgSi–VC.
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that Pd substitutions are also stable, especially on C site, 
which is consistent with the observation from the experiment 
by Olivier et al [60]. They have detected the penetration and 
transport of Pd in the form of palladium silicide in both single 
crystal and polycrystalline SiC with the subsequent precip-
itation of carbon. As is noticed, Pd prefers to substitute C. 
Therefore, when Pd is at tetrahedral site (Pd_TSi) surrounded 
by four Si atoms, one possible migration mechanism emerges. 
Along this path, the Pd interstitial with an energy of 7–10 eV 
will naturally annihilate when it approaches a carbon vacancy. 
Since vacancies can always be found in materials, particularly 
at high temperatures, this would be a possible pathway for 
defect clustering, denoted as ‘Pd_TSi-Cv’, to migrate. Similar 
to the feature observed in AgSiC system, Pd impurity also 
finds its minimum energy by sitting in the middle between a 
silicon and a carbon vacant site, and thus, we cannot distin-
guish the defect complex formed by PdC with a first neighbor 
VSi from that constituted by PdSi and VC. Thus, the final con-
figurations for these two defects are actually equivalent with 
the same energy of 4.82 eV from MD simulations. As for inter-
stitial typed defects, the palladium is energetically favorable 
at the tetrahedral site within carbon sub-lattices. Even though 
several interstitial configurations are noticed to appear some 
discrepancies, especially for the split interstitials, most of the 
formation energies are in good agreement with the DFT data.

With the same method, defect properties of Ru in 3C-SiC 
were investigated. The cohesive energy of an impurity ele-
ment Ru required for the formation energy calculation was 
obtained from its most stable crystal structure (known as 
HCP), which is  −6.74 eV, as recalled from table  6. There 
were twelve Ru defect structures that can be formed in SiC, 
where the configurations of the unstable defects can be found 
in table 7 with their final stable defect structures. The most 
stable configuration for an impurity Ru in 3C-SiC calculated 
by the current potential is actually a defect cluster in which 
Ru atom is tetragonally coordinated to four carbon atoms with 
a nearby carbon vacancy, denoted as ‘Ru_TC–VC’, the sim-
ilar geometry with figure 1(e). The formation energy for this 
configuration is 4.10 eV, which is in a good agreement with 
the DFT value of 3.80 eV. Substitutions are also stable in a 
manner of a comparable energetic level on silicon and carbon 
vacant sites. Ruthenium has its ability to chemically attack 
SiC, which is evidenced by the rutherford backscattering 
spectrometry (RBS) analysis of ruthenium silicide formation 
[61]. Our calculations show a satisfactory agreement with the 
reference data. Potential parameter sets for Ru–Si and Ru–C 
converge well and is able to apply for further calculations of 
defect clustering and precipitates of Ru.

Moreover, the defect formation energy of I has been studied 
for the variety of defect structures [55]. With the current 

Figure 2. Illustration of the formation energies as a function of the defect configurations. The DFT data of silver was derived from [25], 
while the rest of the data was taken from our work [55].
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Table 5. Bulk properties of palladium obtained from ABOP potential in comparison with experiments and DFT calculations.  
Symbol ‘a’ indicates the ground state crystal.

Pd Exp. DFT ABOP
EAM-
AFW [27]

Dimer Eb (eV) 0.73;0.70 [40] 1.29
rb (Å) 2.40 [40];2.48 [41] 2.49 [42] 2.45

ω0(cm−1) 210 [43] 195 [42] 166

FCCa a0 (Å) 3.89 [40] 3.89 3.89
Ec (eV/atom) −3.91 [40] −3.936 [44] −3.91 −3.91

HCP ΔEc (eV) 0.02 [45] 0.02
a0 (Å) 2.75
c (Å) 4.49
c/a (Å) 1.63

BCC ΔEc (eV) 0.10 [45] 0.11
a0 (Å) 3.11

Diamond ΔEc (eV) 1.42
a0 (Å) 5.69

SC ΔEc (eV) 0.78
a0 (Å) 2.52

Elastic constant (0 K, GPa)
B 180 [40] 150 195
C11 234 [40] 211 221
C12 176 [40] 119 183
C44 71.2 [40] 86.2 73
Evac (eV) 1.54 [40];1.4 [46] 1.363 [47];1.407 [47] 1.44 1.58
Em

vac (eV) 1.03(3) [48] 1.084 [47];1.127 [47] 1.09 0.83

Table 4. Bulk properties of silver obtained from ABOP potential in comparison with experiments and DFT calculations. ∆Ec (in eV/atom): 
energy difference with respect to the ground-state structure; a0 (in Å): lattice parameters; FCC: face-centered cubic; HCP: hexagonal close-
packed; BCC: body-centered cubic; SC: simple cubic. Symbol ‘a’ indicates the ground state crystal.

Ag Exp. DFT ABOP

EAM-
AFW 
[27]

EAM-
ackland 
[28]

Dimer Eb (eV) 1.66 [29] 2.48 [30] 1.699
rb (Å) 2.530 [29], 2.560 [29] 2.533 2.589

ω0(cm−1) 191.8 [29] 193.74

FCCa a0 (Å) 4.09 [31] 4.09 4.09 4.086
Ec (eV/atom) −2.85 [32] −2.85 −2.85 −2.967

HCP ∆Ec (eV) 0.0155 [33], 0.003 [34] 0.004
a0 (Å) 2.93 [33] 2.90
c (Å) 4.72 [33] 4.73
c/a (Å) 1.61 [33] 1.63

BCC ∆Ec (eV) 0.0334 [33], 0.039 [34] 0.020
a0 (Å) 3.29 [33] 3.269

Diamond ∆Ec (eV) 1.054 [34] 1.116
a0 (Å) 6.35

SC ∆Ec (eV) 0.428 [34] 0.351
a0 (Å) 2.77

Elastic constant (0 K, GPa)

B 108.7 [35] 115.17 [36] 108.7 104
C11 131.5 [35] 132.99 [36] 131.5 129 124
C12 97.3 [35] 106.26 [36] 97.3 91 93.4
C44 51.1 [35] 61.38 [36] 51.1 57 46.1
Evac (eV) 1.1 [37], 1.15 1.06 [38], 1.20 [39] 1.10 0.97 1.00
Em

vac (eV) 0.66 [37] 0.66 0.77
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interatomic potential, some of the I defect complexes associated 
with tetrahedral interstitials can be steadily formed, including 
I_TSi–VC and I_TC–VC. Iodine substitution defects were also 
recognized as stable structures in Si-rich condition, especially 
on a C site. The comparable energy level may indicate that I 
atom can freely jump between a tetrahedral site and a carbon 
vacancy in SiC. Iodine also exhibits a similar characteristic as 
observed in Pd-SiC, i.e. existing two defect complexes (ISi–VC 
and IC–VSi). Both defects share the same configuration with 
the negligible difference in energy of 0.01 eV from MD simu-
lations. It should be noted that this potential captures a general 
trend of the defect properties well as compared with DFT data.

