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Abstract

Grain boundaries (GBs) are the most abundant stalctefects in nanostructured
nuclear fuels and play an important role in detamg fission product behavior, which
further affects the performance of nuclear fuetsthis work, cerium dioxide (Cefpis
used as a surrogate material for mixed oxide fteelsnderstand gaseous fission product
behavior, specifically Xe. First-principles calctibens are employed to comprehensively
study the behavior of Xe and trap sites for Xe teakE3 (111)/[110] grain boundary in
Ce(Q, which will provide guidance on overall trends f§e stability and diffusion at
grain boundaries vs in the bulk. Significant segtem behavior of trap sites, regardless

of charge states, is observed near the GB. Thisaimly ascribed to the local atomic
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structure near the GB, which results in weaker betrgngth and more negative
segregation energies. For Xe, however, the segoegptofile near the GB is different.
Our calculations show that, as the size of tragsditcreases, the segregation propensity
of Xe is reduced. In addition, under hyper-stoiaméiric conditions, the solubility of Xe
trapped at the GB is significantly higher than tiatthe bulk, suggesting higher Xe
concentration than that in the bulk. The resultthisf work demonstrate that the diffusion
mechanism of Xe in Ces comparable to that in UOThe diffusion activation energies
of Xe atoms in th&3 GB are lower than that in the bulk Ce@hese results suggest that
the diffusivity of Xe atoms is higher along the @#n that in the bulk, which enhances

the aggregation of Xe atoms near the GB.
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1. Introduction

Nanocrystalline (NC) fluorite-oxides (Urania (YQZirconia (ZrQ), Ceria (Ce®), etc.)
with grain sizes below 100 nm are known to exhitmiproved chemical and physical
properties, as well as enhanced radiation resistaampared with their microcrystalline
and bulk counterparts [1-8]. Due to their excellpraperties, NC fluorite-oxides have
been proposed for potential use as nuclear fuedsia@rt matrix fuels in advanced
nuclear energy systems [1-3]. Many experimentallisgion NC oxides have reported
that nanostructured fuels possess the ability toenefficiently relax the interaction
stresses between the cladding and fuel due to rigtter plasticity [3-6], and they are
more resilient to radiation damage than correspantiirge-grained materials owing to
the complex nanostructure and enhanced defect t@oation at their multiple grain
boundaries (GBs) [3, 6-8]. On the other hand, poatliation annealing leads to gas
bubble growth near the GBs in the NC oxides thdicetes higher thermally induced
swelling compared to the larger-grained materia thuaccelerated fission gas diffusion
and higher vacancy concentration in the NC oxidesigh temperatures [3]. The
uncertain role of GBs in irradiation resistance f@g@nance indicates that many
fundamental questions on the interaction betweradiation-induced defects and GBs
still remain unsolved. An outstanding questionhis hature of defect behavior at GBs,
which affects both microstructural evolution andtenil properties by altering the local
atomic structure and energy landscape for masspoan[10].

To elucidate the underlying cause of defect behawioxide fuels, several modeling and
simulation studies based on both empirical potentjhl-18] and density functional

theory (DFT) have been performed [19-25]. Catlow &rimes [11-14] have conducted



a series of molecular dynamics simulations to itigate the stability of trap sites in the
bulk and grain interior, and concluded that the mwacancy (V), di-vacancy (V-Vo),
and Schottky defect (¥-2Vo) can be regarded as stable trap sites for figzioducts in
MO, (M=U, Th, Ce, Zr, Pu). These results are furth@enfcmed by DFT calculations
[19-25]. Meanwhile, the bulk-diffusion mechanismfision products in M@has also
been determined, and the results indicate thavalsancy-assisted diffusion mechanism
is dominant for the fission products [19, 20]. Arat®n et al. [21] have further suggested
that the diffusion of trapped fission products i©lUcould be realized by binding a
second trap site. Recently, Nerikar et al. [26] ehatudied how the GBs affect the
segregation behavior of Xe in YQand they found that the segregation of Xe is more
energetically favorable in highly disordered GBarthn the GBs with a low energy.
While providing qualitative insights, propertiestbése various defects near GBs, such as
the stability and diffusion behavior, are still me¢ll understood.

