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Simulation of xenon, uranium vacancy and interstitial diffusion and grain boundary
segregation in UQO,

David A. Andersson,! Michael R. Tonks,? Luis Casillas,! Pankaj
Nerikar,! Shyam Vyas,! Blas P. Uberuaga,' and Christopher R. Stanek!

! Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos, NM 87545
2 Fuel Modeling and Simulation, Idaho National Laboratory, P.O. Box 1625, Idaho Falls, ID 83415

In light water reactor fuel, gaseous fission products segregate to grain boundaries, resulting in
the nucleation and growth of large intergranular fission gas bubbles. Based on the mechanisms
established from density functional theory (DFT) and empirical potential calculations!, continuum
models for diffusion of xenon (Xe), uranium (U) vacancies and U interstitials in UO2 have been
derived for both intrinsic conditions and under irradiation. Segregation of Xe to grain boundaries is
described by combining the bulk diffusion model with a model for the interaction between Xe atoms
and three different grain boundaries in UO2 (X5 tilt, 35 twist and a high angle random boundary),
as derived from atomistic calculations. All models are implemented in the MARMOT phase field
code, which is used to calculate effective Xe and U diffusivities as well as redistribution for a few

simple microstructures.

I. INTRODUCTION

In UOs nuclear fuel, the retention and release of fis-
sion gas atoms such as xenon (Xe) are important aspects
of overall fuel performance. For example, the formation
of fission gas bubbles induces fuel swelling, which con-
tributes to mechanical interaction with the clad thereby
increasing the probability of clad breach. Fission gas
bubbles also decrease the thermal conductivity of the
fuel. Alternatively, fission gas can be released from the
fuel to the plenum. This increases the pressure on the
clad walls. In order to predict the fuel performance
as function of burn-up, the redistribution of fission gas
atoms must be understood®®. Most fission gases have
low solubility in the fuel matrix, which is especially pro-
nounced for large fission gas atoms such as Xe. As a re-
sult there is a significant driving force for segregation of
gas atoms to extended defects, e.g. grain boundaries and
dislocations, and subsequently for nucleation of gas bub-
bles at these sinks. After segregating to grain boundaries
fission gases may be released to the fuel plenum, either by
fast diffusion of individual gas atoms along grain bound-
aries or by interlinked gas bubbles forming percolation
networks.

Several empirical or semi-empirical models have been
developed for fission gas release in nuclear fuels, e.g. Refs.
2-7. One of the most commonly used models in fuel
performance codes was published by Massih and Fors-
berg®5:7. This model is similar to the early Booth model?
in that it applies an equivalent sphere to separate bulk
UO;y from grain boundaries represented by the circum-
ference. Compared to the Booth model, it also captures
trapping at grain boundaries, fission gas resolution and
describes release from the boundary by applying time-
dependent boundary conditions to the circumference. In
this and most other release models the fission gas dif-
fusion rates are taken from the analysis of Turnbull®3,
which captures both intrinsic and radiation enhanced dif-
fusion. In order to provide more detailed insight into the

role of microstructure, several authors have applied phase
field models to simulate evolution of fission gases and re-
lated properties in nuclear fuels 17, Others approach
the same problem using rate theory models®1°.

The success of phase field and other meso-scale mod-
els to capture the evolution of fission gases relies on
an accurate representation of the underlying atomistic
mechanisms and accurate parameterization of the driving
forces and kinetics for these mechanisms. Even though
effective diffusivities under specific conditions may be de-
rived from integrated fission gas annealing experiments,
it is very difficult to obtain information regarding the
underlying atomistic mechanisms. For this reason, we
rely on detailed mechanisms and data determined from
density functional theory (DFT) and atomistic calcula-
tions!®19:22 to derive models for Xe, uranium (U), ura-
nium vacancy (Va) and uranium interstitial (Uy) diffu-
sion as well as for segregation to grain boundaries in UOs.
These models apply concepts from both classical reaction
rate theory and from phase field theory. The MARMOT
phase field code?® 27 is used to estimate effective Xe and
U diffusivities under both intrinsic and different irradi-
ation conditions as well as to simulate the fission gas
evolution for a few simple microstructures. This work is
motivated as a step towards developing meso-scale mod-
els for simulating high burnup structures.

II. XE, U VACANCY AND U INTERSTITIAL
DIFFUSION MODELS

A. Model derivation

The redistribution of Xe, U vacancies and U intersti-
tials may be described by diffusion equations:
dyx

ot =V - (DxVyx), (1)

where X denotes either Xe, U vacancies or U intersti-
tials, yx is the corresponding concentration (fractional)



and Dy the effective diffusivity, which is a function of,
e.g., the species concentration, irradiation conditions, mi-
crostructure and temperature. In order to accurately ex-
press the diffusivities as function of these parameters, we
develop models that capture the mechanistic aspects of
diffusion.