4. Evaluation of the potentials

4.1. NEB calculations

A primary focus on migration and reaction calculations will 
help to explore the diffusion mechanisms, as well as testi-
fying the reliability of our potential sets. Therefore, with all 

the physical properties either fitted or tested, we continued to 
carry out studies in finding saddle points along defect migra-
tion pathways by using the climbing image nudged elastic 
band (CI-NEB) method [62] with the newly fitted potentials 
and to compare with the possible pathways determined from 
first-principles calculations. The NEB method works perfectly 
in finding the minimum energy path (MEP) between known 
reactants and products by optimizing a number of interme-
diate images along the reaction path. Interstitials are gener-
ally diffuse fast at high temperatures. As TRISO fuel can be 

Table 6. Bulk properties of ruthenium obtained from ABOP potential in comparison with experiments and DFT calculations. Symbol ‘a’ 
indicates the ground state crystal.

Ru Property Exp. DFT [49] ABOP
EAM-fortini 
[50]

EAM-igarashi 
[51]

Dimer Eb (eV) 3.39 [52];2.0(2) [53] 3.58;3.59;3.57 3.574
rb (Å) 2.08;2.082;2.083 2.119

ω0(cm−1) 347.1(9) [53] 402;402.1;402.6 290.2

HCPa a0 (Å) 2.706 2.637 2.705 2.751
c (Å) 4.282 4.298 4.288
c/a (Å) 1.582 1.630 1.585 1.582
Ec (eV/atom) −6.74 [31] −6.74 −6.864 −6.74

BCC ΔEc (eV) 0.265 [50] 0.250 0.216
a0 (Å) 2.97

FCC ΔEc (eV) 0.125 [50] 0.121 0.152
a0 (Å) 3.74

Elastic constant (0 K, GPa)
B 220 [54] 247
C11 563 [54] 684 552 576
C12 188 [54] 22.15 165 187
C44 181 [54] 339 170 189
Evac (eV) 1.85 [51] 1.60 2.218 2.25

Table 7. Final configurations of the unstable defects with the 
corresponding formation energies.

Configuration Converted configuration Ef (eV)

Pd–C 〈1 1 0〉 Pd_TC 7.50
Pd–Si 〈1 1 0〉 Pd_TSi 9.26
Pd–Si 〈1 1 1〉 Pd–Si 〈1 0 0〉 8.83
Pd_TC–VC PdC 3.80
Pd_TSi–VSi PdSi 5.18
Ru–C 〈1 1 0〉 Ru-C 〈1 0 0〉 7.83
Ru–C 〈1 1 1〉 Ru_TC 8.89
Ru–Si 〈1 1 0〉 Ru-Si 〈1 0 0〉 8.03
Ru–Si 〈1 1 1〉 Ru_TSi 8.54
Ru_TC–VSi RuSi 4.11
Ru_TSi–VC RuC 4.10

Figure 3. Interstitial migration paths within SiC lattice (Path 1 & 
Path 2).
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exposed to high temperature and high-energy radiation, the 
role of interstitials cannot be neglected. Since we have early 
examined, TC and TSi are two stable positions for a FP to be 
located as an interstitial. Therefore, the possible bulk diffusion 
for an impurity atom to migrate could be along a path from 
one tetrahedron site to another.

For an interstitial located at a TC site, figure  3 presents 
two possibilities for an interstitial to migrate. In one of the 
pathways, denoted as ‘Path 1’, fission product atom makes 
only one jump directly to a nearest TC site. Additionally, along 
Path 2, the migration occurs along the 〈1 1 0〉 direction of the 
zinc-blend structure of 3C-SiC. The both paths consist of the 
hops between neighboring TC sites by passing through a TSi 

position. There are two hops from one stable configuration to 
another equivalent defect configuration. The NEB calculation 
only performed one hop from TC to TSi as shown in figure 3, 
while the second hop to an equivalent structure should be 
symmetrical to the first one. The referenced results in figure 4 

Figure 4. Minimum energy pathways of (a) Ag, (b) Pd, (c) Ru, and (d) I along the diffusion path 2 as compared with DFT results [55, 63].

Table 8. Summary of NEB energy barriers along the Path 2. The 
value in front of the slash indicates the forward energy of the 
minimum migration path, while the data at the back reveals the 
backward energy.

DFT ABOP

Ag 1.09/0.0 [63] 1.17/0.15
Pd 1.90/0.01 [55] 2.03/0.25
Ru 4.03/3.38 [55] 3.46/3.10
I 4.34/3.10 [55] 4.31/3.20

Figure 5. MSD curves of four elements at temperature 2200 K.
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were taken by DFT calculations [55], [63] with CI-NEB 
method. The methods for DFT calculations were achieved 
in the same way that was mentioned in section  3.2, except 
that the plane-wave cutoff of 400 eV was used and a Gamma-
centered 3  ×  3  ×  3 k-mesh was chosen to sample irreducible 
Brillouin Zone.

