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Abstract

Density functional theory (DFT) calculations of fission product (Xe, Sr, and Cs) incorporation
and segregation in alkaline earth metal oxides, HO5 and UOs oxides, and the MgO /(UL HE Ce)Oy
interfaces have been carried out, In the case of UQsg, the caleulations were perforned using spin
polarization and with a Hubbard U term characterizing the on-site Coulomb repulsion between the
localized 5f electrons. The fission product solution energies in bulk Uy, have been caleulated
as a function of non-stoichiometry x. and were compared to that in MoO, These caleulations
demounstrate that the fission product incorporation cuergies in MgO arve higher than in HIO,.
However, this trend is reversed or reduced for alkaline carth oxides with lavger cation sizes, The
solution energies of fission products in MeO are substantially higher than in UO, . except for the
case of Srin the hypostoichionetric case. Due to size effects. the thermodynamic driving force of
segregation for Xe and Cs from bulk MgQ to the MgO /fuorite interface is strong. However, this

driving force is relatively weak for Sr.




[. INTRODUCTION

In order to close the nuclear fuel evele. advanced concepts for separating fission products
from spent niclear fuel are necessary. One method for doing this is a dispersion fuel form. a
coniposite i whicll aveprocessible inert matrix captures and innobilizes the fission products
cntanating from the fissile core. A critical issue of this dispersion fuel concept is the tendencey
of fission products to reside in one phase or another of the comnposite.

In this paper. we focusd on this issue in a demonstrative fuel design based on ceramic-
ceramic composites. We used deusity functional theory (DET) to model the defects and
fission produet energetics in the bulks and at interfaces. Parallel experimental efforts in-
volving svnthesis and ion iiradiation studies of such composites have been recently perforiued
as well', We considered model comnposites i which the inert phase is MeO or another atka-
(CaO, SrO, and Ba0), all in the rock salt crvstal structure. For the fissile
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line carth oxide
phase. as with the experimental effort. we began with HfO, as a surrogate for U, We also
studied CeOs and UOs as the fissile phases to determine the suitability of HIO2 and CeO2
as surrogates for the true fissile UOy. All the fissile phases considered were modelled in the
Huorite crystal structure. There are numerons fission products to consider: we considered

only Xe. Cs. and Sr which ave rich in spent fucls. Kinetics were ignored in o caleulations.

II. METHODS AND BENCHMARK

We used the efficient DFT plane-wave basis sets code VASP? in our calculations. The
ceneralized gradient approximation (GGA) was used for the exchange correlation potential.
Projector-auzinented wave pseudopotentials were emiploved. For defect calculations. o 2x2x2
stpercetl was used with 64 atoms for alkaline earth metal oxides and 96 ators for HEOs and
UO,. 2% k-point sampling was used in these cases. An cquivalent k-point sampling was used
in the interface caleulations.

For systews containing UO,, spii-polarized GGA-HU method was used. In GGA+U. a
thubbard Hamiltonian that characterizes on-site Coulomb repulsion berween the localized HE
clectrous is nsed. An effective Uy rr parameter (U-T) of 3.90 ¢V was nsed in our caleulations.

GGALU predicts an insulating bandgap instead of the metallic state predicted Dy regular

DET for UQ,.



I Table I. the defoct formation energies in MgO and UQs are given®?. in comparion
with available experimental data. The computational methods correctly predict that the
dominant defect in MgO is the Schottky defect, while in UO, it is an oxveen Frenkel pair.
['he formation energies are also in good agreement with experimental values. except in the
case of the nranium Frenkel pair. In this case, it has been suggested that the measurement

of formation energy. which was from oxveen diffusion data, is possibly underestimated®.

III. RESULTS
A. Fission product incorporation in bulk oxides: matrix cation size effect

The incorporation energy gives the cuergy required to incorporate a fission product atom
mto a pre-existing defect site in the bulk oxide. Thus. the mcorporation energy is delined
as

}Z'Vi”(’ = Etot - jv*.tmp site T ]ilﬁﬁsion product atoln (l)

where iy is the total energy of the system incorporating the fission product. Eip.p, e Is the
energy of the defect system without the fission product, and Eygion product atom. the energy
of the hssion product atom at infinity, was caleulated as isolated atomic contribution in a
cubic supercell with 10 A in length.