DFT and empirical potential calculations have shown
that Xe atoms occupy U vacancy trap sites, which may
also include oxygen vacancies depending on the UOq4,
(non-)stoichiometry!1921:30 In this study we assume
nearly stoichiometric UQs, for which the preferred trap
site is a U vacancy coordinated with one oxygen (O) va-
cancy (Xepo)b192130, The charge state of this cluster
(the number of bound holes) is also important and for
stoichiometric UOs it is fully charged (no bound holes,
Xelo in modified Kroger-Vink notation)!. O defects
or ions will not be explicitly treated in this study, since
their dynamics are many orders of magnitude faster than
for Xe atoms and U ions, which implies that the O de-
fect concentration can be assumed to fulfill equilibrium
conditions. The same conclusion applies to electronic de-
fects. The Xeyo cluster is not mobile due to the high
migration barrier associated with cation exchange mech-
anisms, but diffusion rather occurs by binding another
U vacancy to the trap site, which in stoichiometric UO4
creates a cluster denoted Xey,o (Xe occupying a trap
site consisting of two U vacancies and one O vacancy,
which is fully charged, Xe7/’¢, in Kroger-Vink notation).
There are two limits for the effective mobility of this clus-
ter. If the binding energy of the U vacancy to the trap
site is low and the intracluster vacancy barrier is high,
the mobility is given by the bulk migration properties of
U vacancies. On the other hand, if the binding energy is
high and the intracluster barrier is low, then the mobility
is given by the cluster migration properties. The latter
case is active if

Gy > Gy + ey, 2)

where G}V is the bulk vacancy migration barrier, GX;’C
the intracluster vacancy migration barrier and Gg” the
binding energy of vacancies to the Xe trap site. DFT
and empirical potential calculations of the migration and
binding properties have established that for Xe the above
condition is always fulfilled, i.e. the mobility is given by
the cluster migration properties. The Xe atom can easily
move between the two vacancies of the mobile cluster,
because it hacs a low migration barrier compared to both
G‘A//}f and G‘A/}[J , which explains why the rate limiting step
for Xep,o cluster diffusion is migration of one of the U

. . v§ - .
vacancies to a next nearest site (G,Y ). This is equiva-

lent to the cluster diffusing via an exchange mechanism
involving two uranium atoms. For additional details, see
Refs. 1 and 19.

Based on this mechanism, the Xe diffusivity is ex-

pressed as (y%97 = yxe, + YXevyo):
8y)T£T . ayXeugo
ot ot (3)

=V (Mxey,o¥xev,oV (Bxev,o — 210 — 10))

where Mxe,,, is the mobility of the Xey,o cluster,
YXey,o 18 the cluster concentration, pixe,,, — 2pu —
wo is the diffusion potential for the above mechanism

Mx. . ,
and —%WV (MXEUZO —2uy — po) is the flux
(JXep,0)- Vi is the molar volume. Xe atoms in trap

sites without a bound U vacancy (Xeyop) are immobile
and thus do not contribute to diffusion and do not appear
in Eq. 3. Also, the oxygen chemical potential, po, dis-
appears when the gradient is applied since it is assumed
to fulfill equilibrium conditions (Vuo = 0).

Diffusion of uranium via vacancy mechanisms has also
been investigated by DFT calculations. For the high va-
cancy concentrations that may occur under irradiation,
these calculations emphasize the importance of vacancy
clustering (U divacancies, V7,) due to attractive vacancy
binding energies and the much higher mobility of clus-
ters compared to single vacancies. Both single vacancies
and divacancies are fully charged in nearly stoichiometric
UO., ie. in Kroger-Vink notation the defects are Vi’
and V7. The diffusion of vacancies and divacancy
clusters is described by:

0
5 =V My V(v —p)) (@)
and
y
M =V (Mg, ¥ (v, —20)) . )

where My, and My, are the vacancy mobilities

and (py, —py) and (uVU2 —2uy) the correspond-
ing diffusion potentials giving rise to the fluxes
_ Mvyyvy \VA

My, yv,

. (bvy — pw) and ——2—22V (uyy, — 240 ).
The time evolution of the total vacancy concentration
(yLOT = yy,, + 2yYvy;, ) 1s expressed as the sum of these
two contributions.

Finally, diffusion of U interstitials is described by:

Oy,
ot

=V (My,yu,V (pu;, — 1vy)) (6)

where My, is the mobility of interstitials and (py, — pv;)
is the diffusion potential for interstitials, which results in
a flux equal to —%V (hu, — vy )-

Egs. 3, 4, 5 and 6 contain five independent con-
centration variables; yx¢,, (concentration of Xe in va-
cancy trap sites), yy;, (concentration of U vacancies),
YXey,o (concentration of Xe trap sites with a bound va-
cancy), yvy, (concentration of uranium divacancies) and
yu, (concentration of U interstitials). The concentra-
tions of U ions on the cation sublattice and vacancies on
the interstitial sublattice are dependent variables given



by site conservation. In addition to the diffusion equa-
tions above, these five variables are coupled by cluster
formation and recombination reactions. Vacancies and
interstitials are created and annihilated at sources and
sinks, such as dislocations, grain boundaries and voids or
gas bubbles. However, under irradiation, cascade events
are the major source of vacancies and interstitials. All of
these reactions may be captured by reaction rate equa-
tions, which, unlike the diffusion equations, do not in-
volve any gradients. Since we are interested in diffusion
under irradiation, it is not sufficient to apply equilibrium
conditions for the defect concentrations. In our model
the formation of Xer,o clusters occurs according to the
following reaction:

