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1. Introduction

Grain boundary is the most common structural defect
in UO; and acts for nucleation sites of fission products.
There is a lot of experimental evidence that fission
products weaken the cohesion of grains when they are
segregated at grain boundaries. Henry et al conducted a
micro-bending test on a nuclear fuel specimen with a
burnup of about 35 GWd/tU and fresh fuel. It was
confirmed that the grain boundary strength of the
nuclear fuel specimen with a burn-up of 35 GWd/tU
significantly decreased. Also, in another study by henry
et al, as a result of Vicker's hardness test on the fuel
surface, it was shown that indentation cracks were
formed along the grain boundary in nuclear fuel with a
burnup of 16 GWd/U, unlike fresh fuel. [1][2]
However, Despite experimental evidence that fission
product segregation on UO; grain boundaries weakens
grain boundary cohesion, precise studies on this have
not been conducted. The grain boundary cohesive
energy has been used in the fuel pulverization model,
specifically in the calculation of the intergranular
bubble threshold pressure for grain boundary split. In
this study, the effect of grain boundary segregation of
zirconium, molybdenum, cesium and xenon on the
grain boundary cohesive energy of UO, was
investigated using DFT analysis. The most stable
structure where fission products can be segregated at
the UO, grain boundary was derived, and the energy
required for grain boundary separation was calculated
for those structures. The calculated segregation energy
of fission products elements and cohesive energy were
analyzed by comparing charge density distribution and
bond length.

2. Methods and Results

2.1 Computational details

DFT calculation was performed using the Vienna ab
initio simulation package (VASP). The generalized
gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) was used for the exchange correlation
functional. For Hubbard U correction, 3.96 eV of U
value was used in this study. A plane-wave basis set
with cut-off energy of 500 eV and 5x5x1 k-point grid
were used for the calculation. Convergence of the
electronic relaxation was satisfied when the total energy
change was less than 107 eV/atom. Structural relaxation

was continued until the Hellmann-Feynman force was
less than 0.02 eV/A.

2.2 Calculation of grain boundary segregation energy
of fission products in 23 [110] / (111) UO, grain
boundary

For zirconium, ,molybdenum, cesium, and xenon, the
segregation energy of the 3 [110] / (111) UO; grain
boundary was derived using equation (1). In Figure 1,
the grain boundary segregation energy of sites 1 to 4
was obtained as the difference from the total energy
when segregated at the site 5 furthest from the grain
boundary. The segregation energy results are depicted
in Figure 2. Cesium and xenon, which have relatively
large atomic radius, were stably segregated at sites 2
and 3 close to the grain boundary, and were more stable
at site 3 with a larger free volume than that of site 2.
zirconium showed no segregation tendency, and
molybdenum showed weak segregation at site 2. Unlike
cesium and xenon, molybdenum showed the most stable
appearance when segregated at site 2. Because
molybdenum has a smaller size than uranium, it does
not have a large preference for free volume. The crystal
structure of molybdenum oxide is different from that of
uranium oxide, it is most stable in the position where it
can most effectively destroy the CaF, structure of UO..
From the charge density distribution, it was confirmed
that when molybdenum was at site 2, it broke the
existing structure with 8 coordinates and effectively
destroyed the crystal structure of UO..

Eseg/X = EGE‘/X - EGB/Tef (1)



Transactions of the Korean Nuclear Society Spring Meeting
Jeju, Korea, May 19-20, 2022

(a) (b)

fo.4
(O o0 00
(e} (+} -
0.0
© Uranium (+) T o RN
Oxygen J) o ',?
site 5 [+) {+) —
site 4 ¢} (+}
site3 —»> o T 15A
site2 O. O.
site 1 —p (+)
T:'.?():', <L
0L..-0,
o._"0

Figure 1. (a) Structure and segregation sites of UO;
¥3(111)/[110] grain boundary and (b) separated grain
boundary structure.
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Figure 4. Segregation energy of fission product atoms at
each segregation site.

2.3 Cohesive energy calculation of fission-product-
segregated X3[110]/(111) UO, grain boundary

The grain boundary cohesive energy was calculated
for the structure in which fission product atoms were
segregated at the most stable positions. The grain
boundary cohesive energy was derived by adding a slab

of 15 A between the grain boundary and comparing the
energy difference before and after by equation 2.

Eseperated GB/X — EGB/X
Ecoh/‘X = AGB (2)

The calculation results in Figure 3 show that
segregation of zirconium and molybdenum increases
the grain boundary cohesive energy, and that of cesium
and xenon decreases the grain boundary cohesive
energy. For grain boundary separation, it is necessary to
break the bond between the metal ions present at site 2
and the oxygen cations of the upper crystal crossing the
grain boundary. In the case of the structure in which
zirconium and molybdenum were segregated, the length
of the corresponding bonds was shortened. This means
that the bonds are stronger, which is consistent with the
cohesive energy result. The cesium and xenon
segregated structures show structural distortion due to
the large radius of the segregated elements. It was
shown that this structural distortion was resolved when
the grain boundary was separated. It is thought that the
grain boundary cohesive energy decreased because the
structural distortion was resolved when the grain
boundary was separated.
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Figure 3. Calculated grain boundary cohesive energy of
fission-product-atom-segregated grain boundary.

3. Conclusions

The segregation energy of zirconium, molybdenum,
cesium, and xenon at X3 [110] / (111) UO. grain
boundary was investigated. Xenon and cesium showed
a large segregation tendency, molybdenum showed a
small segregation tendency, and zirconium showed no
segregation tendency. The grain boundary cohesive
energy was investigated based on the grain boundary
structure in which each fission product element was
segregated at the most stable position. As a result of the
calculation, it was confirmed that zirconium and
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molybdenum increased the grain boundary cohesive
energy, and cesium and xenon weakened the grain
boundary cohesive energy. Because cesium and xenon,
which have a relatively large tendency for grain
boundary segregation, effectively lower the grain
boundary cohesive energy, grain boundary cohesion
will be weakened as fuel burnup increases during the
normal operation of nuclear power reactors.
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