In this work, CeQ@ is studied as a model compound. It is often engions a
nonradioactive surrogate in experimental studiesuziear fuel systems, since it has the
same fluorite-type structure and many similar makeroperties, such as melting point
and thermal conductivity, as Y@nd plutonium dioxidgPuQ®) [27, 28]. In addition,
microstructural evolution under particle bombardman low doses in CeQis also
similar to that in low-burnup U9fuels [29, 30]. In order to better understand the
influence of the interaction between GBs and dsfect the irradiation response of NC
oxides, the behavior of native cation vacancies wadancy clusters near GBs, as
potential trap sites for fission products, are aysdtically investigated using first-

principles calculations. Moreover, the segregatioil solution profile of Xe, a major



fission gas, on these sites are considered. Fjrtakydiffusion of Xe in the GB region of
Ce(Q is discussed and compared with that in the butkore which lead to better

understanding of high-density of gas bubbles neaBs [9]. Our analysis is focused on

the experimentally identified3(111)/[110] tilt GB. Since the GB energy &8 is lower
than other GBs in CeQand there are evidences that GBs with a low gnprgvide a
lower propensity toward impurity segregation [26] @nd diffusion [32, 33], we expect
that our investigation of the3(111)/[110] tilt GB will provide a lower bound estimate
for defect segregation and diffusion in NC GeO

2. Methodology and Simulation Details

DFT calculations are performed with the Vienna Ali#d Simulation Package (VASP)
code in terms of the projector augmented wave nietRAW) [34]. The PAW potentials
for Ce, O, and Xe contains 12, 6, and 8 valencetreles (Ce: §5p°4f'5d'6s?, O: x°2p”,
and Xe: 5°5p°), respectively. The local density approximatio®4) [35], coupled with
Hubbard on-site Columbic correction [36] and spatapized calculation, is employed.
The effectiveUes, (U-J), is taken as 6 eV [37] to correctly capture thealization of 4

electrons for Ce. The calculated lattice constaht5d18 A is consistent with the

experimental value of 5.414& [38]. The ¥3(111)/[110] tilt GB is generated by

mirroring and shifting the (111) plane based onwedge from both theoretical and
experimental results [39, 40], as shown in Figlt Bhould be noted that the cation and
anion sublattices are nearly mirror symmetricakhte cation and anion mirror planes,
respectively; and the Ce sites within the;dayer has local atomic environments of
seven-fold coordination with oxygen ions, whileyttaze of eight-fold coordination in the

bulk area of Ce@ After carefully checking for convergence with pest to the GB



energy, we confirm that the supercell with dimensi@1.21A x 7.56A x 13.104, with
240 atoms, is sufficient for convergence the faaioe energy criteria described below.
Different cation layers are considered near the &HBabeled in Fig. 1. All computations
are performed with a Monkhorst-Pack 2x2x1 k-megth amplane-wave cutoff energy of
400 eV. Errors from both the cutoff and the k-pogunvergence are less than 1
meV/atom. Structures and atomic coordinates atg falaxed until forces on the ions
converged to below 0.02 eX// The migration barriers in this work are calcutiabe the
DFT+U framework using the climbing image nudged elaséind method (CI-NEB) [41-
43].