Xeyo +Vu ‘ﬁXeUzo. (7)

The corresponding reaction rate is expressed as (Reaction
7):

0 M
% = YXevoYvu TZUZ (.UXEUQO — HXeyo — ILLVU) )
(®)
where S is the atomic jump distance for the defects, Z
is the number of sites from which reaction between, e.g.,
Xepyo and Vy, is inevitable (related to the reaction ra-
dius) and the difference in chemical potential represents
the driving force for the reaction. Note that the mobil-
ity of Xe in the vacancy trap site (Mxe,,) is zero and
it is thus not included in Eq. 8. In the general case
the mobility factor in this equation is the sum of the

mobility of the individual defects, MXSZUO + MS‘QU , which

. . M . . ..
simplifies to =~ S‘QU for this special case. The driving

force in Eq. 8, as well as the forces in the other reaction
rate theory equations below, are formulated such that
thermodynamic equilibrium is attained at steady state,
ux — (0. U interstitials may annihilate with Xey,o
clusters to form a single Xe atom in a trap site without
a bound vacancy (Xey,0 + Ur = Xeyo + Var + Uy),
the rate of which is given by:

ayXCuzo _ MX6U2O MUI
T Wewotn (T T )X ()

Z (:U'Xeuzo +,uU1 — HXepyo — MVar — ,LLUU) .

The total Xey,o reaction rate is obtained as the sum of
Egs. 8 and 9.
The formation of U vacancy clusters (Vy,),

Vo +Vu =V, (10)
occurs with the following rate

8yVU2

2My,
o Yl TUZ (v, — 21v) - (11)

The vacancy clusters may be annihilated by U intersti-
tials (Vay, + Ur = Vay + Var + Uy) and at sinks ac-

cording to the following rate:

OYva My,, My
72 = K\/a2 —Yvar YU; ( G2 z 4+ S2I Z(,UJV(LQ‘F

[U; — WVa — fVa; — Huy) — Mva,kBTYV as kY gy
(12)

which also include a source term due to cascade events
(Kvy,)- In Eq. 12 kp is the Boltzmann constant and
k‘Q,UQ is the strength of fixed vacancy sinks. As for the
Xey,o clusters, the total Vy, reaction rate is obtained
as the sum of Egs. 11 and 12.

The formation rate of vacancies (Ky,, ) and interstitials
(Ku, = Kv;; +2Ky,,,) is determined by the irradiation
conditions. Vacancies and interstitials may be annihi-
lated by mutual recombination or by reactions with fixed
sinks such as voids, fission gas bubbles, grain bound-
aries and dislocations. The interstitial and vacancy sink
strengths are labeled k:?]I and kJ‘Q/U, respectively. This
gives the following rate theory equations:

agu = Ky, — My, kgTyy, k%, — (]\g” + Aﬁ;) X
Yo yu, (v + Hup — ey — Hoy)
(13)
and
dyu, My,

M,

2 U

ot :KUI _MUIyUIkUI _( 52 + 521) (14)
Yvuyu, (Bvy + pu, — Bvy — Boy) -

The total Vy reaction rate is obtained as the sum of Eq.
13, the negative of Eq. 11, Eq. 8 and Eq. 9 as well
as the interstitial term of Eq. 12. Similarly, the total
interstitial reaction rate is given by the sum of Eqgs. 6, 9
and the interstitial term of Eq. 12.

The above model does not include Xe clusters involving
more than one bound U vacancy to the Xe tap site, e.g.
Xey,0. The concentration of such clusters is assumed to
be low, but if their mobilities are high they may still be
important for diffusion. This situation is investigated by
adding the Xey,o cluster to the rate theory model. Its
formation may be described by the following reactions:

Xey,0+ Vo = Xey,o0 (15)
or
Xeyo + VU2 = X€U30- (16)

Formation of the Xe,o cluster competes with addition
of Xe atoms to the cluster, which corresponds to nucle-
ation of small fission gas bubbles. This process may be
described by the following reaction:

XeUgO + Xeyo = (XBQ)UBO + Vi (17)

Other reactions and clusters are possible. However, the
present model is not meant to be exhaustive, but rather



models the basic features of large vacancy clusters with
few Xe atoms (Xey,0, which is mobile) and the same
vacancy cluster with additional Xe atoms mimicking the
formation of small fission gas bubbles ((Xe2)v,0, which
is less mobile). The corresponding reaction rates are

IYxevyo0 _ Mxey,o + My, .
ot YxXeuvzoYvu 52 (18)

(/~LX€U3O — Ky — /J'XEUQO) )

Oyxevgo _ Mxevo + Mvi,
a1 YXevo Yy, 52 (19)
(:uXeUBo - Bvy, — H“XEUO)

and

Y (Xer)vs0 Mxey,o + My,

3t = yXeUSOyVU 52 ZX

(20)
(Iu’(Xez)Ugo + pvy — HUXey,0 — HXevo

Diffusion of the Xey,0 and (Xez)y,0 clusters is modeled
with diffusion equations similar to Eq. 3. The Xey.,o
cluster interacts with interstitial U ions according to the
reaction:

Xey,0 +Ur = Xey,o0, (21)
with the reaction rate

8yX€U3O _ MX€U3O + My, 7%
ot = “YXevz0YUr 52 (22)
(NXeugo + pu; — HXey,0 — HVvp — :“UU) .

