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INTRODUCTION

As a promising advanced next generation fission nuclear
reactor, High Temperature Gas Reactor (HTGR) stands out
over conventional nuclear reactors due to its high thermal ef-
ficiency and better ability in handling safety issues. The fuel
applied in this reactor is in the form of coated spherical par-
ticles, which are known as Tri-structural isotropic (TRISO)
particles [1]. This type of fuel has been studied extensively
in recent years as it can effectively retain and contain fission
products (FPs) so as to reduce the risk of leakage and coolant
contamination [2]. An individual TRISO fuel particle is com-
prised of a UO2/UC kernel, surrounded by a carbonaceous
buffer layer and subsequent isotropic layers of pyrolytic car-
bon, silicon carbide (SiC), and outer pyrolytic carbon. One
of the main functions of these coating layers is to provide
diffusion barriers and structural strength for radioactive FPs
containment, even under accident conditions. Among the four
layers, SiC provides both structural support and dimensional
stability and thus act as the primary diffusion barrier to prevent
FPs release [3].

While TRISO fuel has demonstrated excellent retention
of fission products and radioisotopes, release of some fission
products, i.e. Ag, Pd, and Ru, from intact fuel can still be ob-
served from experiments under conditions similar to accident
scenarios [4]. Reactions between fission products and SiC
can decrease the thickness of the SiC layer and, ultimately,
may result in fission-product release. Even though SiC has
more than 200 polytypes, 3C -SiC is believed to be most
stable below 2100◦C which has been widely explored struc-
tural applications in nuclear reactors [5]. Therefore, a full
understanding of the transport mechanisms of fission products
through 3C-SiC is required not only to determine how it oc-
curs so that mitigation measures can be devised, but also to
support fuel performance codes [6] and provide for more ac-
curate fuel behavior modeling in both normal and off-normal
operating conditions. For these purposes, a number of experi-
ments were performed over the past decades to investigate the
diffusion of fission products through SiC. However, despite
numerous experimental studies on fission products transport,
the microscopic mechanism governing the interactions of fis-
sion products with fuel particle still remains unclear. Hence
to identify the mechanism which contributes to the transport
requires information which can only be obtained by atomistic
simulation.

In this study, ab initio calculations and molecular dynamic
simulations have been carried out to determine the atomistic
processes of Ag, Pd, and Ru in 3C-SiC, as these three FPs
are of significant importance for the operation of any reactor
concept utilizing TRISO. These work could then build up a
fundamental physics-based model to understand and predict

the fate and transport of the considered FP in TRISO fuel.
Specifically, ab initio calculations provide insight into the sta-
bility of defects in SiC involved with fission product impurity
together with clustering and interactions with intrinsic defects
(i.e. vacancy), particularly in connection with diffusion in
SiC. Since defects can facilitate charge transfer to their sur-
rounding atoms. Such charge transfer to and from neighboring
atoms will alter potential barriers and diffusion dynamics in
the formation of stable defects [7]. Thus, charge states are also
included in this investigation. However, the typical accurate
quantum mechanical method (i.e., first-principle calculations)
still has its difficulties in simulating large atomic systems,
which would be both costly and time-consuming. The em-
pirical interatomic potential could be applied as a solution
to obtain a better computational efficiency on a large scale.
Thus, to maximize computational efficiency, interatomic po-
tentials were constructed for MD simulations, which serve
as the link between DFT and the next coarser level. With
the newly constructed potentials, MD simulations were then
applied to the interstitial diffusion in bulk. All these work are
relevant to investigate the effect of irradiation on the kinetics
of FPs impurities in SiC.

RESULTS AND DISCUSSION

Ab initio Calculations

DFT calculations were carried out with the Vienna Ab-
initio Simulation Package [8]. The model we considered was
composed of a 3x3x3 supercell containing 217 atoms, includ-
ing 108 silicon atoms,108 carbon atoms and a FP atom. To
compute the diffusion pathways and corresponding minimum
energy path, we have used climbing image nudged elastic band
(CI-NEB) method. Typically, 19 images, including initial and
final states were applied for accurate modeling.

Stability of fission products in 3C-SiC

The formation energy of impurity-related defects is one
of the crucial quantities relevant to the evaluation of the ther-
modynamic and kinetic behaviors of impurity in solid solution.
When an isolated fission product impurity is inserted in the
bulk SiC, various defects could be formed. Here, we have
investigated up to eighteen important configurations that are
likely to form in the bulk SiC for each element. They can
be classified into three categories, including impurity substi-
tution, impurity as an interstitial, and defect complex with a
nearby vacancy. For example, in interstitial type, impurity
atom can be located at a tetrahedral site surrounded by either
four silicon or carbon neighbors (denoted as FPTS i or FPTC ),
illustrated in Fig. 1. Split interstitials also exist when a FP
atom shares a lattice site with a host atom. These split inter-
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stitials can be oriented in <100>, <110>, and <111>, known
as FP-C(Si)<100> (or <110>, <111>). For defect complexes,
tetrahedral-vacancy configurations and substitution-vacancy
configurations are considered. In a tetrahedral-vacancy com-
plex, FP is tetrahedrally coordinated within the cage of four
carbon (silicon) atoms with a vacant site being either the near-
est neighbor or the next nearest neighbor to the same sub-
lattice (PdTS i(C) − VC(S i)). However, in a substitution-vacancy
complex, one lattice site is occupied by an impurity atom with
one of the nearest or the second nearest neighbor being vacant
(PdS i(C) − VC(S i)). To obtain a comprehensive study of the
stability of FPs in 3C-SiC, we calculated formation energy for
multiple defects in seven charged states (3-, 2-, 1-, 0, 1+, 2+,
3+) under p-type limit, in which Fermi energy is assumed to
be at the valance-band edge (µF = EVBM).