In the Path 1, the energy barrier for the hop is calculated 
to be 1.37 eV for Ag by ABOP, while the value in DFT work 
is 1.40 eV. However, the second path is slightly preferable to 
the Path 1, where the Ag atom firstly hops into the TSi site. 
This migration requires an energy barrier of 1.01 eV by 
ABOP summarized in table 8, as compared with 0.89 eV from 
Shrader’s calculations [59], which also fairly reproduces the 
DFT value of 1.09 eV [63]. For palladium, the result obtained 
through MD simulation with ABOP shows a value of 1.85 eV 
along the Path 1, which is consistent with the DFT calcul-
ation [55]. However, it appears in MD simulation along the 
Path 2 that the reverse has a shallow maximum of 0.25 eV 
as illustrated in figure 4(b), while it is barely visible in DFT 
calculation. This might be due to the minor distortion during 
the structure relaxation. The saddle point along the MEP for 
this rearrangement is, however, in a good agreement, where 
it gives an energy barrier of 2.03 eV by ABOP and a value 
of 1.90 eV by DFT. Unlike Ag and Pd, it is of interest to find 
that ruthenium and iodine could migrate through one path to 
reach a symmetric nearest TC. The only possible pathway for 
diffusion to take place for ruthenium and iodine as a TC inter-
stitial is along the Path 2. In this path, Ru and I can find their 
saddle points in the middle of the reaction path. A close esti-
mate of MEP to DFT is obtained through MD simulation by 
the new ABOP potential sets which is illustrated in figure 4(c) 
for Ru and figure 4(d) for I, respectively. The reverse presents 
a much deeper maximum of 3.38 eV for Ru, while iodine has 
3.10 eV. Their activation energies are also relatively high. For 
I interstitial to migrate along the path 2, despite of a slight 
shift along the reaction, the MEP is nearly overlapped with the 
one obtained by DFT calculation. The migration barrier has 
an overall value of 4.31 eV while our DFT calculation results 
in 4.34 eV. Overall, the values simulated by ABOP potentials 

reproduce energy barriers from current DFT method for each 
fission product. This indicates that the performance of the cur-
rent potential on kinetic behavior of FPs in SiC is reliable.

4.2. Diffusion coefficient of FPs in SiC

In light of interstitial migration, the bulk diffusion to a larger 
scale both in time and cell size is discussed, which could also 
be a verification for the reliability of the current potentials on 
performing thermodynamic simulations. The property of fis-
sion product diffusion in SiC will affect the fission product 
retention and defect formation of which are key issues in 
TRISO fuel study. With the newly constructed potentials, the 
MD simulations were then carried out in a simulation block 
containing 8000 atoms as well as a FP atom. The temperatures 
were simulated from 1600 K to 2800 K, where jumps of FPs 
were traced. The diffusion coefficients for each temperature 
were derived from the MSD curves. The mean-square dis-
placements of interstitials at 2200 K have been plotted as a 
function of time in figure 5. All the MSD curves illustrate an 
ascending trend with increasing time. However, some large 
fluctuations exist within the time range which may lead to 
errors in deriving diffusion coefficients. Nonetheless, based 
on the time trajectory decomposition (TTD) technique [64], 
we are still able to estimate the value with high accuracy by 
dividing time trajectory into segments of equal time intervals 
varying from 5 ps to 100 ps depending on temperatures. For 
example, the 50 ps time interval was chosen for temperature 
2200 K to obtain the average MSD. For each element at each 
temperature, the simulation has been conducted five times 
to obtain good statistics. The diffusion coefficients for each 
element estimated are presented as a function of reciprocal 
temperature in figure 6 with error bars obtained through the 
parallel MD simulations.

During the simulation, the single interstitial migrates 
three-dimensionally along different directions, and a number 
of jumps have been observed. From figure 6(a), it is obvious 
that Ag migrates faster than the other three elements via tet-
rahedral interstitial sites. And when the temperature reaches 

Figure 6. (a) Intrinsic diffusion and (b) effective diffusion coefficients of interstitials as a function of reciprocal temperature in SiC, where 
the temperature is scaled by 1/k.
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Table 9. Summary of migration energies, Em, exponential pre-factors, D0, effective migration energies, Eeff  , and effective pre-factors, Deff
0  of single interstitial diffusion in SiC as compared 

with DFT calculations from both local density approximation (LDA) [74] and GGA [55, 59, 63].

Em (eV) D0 (m2 s−1) Eeff  (eV) Deff
0  (m2 s−1)

DFT-LDA DFT-GGA ABOP DFT-GGA ABOP DFT-LDA DFT-GGA ABOP DFT-GGA ABOP

Ag 0.89 [59], 
1.09 [63]

1.01 9.57 ×10−8 [59] 2.50 × 10−8 7.88 [59] 5.68 6.30 ×10−8 [59] 6.57 ×10−9

Pd 2.0 [74] 1.8 [55] 1.73 1.30 ×10−7 4.30 [74] 5.43 6.36 ×10−8

Ru 4.03 [55] 3.21 5.76 ×10−5 7.99 5.56 ×10−5

I 4.34 [55] 4.03 9.40 ×10−4 13.88 2.84 ×10−4
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at a higher level, the difference of the diffusion coefficient 
narrows. According to Arrhenius relationship detailed in 
equation (11), the best fit to the equation gives the values of 
migration energy, Em and exponential pre-factor, D0, for Ag to 
be 1.01 eV and 2.50 ×10−8 m2 s−1, respectively (see table 9). 
These agree well with those obtained from DFT simulation 
[59] with the migration barrier of Ag in SiC to be 0.89 eV and 
diffusion pre-factor to be 9.57 ×10−8 m2 s−1. Also, this energy 
value being 1.01 eV is in a close agreement with the activation 
energy measured by the irradiation test [65, 66], which is in 
the range of 1.13 eV to 1.31 eV. This might present an indica-
tion that silver diffusion via interstitial could be a competitive 
path. Palladium is slightly slower via interstitial mechanism 
as compared with silver. The estimate of migration energy 
from the Arrhenius equation  is 1.73 eV, which is in a good 
agreement with first principle simulations [55]. Followed by 
the same trend, Ru single interstitial diffusion has also been 
investigated in SiC. Based on the MSD curves at 2200 K, it 
can be roughly estimated from the separation distance that 
Ru atom diffuses much slower than Ag atom, and the number 
of the jumps during the simulation time has significantly 
decreased. The estimation by fitting the diffusion coefficients 
to equation (11) as shown in figure 6(c) gives the migration 
energy barrier to be 3.21 eV and a pre-factor of 5.76 ×10−5 
m2 s−1 summarized in table 9. The energy level is somewhat 
lower than the value of 4.03 eV obtained by DFT data. This 
gap is due to the underestimation of NEB barrier by the cur-
rent potential. However, it is still in a reasonable agreement. 
Iodine is found energetically unfavorable via the interstitial 
mechanism, which is evidenced by the highest migration 
energy calculated both from MD simulation and DFT method. 
The diffusion is relatively gentle especially at low temperature 
range.