In ig. 1, the fission products (Xe. Cs. and Sr) incorporation energies in o munber of
alkaline carth rocksalts (MgO, CaO, SrO and BaO) are plotted and compared with those in
HfO,. Xe and Cs are found to prefer the bound Schottky defect sites, while Sr resides on
a cation vacancy. As shown in Fig. 1. it is clear that. as the cation radii of alkaline earth
oxicdes increases. there is tendency of decreased incorporation energies for the fission product
Xe and Cs. i the case of Sr. while this trend begins for MgO and CaQ). when the cation
size of the alkaline carth oxides increases further. the incorporation energy remains flat {in
Sr0)) aud then increases (in BaO). For Sr. the incorporation cuergy in the alkaline carth
oxides 1s alwavs higher than in HfOs. So while the higher cation radil rocksalts might be

good candidates for Xe and Cs, they may still be not good for Sr



B. Fission product solution energies in MgO and UO,

In calculating fission product incorporation energies. it is assumed that there are always
available trap sites for the lission products. The encrgy costs of the formation of the frap
site itsell is not cousidered. At high burn-up. where the fission procuct concentratioin is
hugli. the formation energy of the trap sites needs to be accounted for. The hssion procuct.
solution energyv in oxides is defined as the swin of the fission product incorporation energy
plus the formation encrgy of the trap site. The apparent trap site formation energy was

stubsequently obtained through

jvl'fOI']ILf/J'ZIDn - _1'71”( \Jl) (2)

“Lrap site

where [X| is the defect (trap site) coucentration in the svstemm. [X] is determined from
the point-defoct-model (PDM) as originally introduced by Matzke” for non-stoichiometric
U

As discenssed earlier™, the thermodynamic equations in PDM are.

Volllo] = exp(—Efp, /K1) (3)
(Volllr] = exp(—~Efp,. /KT (1)
Vol?[Vie] = exp(—EE /kT) (5)
2“-/[ ! 4 1.]’(;)7 = Z‘F[( T 2[1/—0] R (b)

and |Jp | arve the concentrations of oxygen vacancles and interstitials.

where [Vol. [fo]. [Vi/]
and uranimm vacancies and interstitials vespectively. Egp [Lopp . and £g are the formation

1

cucereies of the oxyvgen and uranium Frenkel paivs and Schottky trio (Table I). Concentrations
of additional trap sites in the formn of divacancy Schiottky and bound Schottky defects are

from the relations

DV] = [Vo|[Vi-lexp(—Bpy /kT) (7)
[Sch] = [Vol*[V-lexp(— Bsa /K T) ()

where [DV]. [Sch] are the concentrations of the divacancy Schottky and bound Schottky
defects. Bpy and Bge, are the bincding cucrgy of these defects (GGA+U values. 3.67 ¢V

and 5.1 o),



In Fig. 2. the coacenirations of point defects in UOsy, at 1700 K from Eq.(1)-(7) are
showi, In the hypostoichiometric (UO,_,) case. the dominant point defect is the oxygen
vacancey. Tin the hyperstoichiometric case (UQOo, ). the dominant point defect is the oxygen
interstitial. These predictions are in excellent agreement with experimental observations.

In Fig. 3. the defect trap formation energies in the non-stoichiometric UOq, at 1700 K are
shown. The formation cnergy values span a wide range. from 0 - 7 ¢V, ln the hypostoichio-
metric case. the oxygen vacancy has the lowest formation energy. In the hyperstoichiometric
case, the divacancy Schottky defect and uranium vacancy sites have the lowest formation
energios. depending on oxyeen concentration. The formation energies for these lowest energy
trap sites are less than 2.5 eV, In MgO. the defect trap formation energies are 3.8 ¢V for the
bound Schottky defect and 3.15 eV for Mg vacancy. Using the incorporation encrgies of Xe.
Cs. and Sr in UO,?. the solution energics in both UOs and MegO at 1700 K were obtained.
['hese results are plotted in Fig. 4. Overall, the solution energies of fission products in MgO
arce substantially higher than those in UOs. except for the case of Srin hvpostoichiometric
U0, where St prefers the inert material over the fissile material. Since U0, as fuel is less
likely 1 its hypostoichiometric state, owr calculations suggest that thennodynamically, the
fission products Xe, Cs. and Sr should prefer to reside in the fissile phase than in the MgO

inert phase,

C. Fission product segregation at the MgO/(U, Hf, Ce)O, interface

In this subseciion. we study the possibility of fhssion product segregation to  the
MgO /fissile phase interface. For the mterface caleulations, we adopted a directionally so-
lidified eutectic interface structure for rocksalt/fluorite. as determined by high resolution
TEN!. The original structure is of an MgO/cubic ZrO, interface. with the (211 direction
of MgO aligned with the [100] direction of ZrQ,. The interface planes are ('I 11) in MgO
and (001) in ZrO,. This sanie iuterface strncture was used in our previous study of the
MgO/HfO, interface®.

In Fig. 5a-b, the interface structure between MgO/UQs is shown from two perspectives:
211] and [011] directions in MgO. The interface structure of NgO/CeO, and MgO/HfO,
are simmilar. The interface structure consists ot eight layers of cubic UOs and 12 layvers of

NMgO. with surfaces terminated with vacuum. Periodic boundary conditions werce applied in

o



all three directions, with vacuum thickness at least 10A. The slab model was constructed
to preserve the lattice constant of MgO in the interface directions with the fluorite phase
strained accordingly. To prevent cubic-tetragonal phase changes in the fluorite phase due to
surface effects. the fluorite layers were kept fixed except for the two lavers near the interface.