Due to the the high mobility of the Xep,o cluster this
reaction will be important.

B. Model parameters

Most of the parameters in Eqs. 3, 4, 5, 6, 8, 9, 11,
12, 13 and 14 have been calculated using DFT and em-
pirical potentials’. The defect mobilities are listed in
Table I. In order to obtain the chemical potentials and
the differences in chemical potentials defining the driv-
ing forces, we first need to express the total free en-
ergy of the (UU, VU, VU2 5 Xer, X€U2o)(V], U])OQ Sys-
tem, where the parenthesis separates different sublattices
and the symbols indicate the defect types that are con-
tained on each sublattice. Xe atoms are assumed to ex-
clusively occupy vacancy trap sites, i.e. the concentra-
tion of interstitial Xe atoms is negligible. By applying a
quinary regular solution model for the cation sublattice
and an ideal solution model for the interstitial sublat-
tice as well as the gradient energy terms required to de-
scribe dissolution kinetics, the following free energy den-

sity functional is obtained:

G%otal (ys , T)

_ oUO2
N =Y y"GY" + > kT (ysIn (ys)) +

S

€s 2
+ Z 0L81752y81y82 + Z 5 (Vys) .
81,82,817#82 s
(23)

Here s covers all species on the cation and interstitial
sublattices (Uy, Xevo, Xeuv,0, Vu, Vu,, Ur and Vy,),
ys are the site fractions and e; the gradient energy of
species s. OLg, 4, are the regular solution parameters
for interaction between species s; and so on the cation
sublattice (s; and so are Uy, Xepo, Xeu,0, Vo and
Vu,). Na is Avogadro’s number converting the left hand
side of the equation to energy per atom rather than mole
(this convention will be applied throughout this work).
Site conservation implies that:

Yuy T Yxevo T 2YXev,0 T Yvir T 20wy, =1 (24)

and

Yo, +Yva, = 1. (25)

The °GYO2 = °HUO2 — T°SUO2 terms were defined ac-
cording to the defect formation (Vir, Vi,, Ur) or solu-
tion (Xeyo and Xey,o) energies and entropies com-
bined with cluster binding energies and entropies, as cal-
culated from DFT and empirical potentials (see Table
I'). These parameters are all functions of the UOa,
non-stoichiometry'. The data in Table I assumes nearly
stoichiometric UOs, but can easily be extended to other
non-stoichiometries based on data presented in, e.g., Ref.
1. The Xe reference state is defined as the gas phase at
298 K and 100000 Pa. The "Ggog reference is set to 0
eV. The °GY92 parameters are constants and thus only
relevant for the rate theory equations (VOGE‘32 =0 in
the diffusion equations). The regular solution parameters
YLs,.s, were calculated from the DFT binding energies
(Ep) and the number of available binding sites (Zp):

Z
OLSl,SQ == TBEB (26)
Only the most stable site for each defect was considered.

The temperature dependence of the regular solution pa-

rameters (“Lg, 5, = LY ,, + Ll ,,T) was set to zero
orlr  _ 0 ced
("Ls, s, = 0 eV). The "Ly, 5, values are summarized in

Table I. The values reflect the strong binding between
Xe atoms and vacancies as well as that between Xe atoms
themselves, which capture the tendency to nucleate fis-
sion gas bubbles. However, the present model is not op-
timized to capture the properties of bubbles, which is
primarily a consequence of only treating U vacancies and
not the O vacancies or bound Schottky defects (one U va-
cancy and two O vacancies) required to capture growth
of bubbles. This topic is left as future work. We did not
attempt to calculate the interfacial energies (es) from ei-
ther DFT or empirical potentials. Careful determination



of these parameters is also left as future work. The chem-
ical potential differences in the diffusion and reaction rate
equations are calculated from the free energy density in
Eq. 23 according to:

53/‘4 Q YyB

aGTotal ) (aGTotal >
— | Z=Zm -V (== , (27)
< a /)y, oNya /.,

where B is treated as the dependent variable and  is
the integration volume.

The model that includes the large Xep,0 and
(Xez)u,0 clusters were formulated by adding Eqs. 16
and 20 as well as the corresponding diffusion equations
(Eq. 3) to the reaction diffusion model. The Xey,o and
(Xe2)vu,0 clusters must consequently be added to the
free energy expression (Eq. 23) as well as to the site con-
servation expression (Eq. 24). In order to simplify the
model implementation the clusters were treated as ideal
constituents, which implies that all interaction parame-
ters involving these two clusters were set to zero, which is
motivated by the small cluster concentrations. The for-
mation energies entering the reaction rate equations and
cluster diffusivities are listed in Table I and obtained from
DFT calculations according to the same methodology as
for the smaller clusters. Because calculated values were
not available, the entropies were approximated as zero.