Under thermal condition, fission product diffusion as an 
interstitial cannot exist 100% of time. The effective diffu-
sion coefficient can be affected by the fraction of time when 
the defect is present, which is associated with its formation 
energy. The effect diffusion coefficient in realistic scenario 
includes both the intrinsic diffusion and the concentration 
ratio [59], which can be described by

Deff = Dint
c(def)

sum of FP defect concentrations
.

The defect concentration, c(def), can be determined by its 
formation energy along with the temperature independent 
pre-factor. Since the pre-factor is able to be canceled in the 
concentration ratio, the relative concentration of defect can 
be presented by an Arrhenius form exp( Ef

kT ). The sum of FP 
defect concentrations is contributed by the summation of all 
the possible FP defects that could be created in the bulk. With 
the factor being considered, the bulk diffusion as an inter-
stitial under pure thermal condition has been slowed down 
dramatically as the energetic level of interstitial formation 
is still quite high. The diffusion coefficients associated with 
the concentration ratio are presented in figure  6(b), where 

the corresponding data are summarized in table 9. The effec-
tive migration energies are uniformly increased as compared 
with the migration energies from intrinsic diffusion due to 
the fact of the specific defect being present less than 100% of 
time in the bulk. For silver, the effective diffusion coefficient 
estimated from the simulation are 4.15 ×10−27 m2 s−1 and 
4.69 ×10−25 m2 s−1 at 1300 °C and 1500 °C, respectively. 
Even though there are several orders of magnitudes differ-
ence as compared with upper limit observed in experiments 
being less than 10−21 m2 s−1 at 1300 °C [67] and 5 ×10−21 m2 
s−1 at 1500 °C [68], a better estimation than the DFT calcul-
ations of 3.6 ×10−33 m2 s−1 at 1300 °C and 2.5 ×10−30 m2 
s−1 at 1500 °C [59] has proved our MD simulations with cur-
rent potentials to be reliable. The predicted silver diffusion 
by MD simulations agrees with the fact that bulk diffusion 
is not the evidence of fast diffusion in polycrystalline SiC 
[13, 67, 68]. Nevertheless, the rather high magnitude of the 
effective migration energy as well as the effective diffusion 
coefficient of Pd indicates interstitial migration in the bulk 
could not explain the transport through SiC. Diffusion couple 
of Pd onto single crystalline SiC heat treated at 1000 °C for 
24 h under argon flow by Olivier et  al [69] has shown no 
indication of Pd diffusion through SiC layer, while 20 µm  
penetration of Pd to polycrystalline SiC was visible under 
the same experimental condition. This invisible diffusion 
through single crystalline SiC coincidences with our obser-
vation of insufficient interstitial mechanism in bulk under 
pure thermal condition, whereas grain boundary could be a 
fast path suggested by the experiment. Also, palladium can 
transform SiC into palladium silicide without irradiation 
at relative low temperatures [70], meaning that other reac-
tion paths might play an important role, such as reactions 
involving interface between Pd and SiC [71, 72]. As indi-
cated previously, ruthenium and iodine are characterized by 
large migration energies, and thus, might be trapped inside 
the bulk SiC. As is observed by experiments through hot ion 
implantations [73], where the original crystal structure is pre-
served to a large extent, the iodine volume diffusion is below 
the detection limit of 10−21 m2 s−1 for a single crystalline 
SiC even to their highest tested isothermal annealing temper-
ature at 1300 °C. The simulated iodine effective diffusion 
coefficients obtained through the contribution of the rather 
high formation energy of iodine interstitial are far below the 
experiment limit (<10−21 m2 s−1), which indicates the unfea-
sible bulk diffusion of iodine as an interstitial under thermal 
condition. This is thus consistent with the existing slow bulk 
diffusion of iodine in single crystalline SiC. The interstitial 
mechanism is hard for both Ru and I to access due to the high 
formation energy. Therefore, the bulk diffusion is less likely 
to dominate the transport of the four FPs under pure thermal 
condition, when we refer to their orders of magnitude in the 
effective diffusion coefficients. However, under irradiation 
condition, massive interstitials can be formed in high temper-
ature nuclear reactors. This can make bulk diffusion through 
interstitial feasible, especially for silver.
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5. Conclusion

In the present study, the ABOPs have been developed for mod-
eling FPs in SiC, including Ag, Pd, Ru, and I. The new inter-
atomic potential datasets for FP-SiC systems were obtained. 
The MD calculations for FP elements in SiC by using the 
newly constructed potentials have fairly reproduced most of 
the properties observed either by experiments or by first prin-
ciples simulations. In particular, the diffusion energy barriers 
simulated by MD method for four FPs along possible migra-
tion pathways suggested were in a good agreement with DFT 
calculations. The excellent performance of the interatomic 
potentials shows a satisfactory transferability, which can be 
applied to an extended larger scale dynamic simulation.

Based on the new potentials, diffusion was carried out at the 
temperatures from 1600–2800 K, and the MSDs were used to 
determine the migration energy barriers and diffusion mech-
anisms. The migration of each fission product allowed to be 
involved for about 4 ns. The migration energy derived demon-
strated a fast diffusion of Ag interstitial via tetrahedral sites in 
SiC. The effective diffusion coefficients for the four elements 
were in good agreement with the experimental observations 
through where bulk diffusion was not significant during either 
thermal annealing or heat treatment. Even though the effec-
tive diffusion can be affected by the fraction of time when 
the defect is presented especially under thermal condition, the 
bulk diffusion of some FPs with low migration energy barriers 
via interstitial mechanism still cannot be neglected.

Acknowledgments

The authors would like to acknowledge the generous financial 
support from Nuclear Energy University Program (NEUP) 
program (Grant Nos. DE-NE0008519).