It is interesting to note that the defect complexes are
generally stable than interstitial typed defects. For a Ag in
SiC, the AgTS i − V3+

C is the most stable complex, while a
neutral Ag is more likely to substitute a silicon lattice site
with a nearest carbon vacancy (AgS i − VC). This defect cluster
is actually identical to AgC − VS i with a formation energy
of 5.55 eV. 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 are actually identical, thus representing an identical
formation energy. This feature is also applicable to the other
two elements, when Pd finds its minimum energy (4.42 eV)
by resting in the middle of a silicon and a carbon vacant
site. Comparing the formation energies of AgS i (7.03 eV), C
vacancy (4.23 eV) and AgS i−VC (5.55 eV), it can be concluded
that there is a strong tendency for AgS i and C vacancy to
form AgS i − VC when both defects exist. Even after very
high-temperature annealing, VC can be trapped by AgS i as
the energy barrier for an isolated carbon vacancy to diffuse is
over 4 eV [9]. This behavior may suggest that Ag is able to
diffuse via this defect complex in 3C-SiC, since vacancies can
always be found in materials. When a silver atom becomes an
interstitial in the 3C-SiC crystal lattice, our calculation shows
that tetrahedral sites, i.e. TC and TS i, are the most preferable
locations for Ag to form interstitial, with energy of 9.88 eV
and 10.91 eV, respectively. With the charge effect taken into
consideration, palladium substituting carbon was found to be
the most stable defect at charge state +2. This corresponds to
the early experimental observation of palladium silicide (i.e.
Pd2S i) formation [10]. In neutral state, a combination of a Pd
atom at a tetrahedral site which is surrounded by four Si atoms
(TS i) associated with a first nearest C vacancy (PdTS i − VC)
turns out to be the most stable one under Si-rich condition.
However, for ruthenium, it was found stable in charge state -3,
-2, -1, and 0. Similar to Pd, Ru also prefers carbon site but in a
different charge state (Ru0

C) with a minimum energy of 3.87 eV.
It is also interesting to note that the defect complexes are also
stable in a energy range of 3.88 eV − 8.58 eV in neutral state,
except RuTS i − V0

S i being the highest with energy of 14.67 eV.
This may indicate an important role in the diffusion landscape
that the defect complex could play.

Activation energy for interstitial typed defect

As described in last section, TC and TS i are two stable po-
sitions for a FP to locate. Therefore, the possible bulk diffusion
for an impurity atom to migrate could be along tetrahedron
sites. Among them, the diffusion path along the successive
TC-TS i-TC is the most possible bulk diffusion path, as illus-
trated in Fig. 1. This path is three-dimensional and could be
a collection of all possible segments along <101> directions.
The initial state (reaction coordinate at 0 Å) is the configu-
ration that a neutral atom in the TC site. The middle state
is the configuration that the neutral atom in TS i site, which
is the nearest tetrahedral site neighbor to the original state.
The whole minimum energy pathway of TC-TS i-TChas two
segments TC-TS i and TS i-TC which are individually obtained
through the Climbing-Image nudged elastic band method. To
better compare the transition states of these three elements,
the reaction coordinates are normalized in Fig. 2, while the
actually reaction distance between the initial and final state are
4.66 Å, 4.64 Å, and 4.78 Å for Ag, Pd, and Ru, respectively.
Along this path, Ag finds its minimum barrier at 1.09 eV, while
Pd is 1.8 eV. Unlike Ag and Pd, Ru finds its saddle point in
the middle of the path which gives an overall barrier of 4.03
eV. The relatively high value indicates that Ru diffuses much
slower along this path as compared with Ag and Pd.

Fig. 1. Geometry and diffusion path. Minimum energy path-
ways of the FP diffusion in the bulk 3C-SiC via interstitials
along a “zigzag” path of TC-TS i-TC . The small yellow ball
denotes carbon atoms, medium water-blue balls denotes Si
atoms, large silver balls denotes FP atom; dotted (dashed)
circles denotes the possible TC (TS i) site.