The remaining parameters Kv;,, Kv,,, , Kuy, k%/U, Ic‘Q/Q2
and k7, were estimated from experimental data'?* or
treated as free parameters. Typical values are listed in
Table I.

C. Numerical simulations

The diffusion and rate theory equations (Egs. 3, 4, 5,
6, 8,9, 11, 12, 13, 14, 16 and 20) were implemented in
the MARMOT phase field code?®, which is based on the
MOOSE finite element framework?%27. The simulations
used adaptive time-stepping and adaptive meshing. In
order to avoid numerical instabilities for very low con-
centrations, logarithm terms and their derivatives were
Taylor expanded below a certain threshold value (10~12).

D. Results and Discussion
1. Simulations of effective Xe and U diffusivities in UQO2

Both Xe and U diffusivities are functions of the va-
cancy concentration, which in thermodynamic equilib-
rium is expressed in terms of the vacancy formation en-
ergy. Ref. 1 performed this analysis for UO2 based on
the same data from DFT and empirical potentials as ap-
plied in our study (see Table I). They predicted an ac-
tivation energy of 2.93 eV and a pre-exponential factor
of 8.32- 10712 m?/s for Xe diffusion in stoichioemtric

Formation energies °HY92 (eV) °SV92 (kp)

°Gp? 0.00 0.00
Gy -0.19 -16.35
”G‘U,[?; -0.30 7.19
°GR2, x y
Y2, 18  y+197
° 2@2330 x — 1.50 Yy

G X0 2z — 6.07 2y
Gy 0.00 0.00
Gy 13.20 0.00
Regular solution parameters °LY ., (eV) °L! ., (kp)
"Lxey vy (€V) -10.92 0.00
°Lugy vy (eV) 1.80 0.00
"Lxeyo.uy (€V) 9.12 0.00
"Lxeyo.vy (eV) 5.04 0.00
"Lxey,0,vi (€V) -6.55 0.00
"Lxey,0,xey (€V) -7.73 0.00
"Lxeyo v, (€V) -9.51 0.00
"Lxey,0, Vs (eV) 16.49 0.00
"Luy vy, (V) 4.80 0.00
"Ly vy, (V) -3.34 0.00
Kinetic parameters Do (nm?/s)  E,, (eV)
Dxeyyo 1.481-10* 4.94
Dxey,o 1.481-10" 4.33
D(xex)vy0 1.481-10"3 4.94
Dy, 7.121-10" 4.72
Dy, 5.446 - 10"? 2.84
Dy, 1.2-10"2 4.70

Other parameters
Z 1.0

K (defects/U atom s) 4.05-107
k7 (1/nm?) 0.012564
k% (1/nm?) 0.012564

TABLE I. Bulk thermodynamic and kinetic parameters for
defects in UQOs.

UO,. Effective diffusivities may be calculated from our
model by imposing flux boundary conditions at the left
and right ends of a rectangular simulation cell and zero
flux conditions at the top and bottom. By measuring
the steady state concentration gradient, the effective dif-
fusivity is obtained as:

Jx

Dy =——— 28
X Vyx ( )

By performing simulations at a number of different tem-
peratures, the activation energy and pre-exponential fac-

Eq
kT

sults are plotted in Fig. 1 and both D%, = 8.71 - 10712

tor, Dx = Dgexp (— , can be extracted. The re-



and F, = 2.94 eV agree well with the analytical results
from Ref. 1. At the lower end of the temperature range,
cluster formation starts to become controlling and the
diffusivity tends towards that predicted for the mobile
Xe trap site (Xey,0). The same type of simulation can
be performed for the flux of U ions, which corresponds to
a tracer diffusion experiment. The results in Fig. 1 gives
Dy = 5.718:107* m? /s and E, = 4.55 eV, which agrees
well with the analytical solution of Dy« = 5.61 - 10~
m? /s and E, = 4.53 eV derived from the data in Ref. 1
and the experimental activation energy of 4.4 eV37. The
pre-exponential factor is underestimated compared to ex-
periments (the experimental value is Dy« = 8.54 - 10711
m?/s)37. The explanation for the latter discrepancy is
unrelated to the numerical implementation and will not
be further explored in this study.

