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1. Introduction

A Potts model, based on the kinetic Monte Carlo
method, was originally developed for magnetic domain
evolutions, but it was also proposed as a model for a
grain growth in polycrystals due to similarities between
Potts domain structures and grain structures [1]. It has
modeled various microstructural phenomena such as
grain growths [2,3], a recrystallization [4,5], a sintering
[6], and so on.

A high burnup structure (HBS) is observed in the
periphery of a high burnup UO, fuel. Although its
formation mechanism is not clearly understood yet, its
characteristics are well recognized: The HBS
microstructure consists of very small grains and large
bubbles instead of original as-sintered grains [7,8]. A
threshold burnup for the HBS is observed at a local
burnup 60-80 Gwd/tM [9,10], and the threshold
temperature is 1000-1200°C [11].

Concerning a energy stability, the HBS can be
created if the system energy of the HBS is lower than
that of the original structure in an irradiated UO,. In
this paper, a Potts model was implemented for
simulating the HBS by calculating system energies, and
the simulation results were compared with the HBS
characteristics mentioned above.

2. Potts model

The Potts model in this paper defines a
microstructure as two-dimensional triangular lattices
with a periodic boundary condition. A distance between
sites was assumed to be 40 nm. Fig.1. shows an as-
sintered microstructure for a Potts model, whose
average grain size is 7.4 um.

Each site at a lattice has a state S;, representing a site
state and a grain orientation. Si = 0 means that the site
is a pore. If a site has a Si between =1, 2, ..., Q, the site
is an original as-sintered structure. If a site has a Si
between = Q+1, Q+2, ..., 2Q, the site is a HBS. We
chose Q=100 which was large enough to guarantee a Q
independence for the simulation results [2]. We
assumed that the neighboring sites with the same state
were the same grain, and the perimeters of the sites with
different states were a grain boundary.

The total energy of the system , G, was calculated by

G=Z Hf(S,-)+%§(1—5s,sj) @)

where J was a constant related to a grain boundary
energy, 531.51 the Kronecker delta function, S; the

chosen site, and S; the nearest neighboring site [4]. For

the two-dimensional triangular lattice, nm is 6. H is the
stored energy per site due to an irradiation. The
function £S) is one for original as-sintered sites and
zero for HBS sites.

The HBS was simulated as follows: For the grain
growth step, a grain site was chosen and a new state at
that site was randomly chosen. The energy change, AG,
was used for the state change probability, W, which was
determined from

AG
W= eXp(—kB—T) fOI" AE >0 (2)
1 for AEZO0

where kg is the Boltzmann constant, 7 the

simulation temperature [3]. For the pore migration step,
a pore site and a neighbor site, which was not a pore,
were randomly chosen and were exchanged. The
neighbor site’s state was determined from randomly
selecting a neighbor’s state at a new site. Then, the state
change probability was calculated.

The time unit was represented as a Monte Carlo step
(MCS). 1 MCS corresponds to N re-orientation
attempts, where N is the total number of sites in a
system [2]. For the pore sites we attempted 5 pore
migration steps for each grain growth step.

Fig. 1. As-sintered microstructure for a Potts model
3. Parameter for Simulation

Parameters for eq. (1) and (2) can be obtained as
follows. If the distance between sites is 40 nm, the
contact length, S, is 23nm. Then J is

J=ypS 3)
where y.; is the grain boundary energy and S is the
contact length between sites. The each parameter was
obtained from literatures [12,13,14].

The stored energy per site due to an irradiation is

H=AU-4 4)
where AU is a strain energy, and 4 is a site area. The
strain energy, AU is [12]
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AU:E[EJE (5)

2\ a
Aa) . . .

where (—) is the lattice parameter expansion [15],
a

and E the elastic modulus of the material [12]. The
porosity in the HBS was obtained in the literature [16].

4. Results and Discussions

Fig.2. shows the simulated HBS fraction at 923K. If
the burnup threshold for HBS is defined as the burnup
at which the HBS fraction sharply increases, the local
burnup threshold for HBS is 60 GWd/tM. It agreed well
with the observed results [9,10]. Due to rough
assumptions and estimations of the parameters, the
HBS fraction is not zero below the threshold burnup.

The simulation shows that the formation mechanism
of the HBS is a heterogeneous nucleation at the grain
boundaries. The combination of grain boundaries and
the pores near them induces a high energy state, which
makes the HBS formation easy.

Fig.3 shows the simulated HBS microstructure at
100GWd/tM and 923K. The average pore size was
0.206 um and the average grain size was 0.120 um. The
average pore size is smaller than expected, but some
large pores near 1 um size exist.
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Fig. 2. HBS fraction as function of local burnup at
923K
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Fig. 3. Simulated HBS microstructure at 100GWd/tM
and 923K

5. Conclusion

A two-dimensional Potts model, based on the system
energy stability, was implemented for simulating the
HBS. The simulated burnup threshold was 60 GWd/tM,
which agreed well with the observed results. The
simulation of the microstructure showed that the
formation mechanism of the HBS is a heterogeneous
nucleation at the grain boundaries and pores.
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