ORCID iDs

Nanjun Chen  https://orcid.org/0000-0003-4519-3769
Fei Gao  https://orcid.org/0000-0001-6739-5076

References

	 [1]	 Casady J B and Johnson R W 1996 Status of silicon carbide 
(SiC) as a wide-bandgap semiconductor for high-
temperature applications: a review Solid. State Electron. 
39 1409–22

	 [2]	 Castelletto S, Johnson B C, Ivády V, Stavrias N, Umeda T, 
Gali A and Ohshima T 2014 A silicon carbide room-
temperature single-photon source Nat. Mater. 13 151–6

	 [3]	 Leon-Masich A, Valderrama-Blavi H, Bosque-Moncusi J M 
and Martinez-Salamero L 2016 A high-voltage SiC-based 
boost PFC for LED applications IEEE Trans. Power 
Electron. 31 1633–42

	 [4]	 Snead L L, Nozawa T, Ferraris M, Katoh Y, Shinavski R and 
Sawan M 2011 Silicon carbide composites as fusion power 
reactor structural materials J. Nucl. Mater. 417 330–9

	 [5]	 Yueh K and Terrani K A 2014 Silicon carbide composite 
for light water reactor fuel assembly applications J. Nucl. 
Mater. 448 380–8

	 [6]	 Kunitomi K, Nakagawa S and Shiozawa S 2004 Safety 
evaluation of the HTTR Nucl. Eng. Des. 233 235–49

	 [7]	 Myers B F, Baldwin N L, Bell W E and Burnette R D 1977 
Behavior of Fission Product Gases in HTGR Fuel Material 
(San Diego, CA: General Atomic Co.)

	 [8]	 Wang C, Sun X and Christensen R N 2019 Multiphysics 
simulation of moisture-graphite oxidation in MHTGR Ann. 
Nucl. Energy 131 483–95

	 [9]	 Malherbe J B 2013 Diffusion of fission products and radiation 
damage in SiC J. Phys. D: Appl. Phys. 46 473001

	[10]	 Grübmeier H, Naoumidis A and Thiele B A 1977 Silicon 
carbide corrosion in high-temperature gas-cooled reactor 
fuel particles Nucl. Technol. 35 413–27

	[11]	 Hanson D L 2004 A review of radionuclide release from 
HTGR cores during normal operation EPRI Report 
1009382 Electric Power Research Institute 

	[12]	 Minato K, Ogawa T, Fukuda K, Sekino H, Miyanishi H, 
Kado S and Takahashi I 1993 Release behavior of metallic 
fission products from HTGR fuel particles at 1600 °C to 
1900 °C J. Nucl. Mater. 202 47–53

	[13]	 Verfondern K 1997 Fuel performance and fission product 
behaviour in gas-cooled reactor IAEA-TECDOC-978

	[14]	 van Rooyen I J, Lillo T M and Wu Y Q 2014 Identification of 
silver and palladium in irradiated TRISO coated particles of 
the AGR-1 experiment J. Nucl. Mater. 446 178–86

	[15]	 van Rooyen I J, Janney D E, Miller B D, Demkowicz P A 
and Riesterer J 2014 Electron microscopic evaluation and 
fission product identification of irradiated TRISO coated 
particles from the AGR-1 experiment: a preliminary review 
Nucl. Eng. Des. 271 114–22

	[16]	 Zhang P and Trinkle D R 2015 Database optimization for 
empirical interatomic potential models Model. Simul. 
Mater. Sci. Eng. 23 065011

	[17]	 Ito T, Khor K E and Das Sarma S 1990 Systematic approach 
to developing empirical potentials for compound 
semiconductors Phys. Rev. B 41 3893–6

	[18]	 Albe K, Nordlund K and Averback R S 2002 Modeling the 
metal-semiconductor interaction: analytical bond-order 
potential for platinum-carbon Phys. Rev. B 65 195124

	[19]	 Erhart P and Albe K 2005 Analytical potential for atomistic 
simulations of silicon, carbon, and silicon carbide Phys. 
Rev. B 71 035211

	[20]	 Nord J, Albe K, Erhart P and Nordlund K 2003 Modelling of 
compound semiconductors: analytical bond-order potential 
for gallium, nitrogen and gallium nitride J. Phys.: Condens. 
Matter 15 5649–62

	[21]	 Henriksson K O E and Nordlund K 2009 Simulations of 
cementite: An analytical potential for the Fe–C system 
Phys. Rev. B 79 144107

	[22]	 Juslin N, Erhart P, Träskelin P, Nord J, Henriksson K O E, 
Nordlund K, Salonen E and Albe K 2005 Analytical 
interatomic potential for modeling nonequilibrium 
processes in the W–C–H system J. Appl. Phys. 98 123520

	[23]	 Wang L-F, Shu X, Lu G-H and Gao F 2017 Embedded-atom 
method potential for modeling hydrogen and hydrogen-
defect interaction in tungsten J. Phys.: Condens. Matter 
29 435401

	[24]	 Marquardt D W 1963 An algorithm for least-squares 
estimation of nonlinear parameters J. Soc. Ind. Appl. Math. 
11 431–41

	[25]	 Chen N, Peng Q, Jiao Z, van Rooyen I, Skerjanc W F and 
Gao F 2018 Ab initio study of the stability of intrinsic 
and extrinsic Ag point defects in 3CSiC J. Nucl. Mater. 
510 596–602

	[26]	 Etesami S A and Asadi E 2018 Molecular dynamics for 
near melting temperatures simulations of metals using 
modified embedded-atom method J. Phys. Chem. Solids 
112 61–72

	[27]	 Adams J B, Foiles S M and Wolfer W G 1989 Self-
diffusion and impurity diffusion of fee metals using the 