In the next step we perform the same type of simula-
tion, but introduce damage via the Ky, , Ky, and K Vo,
parameters. Fig. 2a) plots the Xe diffusivity as function
of temperature for a particular value of the damage rate
(4.05 - 1076 defects/U atom s). We simulated two dif-
ferent scenarios for the vacancy production; in the first
we assumed only single uranium vacancies and in the
second single uranium vacancies and uranium divacan-
cies are formed with equal probability. Fig. 2a) shows
that at high and low temperature the predicted diffusiv-
ities approach the intrinsic case, while in the intermedi-
ate temperature regime, the damage gives rise to irradia-
tion enhanced diffusion. In the irradiation enhanced tem-
perature region the effective diffusivity is slightly higher
for the case when both single vacancies and divacancies
are created in the damage process, but the difference
is small. The analytical models capture the diffusivity
well outside of the intermediate temperature range, but
within this range the calculated diffusivity exceeds the
analytical prediction from both the intrinsic and irradi-
ation enhanced models. We have also investigated the
effect of varying the sink strengths, defect production
rates and the concentration of fission gas atoms. As ex-
pected, increasing the damage rate and decreasing the
sink strength both lead to higher diffusivity in the in-
termediate temperature range and also extension of the
irradiation enhanced range to higher temperature. The
opposite conclusion applies to decreasing damage rates
and inceasing sink strengths. The diffusivity is largely
independent of the concentration of Xe atoms at high
temperature, but below 2000 K the diffusivity increases
slightly for decreasing Xe concentrations. This is a conse-
quence of increased clustering between vacancies and Xe
atoms at low Xe concentrations. In the microstructure
simulations in Sec. IIIB1 we treat the Xe diffusivity as
independent of the concentration.

Fig. 3 plots the effective diffusivity obtained when the
Xey,0 and (Xey)y,0 clusters are included. The damage
rate and sink strengths are the same as in previous sim-
ulations (see Table I). Even though the concentration
of Xey,o cluster is small, its high mobility compared
to Xey,o gives a significant contribution to the diffu-

sivity across almost the full temperature range. At the
highest temperature in our simulations the diffusivity ap-
proaches the intrinsic case. Below the highest tempera-
tures the diffusivity is controlled by cluster diffusion, pri-
marily the Xey,o cluster but at the lowest temperature
in our simulations also the Xep,o cluster. The temper-
ature dependence of the diffusivity and the influence of
different clusters is a function of the cluster thermody-
namics, which is still under investigation. The prediction
may also depend on how fast the Xey,0 and (Xe2)y,0
clusters accumulate even more Xe atoms and vacancies,
which would make them much less mobile. The current
model does capture those processes. Nevertheless, our
results suggest that under irradiation the Xer,o clusters
are important for the overall diffusivity due to their high
mobility and strong binding energy.

III. XE SEGREGATION TO GRAIN
BOUNDARIES

A. Model derivation

The interaction between Xe atoms and the UO5 fuel
microstructure is critical for fission gas release. In or-
der to simulate redistribution of fission gas atoms to
microstructure sinks, the interaction between fission gas
atoms and the sinks must first be determined and then
formulated in a continuum model suitable for coupling
to the diffusion and rate theory models developed in Sec.
II. We have investigated segregation of Xe atoms to three
different grain boundary types, X5 tilt, X5 twist and a
high angle random boundary. Nerikar et al. calculated
grain boundary segregation energies for Xe in UO5 using
atomistic simulations with the interatomic interactions
described by empirical potentials??. They provide data
on the segregation energy as function of the distance from
the boundary as well as the distribution of segregation
sites at the boundary. The segregation energy is defined
as the energy difference between a Xe atom occupying a
bulk position far away from the grain boundary and a Xe
atom positioned within the grain boundary. The assump-
tion that Xe atoms reside in a single U vacancy ignores
the fact that Xe atoms are believed to occupy trap sites
consisting of one U and either one or two additional O va-
cancies in stoichiometric UOy939:31  Nevertheless, the
relative energies obtained from this assumption should
capture the segregation trends correctly, which was also
confirmed by performing a couple of spot checks for Xe
occupying a bound Schottky defect (one U and two O
vacancies).

The segregation properties are unique for each type of
grain boundary, as illustrated in Fig. 4. This conclusion
refers to both the maximum sink strength, i.e. the most
negative segregation energy, and the distribution of segre-
gation sites as function of distance from the centre of the
grain boundary. The random boundary is the strongest
Xe sink, followed by the X5 tilt and X5 twist bound-
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aries. Segregation of large atoms such as Xe is often
described in terms of elastic interactions, i.e. the extra
volume found at the grain boundary attracts the large Xe
atoms by reducing the total strain of the system. This
approach was, for example, applied in phase-field simu-
lations by Hu et al.''. Close to the boundary core this
description is expected to become less accurate. Nerikar
et al. attempted to map the Xe segregation properties
onto the strain obtained from atomistic simulations, but,
although some correlation was found, it was difficult to
quantitatively predict the segregation energy from the

local strain®?.

Fig. 5 plots the (relative) segregation energy as func-
tion of the Xe fraction in the boundary region. This
quantity was derived by independently filling available
Xe trap sites, starting from the most favorable one, up
to a certain site fraction and the segregation energy for
this concentration is then defined as the segregation en-
ergy of the next empty Xe site. Fig. 5 illustrates that the
segregation energy first increases rapidly for increasing x,
after which it levels out up to z &~ 0.9 where the segrega-

tion energy starts rising almost exponentially. The seg-
regation model neglects any explicit Xe-Xe interactions
and they are rather assumed to be the same as in the
bulk.

