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Motivation

= Trivalent (M3*) fission product (FP) oxides (M,0,) are highly soluble with UO,

= Leads to formation of charge-compensating defects (e.g. oxygen vacancies) that

can affect fuel properties
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» Decreased rate of oxidation/corrosion
with increased burnup attributed to
stable M3*- oxygen vacancy clusters

1H. He et al. Canadian Journal of Chemistry 85, 702 (2007).

2350 |
e O/M=1.995
e A O/M=1.99
e O/M=198
-400 | _
L ]
— A A ° ¢ .
S N A
= . A
g~ -450 —
s * .
-] L
2500 |- _
UO.SREO.ZOZ—X
Lu Er U(V)Gd Nd UIV) La
550 Lw v Y v | v v v
0.085 0.095 0.105

Ionic radius of doped RE [nm]

= Larger rare earth cations give lower
oxygen potentials => oxygen
vacancies in UO, more stable?

2K Yoshia et al. Journal of Nuclear Materials 418 , 22-26
(2011) 22-26.



Systems: UO, — M,0,
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= Calculation of formation and ordering energies from
constituent oxides

= Explore effects of trivalent dopant (M) and host cation
lon sizes on energies of substitution and vacancy
clustering behavior
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compensates for two
M3*/U4* substitution sites
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Determining the Lowest Energy Defect Structure

(Input

(U(IV) 1, U(V),M,O) compensation
= Cation fraction (e.g. x = 1/3)
" Number of formula units in cell

= Oxygen vacancy (U;,M,0,,5,) or hole
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Perform a complete structure
enumeration using lattice-algebra
techniques!
= Nearly 1000 structures enumerated y
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Motifs for Enumerated Structures
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1Alloy Theoretic Automated Toolkit: A. van de Walle, M. Asta, and G. Ceder, CALPHAD: Comput.Coupling Phase Diagrams
Thermochem. 26, 539 2002 and A. van de Walle, CALPHAD: Comput. Coupling Phase Diagrams Thermochem. 33, 266 2009.



Determining the Lowest Energy Defect Structure

(Input ) Motifs for Enumerated Structures

= Oxygen vacancy (U;,M,0,,5,) or hole
(U(IV) ., U(V),M,O) lcompezr?rssation o990 © @ Q 00 (] @ Q 00

= Cation fraction (e.g. x = 1/3)
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Perform a complete structure
enumeration using lattice-algebra
techniques!

\- Nearly 1000 structures enumerated
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J
Choose trivalent
cation species (e.g. La)

~N

Calculate total energy using
Buckingham potentials?

= Eliminates electrostatically-unfavorable
structures
. J

1Alloy Theoretic Automated Toolkit: A. van de Walle, M. Asta, and G. Ceder, CALPHAD: Comput.Coupling Phase Diagrams
Thermochem. 26, 539 2002 and A. van de Walle, CALPHAD: Comput. Coupling Phase Diagrams Thermochem. 33, 266 2009.

2K.H. Desai, R.W. Grimes, D. Parfitt, T. Wiss, P. Van Uffelen. Atomic-scale Simulation of Soluble Fission Products in UO,. ISSN 1018-5593




Determining the Lowest Energy Defect Structure

(Input ) Motifs for Enumerated Structures
= Oxygen vacancy (U;,M,0,,5,) or hole
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Perform a complete structure
enumeration using lattice-algebra
techniques!
= Nearly 1000 structures enumerated
\_ y y,
Choose trivalent
‘ cation species (e.g. La)
. ) .
Calculate total energy using Calculate total energy using DFT for
Buckingham potentials? » the remaining structures to calculate
= Eliminates electrostatically-unfavorable the one(s) which gives the lowest
structures total ener
S y, N i y,

1Alloy Theoretic Automated Toolkit: A. van de Walle, M. Asta, and G. Ceder, CALPHAD: Comput.Coupling Phase Diagrams
Thermochem. 26, 539 2002 and A. van de Walle, CALPHAD: Comput. Coupling Phase Diagrams Thermochem. 33, 266 2009.