Charge effect on migration energy

The charge status of Ag during the bulk diffusion in 3C-
SiC is still an open question. To shed a light on this issue,
we study the diffusion behaviors with different charge status,
mainly focusing on Ag interstitial. We report our results of
the diffusion energy barrier, as the activation energy Ea, as
a function of the charge state of interstitial Ag in 3C-SiC in
line with the literature. As displayed in Fig. 3, the charge
state influences the diffusion barrier Ea. The maximum of
the activation energy Ea

m = 1.15eV is located at q = +1e,
which is the most common oxidation charge state of Ag ions.
Any further charged states will decrease the activation energy.
However, the amount of the decrement is small. For q = +4e,
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Fig. 2. Minimum energy path of FP as an interstitial from TC

site to TS i site.

the activation energy is 1.0844 eV, which is only 0.065 eV or
5.6% decrease. Considering the accuracy of this numerical
investigation, we might conclude that the activation energy is
insensitive to the charge status of Ag in 3C-SiC. Moreover, the
activation energies ranged from 1.0819 to 1.1493 eV agrees
well with experimental measurements reported in the literature.
The activation energy is 1.3 eV from integral release experi-
ments (annealing of irradiated TRISO fuel)[11], and 1.13 from
fractional Ag release during irradiation of TRISO fuel[3]. It is
worth noting that these experiments[3] are the best estimate of
the Ag diffusion under the operation condition in TRISO fuel
during the German HTR fuel program. The coincidence of our
migration barrier of the interstitial Ag with the “on-site” ex-
periments suggests a scenario of the fast release of Ag through
interstitial bulk diffusion.

Fig. 3. The activation energy of Ag as compared with experi-
ments (Expt.1[11] and Expt.2[3])and DFT data [12].

Molecular Dynamic Simulations

In addition, molecular dynamic simulations have been
conducted to a larger scale.We firstly constructed new poten-
tials for each FP-SiC system. Then, apply the newly developed
interatomic potentials in computational simulations by using
MOLDY program [13].

Interatomic potential

The analytical bond-order potential (ABOP) is selected
to describe the interactions between atoms. The equations
describing the force acting and potential distribution can be
found in [14]. To obtain accurate simulations, the parameters
of the interatomic potential were fitted to the physical proper-
ties predicted by first principle calculations or by experiment
data, where available. In particular, the defect formation ener-
gies determined from our ab initio calculations were included
in the fitting database. The newly optimized potential parame-
ter sets for FP-SiC systems result in an excellent agreement in
their physical properties. These potentials were also testified
to confirm their reliability. For example, the minimum energy
path of the tetrahedral interstitial was simulated by using the
new potential set. A close estimate to the ab initio was ob-
served in the minimum energy path as well as the neb barrier,
which was within 6.5% difference as compared with data from
both current work and literature.

Diffusion coefficient

With empirical potentials, we have also carried out MD
computional simulations for a fission product atom migrating
as an interstitial in SiC to better understand the diffusion mech-
anism in bulk. It was performed by an MD box of 10×10×10
containing 8000 atoms in the lattice with an additional FP
impurity atom. All MD simulations were all performed in the
temperature range of 1400K-2600K, with simulation time up
to 4ns.

At a given temperature, the trajectory of single interstitial
can be tracked during MD simulations and the positions ri(t)
of all atoms at time t are recorded. Given enough simulation
time, the diffusivity of the interstitial can be determined by
the sum of mean square displacements (MSD) of the fission
product atom.The mean-square displacements of interstitial
are calculated as a function of time. All MSD curves illustrate
an ascending trend with an increasing time. However, some
large fluctuations existed. This can be solved by the time
trajectory decomposition technique to maintain high accuracy.
During the simulation, the single Ag interstitial migrates three-
dimensionally along different directions. A number of jumps
were observed. The diffusion coefficients for each temperature
estimated for Ag interstitial are depicted in Fig. 4 as a function
of reciprocal temperature. The best fits of these results to
Arrhenius equation (D = D0 exp(−Ea/kBT )) give the values
of activation energy, and exponential pre-factor to be 1.01 eV
and 2.49645 × 10−8 m2/s, respectively (see Table I ). These
agree well with what has been obtained from Shrader′s ab
initio simulation [12].

Followed by the same trend, Ru and Pd single interstitial
diffusion have also been investigated in SiC. Based on the
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TABLE I. Summary of activation energies and diffusion pre-factors.

Em (eV) D0 (m2/s)

ab initio (current/reference) MD ab initio (reference) MD

Ag 1.09/0.89[12] 1.01 6.3 × 10−8[12] 2.49645 × 10−8

Pd 1.8/2.0[15] 1.73 1.30477 × 10−7

Ru 4.03 3.21 5.76307 × 10−7

Fig. 4. Diffusion coefficient for three elements (Ag, Pd, Ru).

MSD results, it can be roughly estimated from the separation
distance that both Ru and Pd atom diffuse much slower than Ag
atom. The number of the jumps during the simulation time has
significantly decreased as compared with Ag. A further evi-
dence proves the estimation by fitting the diffusion coefficients
(as shown in Fig. 4) to the Arrhenius equation, which gives a
value of 3.21 eV(Ru) and 1.3 eV (Pd)as activation energy, and
a pre-factor of 5.76307 × 10−7 m2/s and 1.30477 × 10−7 m2/s
for Ru and Pd, respectively, as summarized in Table I.
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