The formation energie&;, of different defects, which may act as possitde sites for

Xe, have been evaluated, as described previou8|y] using the following expression:

Ef(defect,q) = Er(defect, q) — Ex(perfect) + z n;l;
i

+q (EF + E‘I;gi/f[eCt + (Va%efect _ V;:}erfect)) %

whereE(defect, q) is the total energy of a CeQupercell with one defect in charge
stateq, andEr(perfect) is the total energy of the host supercejlis the number of
atoms of type removed from(n; > 0) the system to form vacancigs,is the chemical
potential of atom. The chemical potentials for oxygen and ceriunteg®rted in Table |,
are determined by the following thermodynamic Isnit(1) the limit of Ce®@
stoichiometry uce (Ce03) + 1o (Ce0;) = pceo, (bulk); (2) the upper limit of the system
against decomposition into its constituent elemerisuce (bulk), andug<ug(bulk);
and the lower limit is that pc.(Ce0z)> lceo,(bulk) — uce(bulk) , and

1o (Ce02)= piceo, (bulk) — pp(bulk). In this work, molecular ©gas is simulated by



putting an oxygen dimer in a vacuum box, as dissdigs detail elsewhere [42 is the

Fermi level measured from the valence band maxinidBM), which changes within

the band gapEy~2.64 eV, from the VBM to the lowest unoccupied £ state Do
is the VBM in the perfect system. The te WL‘%,EfECt—Va‘:,erfeCt) in Eg. (1) is the

electronic potential alignment correction for tagw, which is discussed elsewhere [10,
42]. This alignment is necessary for finite siz@exgells with defects under periodic
boundary conditions, sindg,gy in a defective supercell is generally differerdnfr that

in a perfect supercell. The formation energl@%*?, of cation vacancies and vacancy
clusters at the GB and in the vicinity of the GB determined as a function of the cation
positions and summarized in the Supplementary magteas shown in Fig. S1. The

segregation energseq for these defects is thus calculated as:

Egeg = EJE’B (defect) — E}’“lk(defect) (2)
where the reference energy is the formation enefdlye defect in the pure bulk with the
same number of atoms as that in the GB systeme Sinc current work mainly focuses
on the determination of the segregation profilestifi@ese defects near the GB, and our
results in different size supercells have a singkgregation profile, as shown in Fig. S5,
we can confirm that the selection of reference gynén the calculation of segregation
energy has no effect on our conclusions. The cardigpn of a Schottky defect in the
bulk is selected as & with two Vps along the (110) direction, which has the lowest
formation energy, as shown in Table Sl (Supplenmgntaaterials).

In order to investigate the stability of Xe trappezhr the GB, we determine the solution
energies in these possible trap sites. For referetie energies in the bulk are also
calculated. The solution ener@g? is defined as the energy required to accommodate
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one Xe atom assumed to be at infinity to a trap siider thermodynamic equilibrium

[13]:

EsS' = Ex(Xe, trap site, q) — Ep(perfect) — Ex, + z n;U;
i

+ q(ep + Efgny " + V) 3)
WhereE1(Xe, trap site) is the total energy of the system with Xe at tta tsite Ex, is
the total energy of an isolated Xe atom, aidis the potential alignment for the system
with the fission product, as defined in Eq. (1).
3. Resultsand Discussion
3.1 Segregation of cation vacancy
The calculated segregation energies feg With different charge states at the GB and its
vicinity are shown in Fig. 2. For & regardless of the charge states, a significant
segregation to the Gdayer is observed, with segregation energies @4-@V to -1.66
eV. Similarly, the segregation energies tg Gger are also favorable, -0.79 to -1.29 eV,
suggesting the possible accumulation @t \h these layers that are possible nucleation
sites for gaseous fission products. The segregatnangies for ¥ in other layers are
close to zero, which is similar to the bulk behavido understand these results, we
propose the following model: the formation of ong. 6 attributed to two contributions
[44, 45]: breaking the chemical bonds of a Ce atbat yields the bond energ¥pong
and the local geometrical relaxations that releates relaxation energyEreiax
Accordingly, Esegcan be written as the sum of the two terBgg EpondtErelax iN Which
the values oEpongandEciax are referenced to their bulk values. Fig. 2 (lgvehthe layer

dependent values dpongand Ereiax for Vee. The following striking features can be



perceived from Fig. 2 (b): (i) botEpong and Erelax Change similarly toEseq with a
minimum in the Ceg layer; (i) Epong has a larger value compared wHh.. These
features clearly suggest tHafnqis a more dominating term th&n,ax in determining the
overall trends of the ¥ segregation profile. To better understand theséufes, we
characterize the bond strengths and analyze |baadtsral relaxation in different layers.
It is found that the local atomic structure neag tBB is mainly responsible for the
weaker bond strength and more negative segregatiergies. Detailed information is

provided in the Supplementary material, as showfign S3 and Fig. S4.