2K.H. Desai, R.W. Grimes, D. Parfitt, T. Wiss, P. Van Uffelen. Atomic-scale Simulation of Soluble Fission Products in UO,. ISSN 1018-5593



Electronic Structure Calculations

= Current work employs the DFT+U method, is sufficiently
computationally efficient to treat many compounds with relatively
large unit cells
= Dudarev approach!implemented in VASP within the formalism of PAW
=  Slow ramping of U_s= U - J to converge close to the lowest energy orbital states?

= QOccupation Matrix Control®334 also implemented for a defected
fluorite-structured UO, (i.e., ULa,O)
= 61 occupation matrices were considered

= None of the matrices gave a total energy lower than the ramping approach

= Local hybrid (PBEO) calculations were also performed within the
Wien2K code

1S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys and A. P. Sutton, Phys. Rev. B 57, 1505 (1998).
2Meredig, B., Thompson, A., Hansen, H. A. ,Wolverton, C. and van de Walle, A. Phys. Rev B, 82 (19) (2010).
3B. Dorado, B. Amadon, M. Freyss, and M. Bertolus, Phys. Rev. B 79, 235125 (2009).

4B. Dorado, G. Jomard, M. Freyss, and M. Bertolus, Phys. Rev. B 82, 035114 (2010).



GGA+U Calculated Formation Energies

AHfz E[Ul—xMxOZ—O.Sx] - (1 - x)E[UOZ] - XE[M015]

For Lowest Energy Arrangement
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=Mixing more favorable for (larger) La than for (smaller) Y

*Trend consistent with measured solubility limits of 83 mol % La at
1250°C and 48 mol % Y at 2000°C for fully oxidized UO, samples?'?

1E. Stadblau et al., Journal of Solid State Chemistry 10, 341 (1974). 2S. F. Bartram et al., Journal of the American Ceramic Society 47, 171 (1974).



Trends with Size of Trivalent
Substitutional Cation (M) in UQO,
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*Formation energies (solubility) correlate with size of the M cations

*Substitutions with “oversized” M cations more thermodynamically
stable



Trends With Size of Host
-

r(A) 0.84 1.02 1.05
Th,Y,0O
15 ' - x=1/3 1-x ! x~2-0.5x
o x=12 U 1Y O2.05x

10t

*Results for Zr and Th systems were taken from
Bogicevic et al, Phys Rev B (2001) and
Alexandrov et al Phys Rev B (2010), respectively.

Formation Enthalpy (kJ/mol-cation)

*|ncreasing stability (more negative AH;) as host size Is increased
relative to M3* ion



Formation Enthalpy (kJ/mol-cation)

Understanding Stability Trends
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=|ncreasing M3* size and/or decreasing host size gives more stable compounds

=Similar trends are noted for other defect-fluorite systems based on calorimetry by
Navrotsky and co-workers!:2

=Explained qualitatively based on higher oxygen coordination of M3*, resulting in a
larger degree of oxygen vacancy redistribution upon mixing

IW. Chen and A. Navrotsky, Journal of Materials Research 21, 3242 (2006).
2M. Aizenshtein et al., Journal of the American Ceramic Society 93, 4142 (2010).



Stabilization due to Redistribution of
Oxygen Vacancies

Motif of UO, Motif of C-type M,0O,

Motif of Defected Fluorite Structure



GGA+U Calculated Formation Energies

AHfz E[Ul—xMxOZ—O.Sx] - (1 - x)E[UOZ] - XE[M015]

For Different Vacancy/M Arrangements
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=Higher number of M-vacancy neighbors preferred for Y
relative to La



Cation-Vacancy Ordering
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Mumberof M**-oxygen vacancy nearest neighbors

=Undersized Y prefers vacancies as nearest neighbors, while
oversized La favors oxygen neighbors

=Suggests there is a size of M where clustering energies are minimal



Summary

= Computational studies have been undertaken to probe the
thermochemistry and defect ordering tendencies of trivalent
fission products in UO,

= Energetic stabllity of trivalent FP increases with increasing ionic
radius

= Defect ordering tendencies change from preference for host-
vacancy to FP-vacancy neighbors with increasing size of FP

» Suggests intermediate FP size where binding preference is weak

» Binding preferences are expected to have important consequences for
oxygen-ion conductivity in spent nuclear fuel