J. Phys.: Condens. Matter 32 (2020) 085702

https://orcid.org/0000-0003-4519-3769
https://orcid.org/0000-0003-4519-3769
https://orcid.org/0000-0001-6739-5076
https://orcid.org/0000-0001-6739-5076
https://doi.org/10.1016/0038-1101(96)00045-7
https://doi.org/10.1016/0038-1101(96)00045-7
https://doi.org/10.1016/0038-1101(96)00045-7
https://doi.org/10.1038/nmat3806
https://doi.org/10.1038/nmat3806
https://doi.org/10.1038/nmat3806
https://doi.org/10.1109/TPEL.2015.2418212
https://doi.org/10.1109/TPEL.2015.2418212
https://doi.org/10.1109/TPEL.2015.2418212
https://doi.org/10.1016/j.jnucmat.2011.03.005
https://doi.org/10.1016/j.jnucmat.2011.03.005
https://doi.org/10.1016/j.jnucmat.2011.03.005
https://doi.org/10.1016/j.jnucmat.2013.12.004
https://doi.org/10.1016/j.jnucmat.2013.12.004
https://doi.org/10.1016/j.jnucmat.2013.12.004
https://doi.org/10.1016/j.nucengdes.2004.08.028
https://doi.org/10.1016/j.nucengdes.2004.08.028
https://doi.org/10.1016/j.nucengdes.2004.08.028
https://doi.org/10.1016/j.anucene.2019.03.040
https://doi.org/10.1016/j.anucene.2019.03.040
https://doi.org/10.1016/j.anucene.2019.03.040
https://doi.org/10.1088/0022-3727/46/47/473001
https://doi.org/10.1088/0022-3727/46/47/473001
https://doi.org/10.13182/NT77-A31902
https://doi.org/10.13182/NT77-A31902
https://doi.org/10.13182/NT77-A31902
https://doi.org/10.1016/0022-3115(93)90027-V
https://doi.org/10.1016/0022-3115(93)90027-V
https://doi.org/10.1016/0022-3115(93)90027-V
https://doi.org/10.1016/j.jnucmat.2013.11.028
https://doi.org/10.1016/j.jnucmat.2013.11.028
https://doi.org/10.1016/j.jnucmat.2013.11.028
https://doi.org/10.1016/j.nucengdes.2013.11.019
https://doi.org/10.1016/j.nucengdes.2013.11.019
https://doi.org/10.1016/j.nucengdes.2013.11.019
https://doi.org/10.1088/0965-0393/23/6/065011
https://doi.org/10.1088/0965-0393/23/6/065011
https://doi.org/10.1103/PhysRevB.41.3893
https://doi.org/10.1103/PhysRevB.41.3893
https://doi.org/10.1103/PhysRevB.41.3893
https://doi.org/10.1103/PhysRevB.65.195124
https://doi.org/10.1103/PhysRevB.65.195124
https://doi.org/10.1103/PhysRevB.71.035211
https://doi.org/10.1103/PhysRevB.71.035211
https://doi.org/10.1088/0953-8984/15/32/324
https://doi.org/10.1088/0953-8984/15/32/324
https://doi.org/10.1088/0953-8984/15/32/324
https://doi.org/10.1103/PhysRevB.79.144107
https://doi.org/10.1103/PhysRevB.79.144107
https://doi.org/10.1063/1.2149492
https://doi.org/10.1063/1.2149492
https://doi.org/10.1088/1361-648X/aa86bd
https://doi.org/10.1088/1361-648X/aa86bd
https://doi.org/10.1137/0111030
https://doi.org/10.1137/0111030
https://doi.org/10.1137/0111030
https://doi.org/10.1016/j.jnucmat.2018.08.053
https://doi.org/10.1016/j.jnucmat.2018.08.053
https://doi.org/10.1016/j.jnucmat.2018.08.053
https://doi.org/10.1016/j.jpcs.2017.09.001
https://doi.org/10.1016/j.jpcs.2017.09.001
https://doi.org/10.1016/j.jpcs.2017.09.001


N Chen et al

15

five-frequency model and the embedded atom method J. 
Mater. Res. 4 102–12

	[28]	 Ackland G J, Tichy G, Vitek V and Finnis M W 1987 Simple 
N-body potentials for the noble metals and nickel Phil. 
Mag. A 56 735–56

	[29]	 Cheetham C J and Barrow R F 1967 The spectroscopy of 
diatomic transition element molecules Adv. High Temp. 
Chem. 1 7–41

	[30]	 Wang G M, BelBruno J J, Kenny S D and Smith R 2003 
Interaction of silver adatoms and dimers with graphite 
surfaces Surf. Sci. 541 91–100

	[31]	 Kittel C 2005 Introduction to Solid State Physics (New York: 
Wiley)

	[32]	 Smithells C J 1976 Metals Reference Book (New York: 
Elsevier)

	[33]	 Li J H, Kong Y, Guo H B, Liang S H and Liu B X 2007 
Proposed power-function N -body potential for the fcc 
structured metals Ag, Au, Cu, Ni, Pd, and Pt Phys. Rev. B 
76 104101

	[34]	 Williams P L, Mishin Y and Hamilton J C 2006 An embedded-
atom potential for the Cu–Ag system Model. Simul. Mater. 
Sci. Eng. 14 817–33

	[35]	 Neighbovrs J R and Alers G A 1958 Elastic constants of silver 
and gold Phys. Rev. 111 707

	[36]	 Delczeg-Czirjak E K, Delczeg L, Ropo M, Kokko K, 
Punkkinen M P J, Johansson B and Vitos L 2009 Ab initio 
study of the elastic anomalies in Pd–Ag alloys Phys. Rev. B 
79 085107

	[37]	 Balluffi R W 1978 Vacancy defect mobilities and binding 
energies obtained from annealing studies J. Nucl. Mater. 
69–70 240–63

	[38]	 Polatoglou H M, Methfessel M and Scheffler M 1993 
Vacancy-formation energies at the (1 1 1) surface and in 
bulk Al, Cu, Ag, and Rh Phys. Rev. B 48 1877–83

	[39]	 Dederichs P H, Hoshino T, Drittler B, Abraham K and 
Zeller R 1991 Total-energy calculations for point defects in 
metals Physica B 172 203–9

	[40]	 Wolf R J, Mansour K A, Lee M W and Ray J R 1992 
Temperature dependence of elastic constants of embedded-
atom models of palladium Phys. Rev. B 46 8027–35

	[41]	 Huber K P and Herzberg G 1979 Constants of diatomic 
molecules Molecular Spectra and Molecular Structure 
(Boston, MA: Springer) pp 8–689