3.2 Segregation profile of cation vacancy cluster

Cation vacancy clusters, consisting of one catianancy and its nearest-neighboring
Vos [21], have several different configurations defweg on the \4 position near the GB,;
thus, it is difficult to identify the most stableordiguration. In order to determine a
general trend, we consider all the possible condiions of these defects in different
charge states. Fig. 3 (a) describes the defedtwiformal charge states i.e.cd, (Vce
Vo)?, (Vee2Vo). The lowest segregation energy for vacancy clastedifferent charge
states, which corresponds to the most stable aanafiign, are provided in Fig. 3 (b) and
(c). It is found that these cation vacancy clustexrge a similar segregation behavior as
Vce Where the segregation energies are more negativ®e; and Ceg layers. These
results suggest that, under equilibrium conditidhs, existence of GBs makes it easier
for fission products to be trapped, such as X#héenGB region compared with that in the
bulk. In addition, our calculations show that théluence of the charge states of these
trap sites on their segregation behavior is ndgkgi

3.3 Segregation and solution profile of Xe



The segregation behavior of Xe is studied by plj@ne Xe atom at one of the above
trap sites at the GB. Since the most stable chstage for the trap sites, within a wide
range of Fermi levels, is the formal charge statewill mainly focus on these trap sites
for Xe substitution, such as ¥&, (XeceVo)?, (Xece2Vo)®, as shown in Fig. 4. The
results show that Xe is more energetically favarail substitute at the trap sites and
segregate to Geand Ce layers, suggesting that Xe prefers to resideat@B in certain
layers, which is consistent with previous theosdtresults in U@[26]. These results are
understandable since the sites in these Ce layem@dgacent to the large free volume due
to the removal of one O layer in constructing tleeirmary, which can provide more
space for segregation than in the bulk, as disdussesection 3.1. This uniquely
structural effect is reversed as more vacanciesegatg around the Xe atoms. For
example, in Cg Iayer,Eseg((XeCe)“') is -2.43 eV,Eseg((XeCe-Vo)O) decreases to -1.37 eV,
andEse@((XeCe-ZVo)O) is only -0.72 eV. To avoid the finite-size effert these results, we
have also considered defects in larger superaeeilis,432 and 480 atoms, and obtained a
similar trend, as shown in Fig. S6. These resultkcate that, as the size of trap sites
increases, the formation energy of a Xe atom trapp¢hese sites at GBs would become
comparable to that in the bulk, and thus the segi@y capacity of Xe near the GBs is

decreased.

Since the segregation energy is the driving fooreXie atoms to migrate from the bulk to
more stable sites at GBs, the small segregatiorggrué Xe at these large-size trap sites
may restrict the aggregation of Xe into the GB oegiespecially in polycrystalline fuels.

However, in nanostructured fuels, due to the sgralin size, irradiation damage is more

likely to occur near the GBs [8], and thus fissmmeducts may directly occupy the sites
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at GBs, leading to bubble formation. Besides thgresgation profile of fission products
near the GBs, we have studied further the solupimfile in order to understand the
stability and solubility of fission products tragpeear the GB at different stoichiometric

conditions.