For application in continuum models, the atomistic
segregation data summarized in Figs. 4 and 5 are rep-
resented by fits to appropriate functions. The following
equation was applied for the concentration dependent Xe

segregation energy density, E.X9(yZ9T r):

Exe9(yi9T,7)
S e D
yxo" (29)
Z/O 2(Ci — gi(yx)) fij(rij)dy’x,
i

where

R T R
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and

Tf)) +b. (31)

Eﬁ&gb(y)T(QT, 7) is the total or integrated segregation en-
ergy as function of the (projected) distance from the
grain boundary (r;;) and the local (total) Xe concen-
tration y297 on the cation sublattice. The 4 index cov-
ers different types of sinks (e.g. different types of grain
boundaries) and the j index covers all sinks of a specific
type ¢ (e.g. 35 tilt boundaries). C; measures the dilute
limit sink strength, g; its concentration dependence and
fi; its spatial interaction range. The function f;;(r;;)
describes the (normalized) segregation energy in the di-
lute limit, which is defined by the most negative segre-
gation energy among all the grain boundary segregation
sites available at a certain distance from the centre of the
boundary. The most negative segregation energy is used
for normalization (note that the normalization constant
is in fact twice the lowest segregation energy, 2C;). In
Eq. 30 the parameter k; determines the slope of the Xe
grain boundary interaction range. For each type of grain
boundary the k; parameter was fitted to the data in Fig.
4. The g;(y%97T) term (Eq. 31) describes the concentra-
tion dependence (y%97) of the segregation energy and
the b; and m; parameters were fitted to the atomistic
data in Fig. 5. Note that the integral in Eq. 29 mea-
sures the total segregation energy as function of the Xe
fraction rather than the incremental change expressed by
9i(yx) alone. Any contributions that originate from en-
tropy differences between bulk and grain boundaries are
presently ignored. The segregation energy is assumed to
be independent of temperature, which ignores the statis-
tical distribution between segregation sites expected at
high temperature.

Table II summarizes the fitted k;, b; and m; values
as well as the direct calculations of C; for each grain

9:(yx2") = myln <100y;T£T + exp <

boundary type. The quality of the f;;(r;;) and g;(yx)
fits is illustrated in Figs. 4 and 5. For X5 tilt bound-
aries the deviation between data points and the fitted
curve originates from the presence of an electrostatic field
that would require a different functional form of the f;;
interaction range or explicit calculation of electrostatic
interactions to give optimal results. Improved represen-
tation could in principle be achieved by changing the r;;
exponent from 2 to 1 or some non-integer value in Eq.
30. The g;(yx) fits were performed for data points up to
the concentration level indicated by the fitted red lines
in Fig. 5. The upturn occurring beyond this point is
ignored. This approximation has no influence on the ac-
tual simulation results since the current description still
captures the saturation point for the local concentration
field and, in particular, once fission gas bubble or void
formation is incorporated, this process will be initiated
well before reaching the local concentration limit.

In our simulations the grain boundary network is rep-
resented by a phase field model in which each grain i is
described by an order parameter ¢;. ¢; = 1 within this
grain and zero in all other grains. It varies continuously
from one to zero over the boundary. At a point on a
boundary, several order parameters have values between
zero and one. In the phase field description the sum in
Eq. 29 is over the number of possible pairings between
order parameters with values greater than zero. The in-
dex 7 denotes the properties of the grain boundary type
defined by the current order parameter pair. The spatial
interaction is defined as f; = 8®;, where ®; = ¢5¢;. Here
¢; and ¢y are the current order parameter pair. Grain
boundary triple junctions require special attention, since
direct application of the above model would render them
weaker sinks than regular grain boundaries. The cor-
rect properties are recovered by scaling the phase field
variables by ¢; + ¢; whenever more than two phase field
variables have non-zero values.

The complete thermodynamic model for Xe segrega-
tion to grain boundaries in UQOs is obtained as the sum
of Egs. 23 and 29. The segregation dynamics is obtained
by calculating the driving forces or differences in chem-
ical potentials from the sum of Eqgs. 23 and 29 rather
than Eq. 23 alone.

In order to describe the complete diffusion problem we
should also treat segregation of vacancies and intersti-
tials, however because the time-scale of these processes
are quite different from the fission gas segregation we will
simplify our model by assuming that these concentrations
are given by the steady state solution to the reaction rate
equations. This is supported by the fact that unlike Xe
atoms the interstitial and vacancy defects will quickly be
annihilated at the boundary and resolving these processes
in detail will complicate the simulation of Xe diffusion.
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Grain boundary type C; (eV) k; (nm) b; m;

5 tilt 3.55 0.611 -0.69599 0.93328
35 twist 0.66 0.946 -0.25883 0.33972
Random 4.81 0.597 1.422386 0.94839

TABLE II. Fitted or calculated Cj, ki, b; and m; parameters
for Xe segregation to different grain boundary types.