I'he segregation of Xe. Cs, aud Sroto the rocksalt ‘Huorite interface was studied by cal-
culating the segregation enthalpy of cach species in its most preferred incorporation site in
MoO. The segregation enthalpy is the difference i total energy between when the fission
product atoin is placed i the hulk-like region in MgO in the interface model. and when it
is placed at the interface. At the interface region. in the case of a fission product in the
bound Schottky site, there are tliree possible locations for the oxvgen vacauncy site (see Fig.
Da. labeled as AL B C). In this case. three sets of intertace caleulations were carried out and
the total energy of cach structure after relaxation was obtained.

e results for segregation enthalpies for Xe. Cs, and Sroare sununarized in Table I
For Xe substitution at a bound Schottky site. the segregation euthalpy to the interface
ranges from -1.1 - -3.0 eV. For Cs. substitution at the bound Schottky site has an interfacial
segrogation enthalpy of =24 -3.3 eV, Finally. for Sr. simple substitution for a Mg cation has
an interfacial segregation enthalpy of -1.0 ¢V at MgO/HfO,, and -0.3  -0.4 ¢V at MgO/UO,
and MgO/CeO,. These results suggest that Xe and Cs will likely to segregate from bulk
AMgO to the MgO/fluorite interface. This is presumbly due to the large atomic sizes of Xe
and C's. However, the segregation driving force is relatively weak for Sr, which has relativelv

smaller aromic size.

IV. SUMMARY

DET caleulations of Xe. Sr. and Cs incorporation and segregation in alkaline carth metal
oxides, HfO; and UO, oxides, and the MgO/(U. Hf. Ce)O, interfaces have been carried
out. DFT modeling demonstraies that the fission product incorporation energies in Mg()
are hicher than in HfO,. However. this trend is reversed or reduced for alkaline earth oxides
with larger cation sizes. The solution energics of fission products in Mg are substantially
higher than in UOs.,, except for the case of Srin the hiypostoichiometric case. Due to size
effects. the thermodynamic driving force of segregation for Xe and Cs from bulk MgO to

the MgO /fluorite interface is strong. However. such driving force is relatively weak for Sr.



[he DET results suggest that fission products considered tend to prefer the fissile phase
over the inert rocksalt phase i1 most cases. However. there is also segregation effect for
fission products from the inert MgO phase to the MgO/fuorite interface. The segregation
tendency for fission products from the fissile phasc to the MgO /fluorite interface is unknown.

1

However. from another DET study of Xe segregation from UQ» bulk to grain-boundaries'!.

it is also possible that such segregation tendency may exist.
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TABLE [ Delect formation energies in MgO and UQa2, compared with available experimental data.
NMgO: magnesiuin and oxvgen Frenkel pairs (Mg-FP and O-FP). isolated Schottky pair (Schottky).
and Schottky pair in bound divacancy configuration (b-Schottky). UOa2: oxveen and uraniun

Frenkel paivs (O-FP and U-FP), aud Schottky trio defect.

MgO defect Mg-FP O-FIP  Schottky -Schottky

DI'T (eV) 9.8 13.2 6.3 3.8
Expt. (eV)8 1-7

UOy defect O-FP  U-FP  Schottky trio

DFT+U (eV)* 3.95 15.08 7.6

Expt. (eV)® 3.0-4.685-9660-7.0

TABLE II: DFT segregation enthalpies for Xe, Cs, and Srat MgO/(U. Hf, Ce) Oy interface. Fission

product defects are in Krdger-Vink notation. Luits are i oV,

Vo site NMgQ/HfO, MgO/CeOq MgO/UO,

(XelgVo) A -3.0 -1.7 -1.3
B -1.9 -1.3 A (|
C -1.8 -1.7 -1.3

(Ciyg e V5 A -3 -3.3
3 -3.0 3.3 2.4
C 2.4 -3.2

Sty 2 -1:0 -0.4 -0.3

cC



FTCG. 1: Xe, Cs. and Srincorporation energios in alkaline earth oxides. iu cowmparsion with in H{O».

F1G. 2: Point defect concentrations in UQo, .0 predictions from PDA model and GGA+U calen-

lations.

FIG. 3: Defect trap formation cuergies at 1700 I in UOg ¢ .

FIG. 4: Solution cucrgies of Xe, Cs, and Srin UOs. . in comparison with those values in MO,

FIG. 5: {color online) MgQ/UO2 interface model. (a)-(b) final relaxed interface structure, viewed

from (a) the 211] direction. (b) the 011 direction in MgO.
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Fig. 2
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Fig.

Defect trap formation energy (eV)
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Fig. 4

Fission product solution energy (eV)
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Fig. 5
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