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Context

0 Context :
® Define fission products behaviour in nuclear UO, fuel on the basis of analysis of
electronic structure calculations to characterize the nature of chemical bonding for
understanding origin of bonding strength to interpret incorporation and migration
energies values calculated for Fission Products (FPs), from orbitals consideration,
charge transfer, distribution of surrounding oxygen atoms and crystal field effects.
O Objectives :
™ To assess FP behaviour in order to determine preferential diffusion mechanisms
principally for stoechiometry and over-stoechiometry where oxygen clustering is
dominant.
™ Being able to provide semi-empirical potentials for Molecular Dynamics deduced from
specificities of chemical bonding obtained from ab-initio calculations.

I ntroductive consider ations

0 Previous results :

m Stabilisation of excess oxygen interstitials by formation of oxygen clustering in quadri-
interstital and cuboctahedron geometry was demonstrated in over-stoichiometry.

® Uranium atom diffusion at over-stoechiometry is activated by the presence of oxygen
interstitials clusters that stabilize uranium in saddle point position.

jectives

O Ab-initio calculations are performed on :
M A 144 atoms size supercell is required to treat large clustering defects.
® Using the pseudo-potentials method (PAW) in GGA+U approximation.
® No Hubbard potential was used for fission products.

Uranium bonding characterization in oxide

Q Characteristics of Density of States curves in Uranium-oxygen bonding :

® Characteristics peaks of Sigma and n type
bonding between s, p, d and f-orbitals of
uranium with s and p orbitals of oxygen
(hybridization) in valence bands.
Intense peak of localized non-bonding
orbitals at the Fermi level corresponding
to no overlapping f uranium occupied-
orbitals.
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Superposition of -1 decomposed Density of State (DOS)
calculated for uranium and oxygen from VASP DFT-code

Charge (u.a.)

Electrons depletion for lobes of orbitals directed towards the corner of the cube,
i.e. A2g/m=-2 by which charge transfer occurs.

Charge increasing for orbitals directed towards the face of the cube, i.e. T2g
m=+3, m=+2 and T1g/m=+1, m=0

Modification of oxygen atomsdistribution

0O Two cases are explored in regards of the DOS :
™ For Uranium in Schottky defect, DOS suggests:

—— » Occupation of non-bonding localised upper orbitals
corresponding of some d and f uranium directional
lobes pointing in direction of oxygen vacancies.

A lowest charge transfer between uranium and
oxygen orbitals due to lower overlapping between
orbitals confirmed by Bader charge calculation for
perfect crystal (+2.56 e) and in Schottky
configuration (+1.86 €°).

al, DOS suggests:

» Oxygen interstitial atoms when placed in direction of
lobes of f and d uranium orbital of initially non-
bonding orbitals of perfect fluorite structure have for
effect to create sigma bonding that stabilises
structure. The more orbitals overlapping, the more
charge transfers (+2.56 e in perfect crystal against
+2.86 e in quadri) which makes localized states to
disappear.
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0O Caesium, Barium and Neodymium :
M No localized states whatever the defect type.

™ Very low modification of the Bader charge: Charge transfer is unaffected by the
distribution of surrounding oxygen atoms (fixed charge).

EP Cs Ba Nd Mo Zr U

Defects EMc e Erc e ERCNE; EXcNes Enc e e &

U -19 0.78 -7.8 155 -11.0 217 -68 231 -141 258 -133 256
Schottky -01 074 -41 155 -81 193 -47 1.06 -88 202 -7.2 182
Quadri / / -6.8 155 -126 217 -87 3.17 -149 256 -13.7 2.86

Q Uranium, Zirconium and Molybdenum :
™ Localized orbitals from at least one of defect type.

™ Variation of the Bader charge in function of oxygen distribution and oxygen
number surrounding PF atom (variable charge).
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» Incorporation energy increases linearly with charge
transfer excepted when crystal field is dominant.
Crystal field generated by oxygen ligands on
occupied d orbitals of molybdenum atoms induces
repulsive effects which increase incorporation
energy.

Lowest impact of crystal field on uranium orbitals
due to the lowest radial extent of f wavefunctions.

cna

Migration energies

VU Schottky Quadri-inter stitiel
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@ Uranium, e Oxygen, o Oxygen interstitial, @ PF/Uranium (migration)

EE Cs Ba Nd Mo Zr U

Defects EmMe  Aem E™@  Ae EM  Aer E™8 Aen E™@ Aer  E™ Ae

WU +41 00 +25 00 +65 0.0 / / +51 +0.2 +47 -05
Schottky +04 00 +10 00 +36 00 +56 +0.5 +6.8 +0.9 +50 +0.9
Quadri +0.1 +04 +21 00 +38 +0.1 -19 -03 +08 00 +22 0.0

» Oxygen quadri-interstitials decreases uranium diffusion activation energy in
agreement with experimental evidences in over-stoichiometric regime.
Stabilisation of uranium, zirconium and molybdenum atoms in saddle point position
due to the hybridization of f or d orbitals (initially in non-bonding states) with
interstitials oxygen orbitals placed face to face.

» For elements with type s orbital in external valence layer, the migration energy is
unaffected by oxygen distribution.

Conclusions

» Localised states at Fermi level in the DOS for element with d and/or f type orbitals are
at the origin of the difference in energy observed both between incorporation energies
of defects studied, but also between initial and saddle position along FP diffusion path.
Oxygen atoms in excess in interstitial position aim at suppress localised states at the
benefit of sigma type bonding, having for effect to stabilise binding energy.

For s spherical orbitals case, no significant impact on the role played by oxygen
interstitials is highlighted from DFT calculations due to systematic hybridization of s
orbitals with oxygen surrounding atoms, preventing thus formation of localised states.