B. Results and discussion
1. Xe segregation to grain boundaries in UQOo

Xe redistribution was simulated for three bicrystal mi-
crostructures, with a 35 twist, 35 tilt and random grain
boundary, respectively. Instead of solving the full set
of diffusion equations describing diffusion of Xe, intersti-
titals and vacancy clusters, only Xe atoms are treated
according Eqs. 3 (diffusion) and 29 (segregation). The
diffusivity in Eq. 3 is obtained by first calculating the
effective diffusivity for the relevant condition according
to Sec. IID 1 and the mobility in Eq. 29 is obtained from
the diffusivity as

M=-—"". (32)

First simulations are performed with the L parameter
set to zero. The steady-state distribution for intrinsic
conditions with initial homogeneous Xe concentration of
yxe = 0.001 at 2000 K are shown in Fig. 6. The grain
size was 40 nm and the simulations were performed in a
1D configuration. Fig. 7 plots the highest Xe concen-
tration at the core of each grain boundary as function
of time for both intrinsic and radiation-enhanced con-
ditions at 2000 K and at 1600 K. The unique behavior
of the different grain boundary types is obvious in both
Figs. 6 and 7. As expected, irradiation increases the rate
of Xe segregation, but the difference compared to the in-
trinsic case is not very significant. The highest Xe con-
centration is reached for ¥5 tilt and the random bound-
ary, followed by the 35 twist boundary. The latter has
significantly lower maximum concentration. The X5 tilt
boundary thus seems to be a stronger sink than the ran-
dom boundary, despite having a lower segregation energy
(see Table IT). For very short times the random boundary
attracts more Xe, but due to the slower (with respect to
Yxe) increase in the concentration term, g;(yx.), the 5
tilt boundary eventually attracts the most Xe. The sink
strength balance between these two grain boundaries is
a function of the concentration of Xe. Simulations were
also performed for the DFT calculated value of °L = 9.12
eV. These results are illustrated in Fig. 8. It is clear that



for all boundaries segregation is increased for °L = 9.12
eV.
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FIG. 6. Steady-state Xe distribution in a bicrystal containing
a random, X5 tilt or X5 twist grain boundary. The domain
size is 40 X 5 nm, but only visualized in the z direction. The
simulations were performed for intrinsic conditions at 2000
K. The initial state was a homogeneous distribution of Xe
(yxe = 0.001).

In order to demonstrate the importance of considering
the grain boundary character, we performed simulations
on a simplified 2D nanocrystalline microstructure con-
sisting of hexagonal grains with a distribution of differ-
ent grain boundary types. The simulation was performed
at 2000 K for an initial concentration of yx. = 0.001.
The size of the simulation domain is 75 x 65 nm and
periodic boundary conditions were imposed. Fig. 9a)
shows the steady state solution for °L = 0.0 eV and b)
for °L = 9.12 eV. Finally, Fig. 9c) demonstrate that
the adaptive meshing capability enables solution of the
problem for a more realistic grain size (750 x 650 nm).
The difference between the grain boundary types follow
the same trend as for the bicrystal simulations. Note
the drastic difference in the Xe concentration between
the tilt and twist grain boundaries, which will result in
preferential bubble nucleation and growth. Future work
will expand this model to include bubble nucleation and
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growth, and investigate this effect in more detail.

IV. CONCLUSIONS

Continuum models for diffusion of xenon (Xe), ura-
nium (U) vacancies and U interstitials in UOy were de-
rived for both intrinsic conditions and under irradiation.
The mechanistic diffusion models were based on results
from density functional theory (DFT) and empirical po-
tential calculations!, which were also used for determin-
ing the model parameters. The diffusion models were
implemented in the MARMOT phase field code. Effec-
tive Xe diffusivities were calculated for a range of ir-
radiation and microstructure conditions by solving the
complete set of diffusion and rate equations. Radiation-
enhanced diffusion occurs at intermediate temperature
(1785 < T < 2860 K), while at low and high tempera-
tures the diffusivity is given by the intrinsic values. At
low temperature (T' < 1785 K) cluster formation gov-
erns the diffusivity for both intrinsic and irradiation con-
ditions. The effective radiation enhanced diffusivity is
increased when the large Xey,o cluster is considered.
Even though this cluster only occurs in small concen-
trations, its high mobility leads to increased diffusivity
for an extended temperature range. Intrinsic conditions
are only recovered above 3500 K. We are continuing to
investigate the impact of large Xe and Va vacancy clus-
ters on the effective diffusivities. Segregation of Xe to
grain boundaries was described by combining the bulk
diffusion model with a model for the interaction between
Xe atoms and three different grain boundaries in UO4
(325 tilt, ¥5 twist and a high angle random boundary),
as derived from atomistic calculations. The simulations
capture the segregation of Xe to grain boundaries and the
unique characteristics of different boundary types clearly
emerge from these simulations. For short time scales ran-
dom boundaries are the strongest sinks for Xe, but when
the local Xe concentration increases the 5 boundary
tilt overtakes the random boundary as the strongest sink.
The X5 twist boundary attracts significantly less Xe than
the other two cases.
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