	[42]	 Kahnouji H, Najafvandzadeh H, Hashemifar S J, Alaei M and 
Akbarzadeh H 2015 Density-functional study of the pure 
and palladium doped small copper and silver clusters Chem. 
Phys. Lett. 630 101–5

	[43]	 Ho J, Polak M L, Ervin K M and Lineberger W C 1993 
Photoelectron spectroscopy of nickel group dimers: Ni−2 , 
Pd−

2 , and Pt−2  J. Chem. Phys. 99 8542–51
	[44]	 Rose J H, Smith J R, Guinea F and Ferrante J 1984 Universal 

features of the equation of state of metals Phys. Rev. B 
29 2963–9

	[45]	 Baskes M I 1992 Modified embedded-atom potentials for 
cubic materials and impurities Phys. Rev. B 46 2727–42

	[46]	 Wycisk W and Feller-Kniepmeier M 1978 Quenching 
experiments in high purity Ni J. Nucl. Mater. 69–70 616–9

	[47]	 Wu H, Mayeshiba T and Morgan D 2016 High-throughput 
ab-initio dilute solute diffusion database Sci. Data 
3 160054

	[48]	 Neumann G and Tuijn C 2011 Self-diffusion and Impurity 
Diffusion in Pure Metals: Handbook of Experimental Data 
vol 14 (New York: Elsevier)

	[49]	 Kim J and Kim J 2014 Density functional and multireference 
ab initio study of the ground and excited states of Ru2 
Chem. Phys. Lett. 592 24–9

	[50]	 Fortini A, Mendelev M I, Buldyrev S and Srolovitz D 2008 
Asperity contacts at the nanoscale: comparison of Ru and 
Au J. Appl. Phys. 104 074320

	[51]	 Igarashi M, Khantha M and Vitek V 1991 N-body interatomic 
potentials for hexagonal close-packed metals Phil. Mag. B 
63 603–27

	[52]	 Miedema A R and Gingerich K A 1979 On the enthalpy of 
formation of diatomic intermetallic molecules J. Phys. B: 
At. Mol. Phys. 12 2255–70

	[53]	 Wang H, Liu Y, Haouari H, Craig R, Lombardi J R and 
Lindsay D M 1997 Raman spectra of ruthenium dimers J. 
Chem. Phys. 106 6534–7

	[54]	 Brandes E A and Brook G B 2013 Smithells Metals Reference 
Book (New York: Elsevier)

	[55]	 Peng Q et al Ab initio simulation on defect properties of 
fission product in SiC (unpublished)

	[56]	 Kresse G and Furthmüller J 1996 Efficiency of ab-initio total 
energy calculations for metals and semiconductors using a 
plane-wave basis set Comput. Mater. Sci. 6 15–50

	[57]	 Perdew J P, Burke K and Ernzerhof M 1996 Generalized gradient 
approximation made simple Phys. Rev. Lett. 77 3865–8

	[58]	 Grimme S, Antony J, Ehrlich S and Krieg H 2010 A consistent 
and accurate ab initio parametrization of density functional 
dispersion correction (DFT-D) for the 94 elements H–Pu J. 
Chem. Phys. 132 154104

	[59]	 Shrader D, Khalil S M, Gerczak T, Allen T R, Heim A J, 
Szlufarska I and Morgan D 2011 Ag diffusion in cubic 
silicon carbide J. Nucl. Mater. 408 257–71

	[60]	 Olivier E J and Neethling J H 2013 The role of Pd in the 
transport of Ag in SiC J. Nucl. Mater. 432 252–60

	[61]	 Munthali K V, Theron C, Danie Auret F, Coelho S M M, 
Prinsloo L and Njoroge E 2014 Microstructure evolution 
and diffusion of ruthenium in silicon carbide, and the 
implications for structural integrity of SiC layer in TRISO 
coated fuel particles J. Nucl. Mater. 448 43–52

	[62]	 Henkelman G, Uberuaga B P and Jónsson H 2000 A climbing 
image nudged elastic band method for finding saddle points 
and minimum energy paths J. Chem. Phys. 113 9901–4

	[63]	 Peng Q, Chen N, Jiao Z, van Rooyen I J, Skerjanc W F 
and Gao F 2019 Reveal the fast and charge-insensitive 
lattice diffusion of silver in cubic silicon carbide via first-
principles calculations Comput. Mater. Sci. 170 109190

	[64]	 Gao F, Heinisch H L and Kurtz R J 2007 Diffusion of He 
interstitial and di-He cluster at grain boundaries in α-Fe J. 
Nucl. Mater. 367–70 446–50

	[65]	 van der Merwe J J 2009 Evaluation of silver transport through 
SiC during the German HTR fuel program J. Nucl. Mater. 
395 99–111

	[66]	 Van der Merwe J J 2009 Modelling Silver Transport in 
Spherical HTR Fuel Doctoral Dissertation University of 
Pretoria

	[67]	 Friedland E, Malherbe J B, van der Berg N G, Hlatshwayo T, 
Botha A J, Wendler E and Wesch W 2009 Study of silver 
diffusion in silicon carbide J. Nucl. Mater. 389 326–31

	[68]	 Hlatshwayo T T 2011 Diffusion of silver in 6H-SiC Nucl. 
Instrum. Methods Phys. Res. B 274 120–5

	[69]	 Olivier E J and Neethling J H 2012 Palladium transport in SiC 
Nucl. Eng. Des. 244 25–33

	[70]	 Pai C S, Hanson C M and Lau S S 1985 X-ray diffraction and 
ion backscattering study of thermally annealed Pd/SiC and 
Ni/SiC J. Appl. Phys. 57 618–9

	[71]	 Schuck P C and Stoller R E 2011 Ab initio study of the 
adsorption, migration, clustering, and reaction of palladium 
on the surface of silicon carbide Phys. Rev. B 83 125303

	[72]	 Njoroge E, Kabini J T, Mlambo M, Ntsoane T, Hlatshwayo T 
and Malherbe J 2018 Investigation of solid state reactions of 
Pd films on single-crystal 6H-SiC 2018 Open Innovations 
Conf. (IEEE) pp 107–14