The solution energy of one Xe atom in a trap sitd & formal charge state is calculated
as a function of oxygen chemical potential, as shaw Fig. 5. For comparison, the
solution energies for Xe trapped in the bulk asm aletermined. Here, we only show the
lowest solution energies for these defects. Fomga, the lowest solution energy for
Schottky defects in the bulk is the ¥2Vo)® with Vos along [100] direction, as shown
in Table SI, which is consistent with previous fes{P5]. It is observed that the solution
energies, both in the bulk and GB, change dramniBtica different stoichiometric
conditions, which is consistent with previous cétions in UQ [21, 23]. Under hypo-
stoichiometric (Ce-rich) conditions, the most faalde site for Xe trapping is the
Schottky defect (¥e2Vo)%; and under hyper-stoichiometric (O-rich) condisipit is the
Vce'.  In addition, the solubility of Xe near the GB hggher than that in the bulk,
especially under hyper-stoichiometric conditionsyick is associated with the strong
segregation property of Xeat the GB, as discussed above. Considering tmafisent
segregation behavior of Xe and the correspondiag sites near the GB, we can
reasonably assume that under hyper-stoichiomewinditons the Xe concentration
should be higher at GBs than in the bulk, which neayance the formation of gas
bubbles near the GB. In the following, we will spude diffusion both in the bulk and at

the GB to further confirm our assumption.

3.4 Diffusion behavior of Xe
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Previous theoretical investigations of fission gasJO, have confirmed that when one
Xe atom occupies a trap site (Xeéhere we use V to denote the possible vacancy trap
sites depending on the stoichiometry), it diffusaly by binding a second cation vacancy
to form a Xg/Vy cluster [12, 14, 21, 23, 46], and Xe diffusiontlie samples is mainly
determined by the diffusion of the ¥&y cluster [21, 23, 46]. In addition, based on DFT
calculations, Andersson et al. have reported tiatate limiting step for the diffusion of
Xey/Vy cluster is the migration of the second, Within the cluster, in which Xe
spontaneously diffuses with the motion of the secbfp [21, 46]. In CeQ, however,
when considering the different resistance agaifsixmlation of UQ and Ce@[20, 25],

the diffusion behavior of cation vacancy and Xenmatmay be different. In order to

identify the diffusion behavior of Xe in CeQhe following studies are carried out.

Based on previous studies [21, 23, 46], when argkcation vacancy is attracted by the
Xey, it either detaches from the cluster or jumps teew position within the cluster. In
the first case, our calculation results show thattinding energies of the ¥& ce cluster

in CeQ are around -1.32 eV, indicating that the boun@oatacancy around the Xes
more stable and difficult to diffuse away from ttlaster, which is consistent with that in
UO, [21]. In the latter case, due to the strong rasist against oxidation in Ce(®25],
the behavior of Xe atom in Ce@® slightly different from that in Ugj21], where the Xe
atom doesn’t diffuse with the motion of the secafgl within the cluster, as shown in
Fig. 6. However, our calculations show that théudibn barriers for the Xe atom within
the cluster are at least 1 eV lower than thoseherdiffusion of cation vacancies both in
the bulk and near GBs, indicating that the ratatiimg step for Xe diffusion in Cefis

still related to the migration of the second cati@cancy within the cluster, which is
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identical to that in U@[21, 23, 46]. These results suggest that, althabghsignificant
difference in oxidation resistance in Ge@hd UQ may differentiate the behavior of Xe
atom within the cluster, the diffusion mechanism X& in both compounds are

comparable to each other.

Moreover, the migration barriers for theMvithin the Xe&/V ce cluster in the bulk and at
the GB are calculated and summarized in Tabletlls lobserved that the migration
barriers along thE3 GB are smaller than those in the bulk, indicatimeg the mobility of
the Xe//Vce Cluster near thE3 GB is higher than that in the bulk. When considgtime
generally significant segregation of cation vacas@nd Xe near t¥3 GB, the results
confirm that the diffusive of Xe along thi8 GB should be higher than that in the bulk,
which further enhances the accumulation of Xe atomar thex3 GB. Furthermore,
given that the&3 GB provides an approximate lower bound on defdé@ision [32, 33],

it is reasonable to assume that other higher-en@Rygare more likely to enhance the Xe
diffusion and bubble formation. This is consistesth previously experimental results in
CeQ [9], which found that the density of krypton (Ksubbles near the GBs are larger
than that in the interior grain region. Since theperties of Kr and Xe are similar to each
other, the density of Xe bubbles near the GB ctbeldlso higher than that in the interior

grain region.