	[73]	 Friedland E, van der Berg N G, Malherbe J B, Wendler E and 
Wesch W 2012 Influence of radiation damage on strontium and 
iodine diffusion in silicon carbide J. Nucl. Mater. 425 205–10

	[74]	 Roma G 2009 Palladium in cubic silicon carbide: Stability and 
kinetics J. Appl. Phys. 106 123504

J. Phys.: Condens. Matter 32 (2020) 085702

https://doi.org/10.1557/JMR.1989.0102
https://doi.org/10.1557/JMR.1989.0102
https://doi.org/10.1557/JMR.1989.0102
https://doi.org/10.1080/01418618708204485
https://doi.org/10.1080/01418618708204485
https://doi.org/10.1080/01418618708204485
https://doi.org/10.1016/S0039-6028(03)00837-9
https://doi.org/10.1016/S0039-6028(03)00837-9
https://doi.org/10.1016/S0039-6028(03)00837-9
https://doi.org/10.1103/PhysRevB.76.104101
https://doi.org/10.1103/PhysRevB.76.104101
https://doi.org/10.1088/0965-0393/14/5/002
https://doi.org/10.1088/0965-0393/14/5/002
https://doi.org/10.1088/0965-0393/14/5/002
https://doi.org/10.1103/PhysRev.111.707
https://doi.org/10.1103/PhysRev.111.707
https://doi.org/10.1103/PhysRevB.79.085107
https://doi.org/10.1103/PhysRevB.79.085107
https://doi.org/10.1016/0022-3115(78)90247-7
https://doi.org/10.1016/0022-3115(78)90247-7
https://doi.org/10.1016/0022-3115(78)90247-7
https://doi.org/10.1103/PhysRevB.48.1877
https://doi.org/10.1103/PhysRevB.48.1877
https://doi.org/10.1103/PhysRevB.48.1877
https://doi.org/10.1016/0921-4526(91)90432-E
https://doi.org/10.1016/0921-4526(91)90432-E
https://doi.org/10.1016/0921-4526(91)90432-E
https://doi.org/10.1103/PhysRevB.46.8027
https://doi.org/10.1103/PhysRevB.46.8027
https://doi.org/10.1103/PhysRevB.46.8027
https://doi.org/10.1016/j.cplett.2015.04.035
https://doi.org/10.1016/j.cplett.2015.04.035
https://doi.org/10.1016/j.cplett.2015.04.035
https://doi.org/10.1063/1.465577
https://doi.org/10.1063/1.465577
https://doi.org/10.1063/1.465577
https://doi.org/10.1103/PhysRevB.29.2963
https://doi.org/10.1103/PhysRevB.29.2963
https://doi.org/10.1103/PhysRevB.29.2963
https://doi.org/10.1103/PhysRevB.46.2727
https://doi.org/10.1103/PhysRevB.46.2727
https://doi.org/10.1103/PhysRevB.46.2727
https://doi.org/10.1016/0022-3115(78)90293-3
https://doi.org/10.1016/0022-3115(78)90293-3
https://doi.org/10.1016/0022-3115(78)90293-3
https://doi.org/10.1038/sdata.2016.54
https://doi.org/10.1038/sdata.2016.54
https://doi.org/10.1016/j.cplett.2013.12.002
https://doi.org/10.1016/j.cplett.2013.12.002
https://doi.org/10.1016/j.cplett.2013.12.002
https://doi.org/10.1063/1.2991301
https://doi.org/10.1063/1.2991301
https://doi.org/10.1080/13642819108225975
https://doi.org/10.1080/13642819108225975
https://doi.org/10.1080/13642819108225975
https://doi.org/10.1088/0022-3700/12/14/010
https://doi.org/10.1088/0022-3700/12/14/010
https://doi.org/10.1088/0022-3700/12/14/010
https://doi.org/10.1063/1.473651
https://doi.org/10.1063/1.473651
https://doi.org/10.1063/1.473651
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1016/j.jnucmat.2010.10.088
https://doi.org/10.1016/j.jnucmat.2010.10.088
https://doi.org/10.1016/j.jnucmat.2010.10.088
https://doi.org/10.1016/j.jnucmat.2012.07.033
https://doi.org/10.1016/j.jnucmat.2012.07.033
https://doi.org/10.1016/j.jnucmat.2012.07.033
https://doi.org/10.1016/j.jnucmat.2014.01.023
https://doi.org/10.1016/j.jnucmat.2014.01.023
https://doi.org/10.1016/j.jnucmat.2014.01.023
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1016/j.commatsci.2019.109190
https://doi.org/10.1016/j.commatsci.2019.109190
https://doi.org/10.1016/j.jnucmat.2007.03.021
https://doi.org/10.1016/j.jnucmat.2007.03.021
https://doi.org/10.1016/j.jnucmat.2007.03.021
https://doi.org/10.1016/j.jnucmat.2009.09.024
https://doi.org/10.1016/j.jnucmat.2009.09.024
https://doi.org/10.1016/j.jnucmat.2009.09.024
https://doi.org/10.1016/j.jnucmat.2009.02.022
https://doi.org/10.1016/j.jnucmat.2009.02.022
https://doi.org/10.1016/j.jnucmat.2009.02.022
https://doi.org/10.1016/j.nimb.2011.12.006
https://doi.org/10.1016/j.nimb.2011.12.006
https://doi.org/10.1016/j.nimb.2011.12.006
https://doi.org/10.1016/j.nucengdes.2011.12.018
https://doi.org/10.1016/j.nucengdes.2011.12.018
https://doi.org/10.1016/j.nucengdes.2011.12.018
https://doi.org/10.1063/1.334749
https://doi.org/10.1063/1.334749
https://doi.org/10.1063/1.334749
https://doi.org/10.1103/PhysRevB.83.125303
https://doi.org/10.1103/PhysRevB.83.125303
https://doi.org/10.1109/OI.2018.8535764
https://doi.org/10.1109/OI.2018.8535764
https://doi.org/10.1016/j.jnucmat.2011.10.032
https://doi.org/10.1016/j.jnucmat.2011.10.032
https://doi.org/10.1016/j.jnucmat.2011.10.032
https://doi.org/10.1063/1.3234392
https://doi.org/10.1063/1.3234392