4. Conclusion

In this study, we investigated the segregation @rigs of cation vacancies and vacancy

clusters, i.e., di-vacancy and Schottky defectsyels as the behavior of the fission gas,
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Xe, near the Cefgrain boundary. Significant segregation behavior the \ce is
observed near the GB, regardless of the chargesst@pecifically, segregation energies
in the Ce layer are -0.84 eV to -1.66 eV, followed by thesiges in the Gglayer of
about -0.79 to -1.29 eV. These results are assatiaith the local atomic structure near
the GB, resulting in weaker bond strength and megative segregation energies in
these layers. For thecVin other layers, the energies are close to zgnaaaching bulk
behavior. Similar segregation profiles can alsddaand for the vacancy clusters. These
findings suggest that the existence of GBs providege potential trap sites for fission

gases, such as Xe, than in the bulk under equifibdonditions.

For segregation of Xe atoms, our results show Xeais more energetically favorable to
substitute at the trap sites and segregate ne&Bhevhich is attributed to the larger free
volume available in the GB as compared to the bAtkthe size of trap sites increases,
the segregation capacity of Xe is reduced, i.ee, formation energies of a Xe atom

trapped in these sites would be comparable in titednd GB.

For Xe diffusion behavior in irradiated-ceria, th@rk is focused on the Aéassisted
mechanism and compared with that in JU@/e found that the diffusion mechanism of
Xe in CeQ is comparable to that in UOOur calculations show that the diffusion
activation energies in ti&3 GB are lower than those in the bulk, suggesting tha
diffusivity of Xe atom is higher at the GB than thia the bulk, which further enhances

the aggregation of Xe atoms near the GB.
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Table . The chemical potential for oxygen and cerium in CeO, calculated using

LDA+U under different stoichiometry conditions.

Stoichiometry Uce (V) Uo (eV)
O-poor/Ce-rich -6.89 -9.83
O-rich/Ce-poor -18.05 -4.25

Stoichiometric -12.47 -7.04




Table Il. The migration barrier, En2, (€V) of Ve within the Xey/V e cluster. The

valuesin the parentheses are the barriers in the opposite direction.

Em2(Xevce/Vee)  Em2(Xevceovo/Vce)
33 GB 3.08(3.08) 2.17(2.48)
Bulk 4.23(4.23) 4.26(5.09)




Fig. 1. The configuration of the £3(111)/[110] tilt GB (O: grey, Ce: red). The green line
represents the cation mirror plane, and the blue line is the anion mirror plane. Numbers
indicate the cation layer number for the possible cation vacancy position.

Fig. 2. () Segregation energies of Ve with different charge states, (b) the bond (Epong)
and relaxation (E;aa) energies of Ve in the =3 (111)/ [110] tilt GB as a function of the

cation layer asdefined in Fig. 1.

Fig. 3. (a) Segregation profile of cation vacancy and vacancy clusters with formal charge
states; (b) and (c) the lowest segregation energy of (VeeVo)® and (Vee2Vo)o,
respectively, as a function of the cation layer near the 23 (111)/ [110] tilt GB as defined

inFig. 1.
Fig. 4. Segregation profile of Xe at above trap sites as a function of the cation layer near

the £3 (111)/ [110] tilt GB as defined in Fig. 1.

Fig. 5. Solution energies of Xe at above trap sites at formal charge states in the bulk and

at GB. Fermi level istaken to be 1.32 eV at the middle of the band gap.

Fig. 6. Schematic picture of the diffusion mechanism associated with moving the
Xey/V e cluster within (111) plane. The oxygen sublattices are omitted for clarification.

Arrows indicate directions where atoms will move to form the next configurations.
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Segregation profile of Xe and trap sites near grain boundary in CeO, are studied
The segregation propensity of Xeisreduced asthe size of trap sitesincreases
The diffusion mechanism of Xein CeO, is comparableto that in UO,

The existence of grain boundariesin CeO, enhances the aggregation of Xe atoms



