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Numerous irradiation-induced gas bubbles are created in the nuclear fuel during irradiation, leading to the change of
microstructure and the degradation of mechanical and thermal properties. The grain size of fuel is one of the important
factors affecting bubble evolution. In current study, we first predict the thermodynamic behaviors of point defects as well
as the interplay between vacancy and gas atom in both UO; and U3Si; according to ab initio approach. Then, we establish
the irradiation-induced bubble phase-field model to investigate the formation and evolution of intra- and inter-granular gas
bubbles. The effects of fission rate and temperature on the evolutions of bubble morphologies in UO, and U3Si, have been
revealed. Especially, a comparison of porosities under different grain sizes is examined and analyzed. To understand the
thermal conductivity as functions of grain size and porosity, the heat transfer capability of U3Sij is evaluated.

Keywords: grain size, point defects, fission gas bubble

PACS: 61.72.Mm, 61.72.J-, 61.72.—y

1. Introduction

Since the Fukushima accident occurs, the development
of accident-tolerant fuels (ATFs) has been a more prominent
topic of interest for improving the safety, competitiveness
and economics of commercial nuclear power.!! Large-grained
UO, is a promising candidate to replace the traditional UO,
fuel, as its larger grain size may reduce irradiation-induced
swelling and fission gas release.!”) In addition, U3Si, fuel is
also a potentially attractive substitute for commercial UO; fuel
due to its higher thermal conductivity and uranium density.?!
These excellent properties can not only extend the refuelling
cycle but also have a promising potential in reducing fuel
enrichment.3# Recently, more attention has been paid on the
irradiation swelling behavior of large-grained UO; and U3Si;.

Noirot et al.®! compared the microstructures of coarse-
grained UO; and conventional-grained UO; at the burnups of
72 GWd/tHM and 76 GWd/tHM, respectively. The bubbles
and grain refinement were observed in the standard-grained
UO;,, while in the large-grained UO;, bubbles only formed at
the center of grains and on the grain boundaries (GBs), indi-
cating that coarse grains can effectively improve the irradiation
resistance of UO,. The irradiation experiments performed by
AREVAI[®7] indicate that fission gas release and fuel swelling
are reduced by doping Cr, O3 in the large-grained UO,. In the
Cry03-doped UO, with large grain size, fission gas is mainly
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dissolved in the grains rather than on the GBs, which is dif-
ferent from that in the conventional-grained UO,. It can be
attributed to the fact that the larger grain size increases the
diffusion distance of fission gas from grain interior to GB, im-
proving irradiation swelling resistance. Cooper et al.®! inves-
tigated the influence of Cr on the diffusion rate of Xe atom in
UO; using the cluster dynamics method, which is called by the
BISON program to study the behavior of fission gas release in
the doped UO,.

Moreover, the irradiation properties of UzSi, are exam-
ined and analyzed. According to the microstructure of irra-
diated U3Siy/Al dispersion fuel, the fission bubbles are uni-
formly distributed within the U3Si, fuel particles. The mean
diameter of bubbles is approximately 94 nm, leading to ~ 11%
increase of the volume fraction.!”! Taking account of the ex-
perimental results of irradiated U3Siy fuel in the light water
reactor, '] the bubble density and size are assessed by a fis-
sion gas model. It is assumed that fission gas release is con-
trolled by the bubbles on the GB, and the sensitivity of the
model parameters is additionally analyzed. On the other hand,
a rate theory model of fission gas behavior is developed and
applied to explore the swelling of U3Si, fuel.l'?! The amor-
phous U3Si; fuel has also been observed under irradiation, and
hence, Rest!!3! established a model to study the behavior of
fission gas bubble in the amorphous U3Si,.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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Despite the extensive research has been carried out on the
irradiation performance of large-grained UO, and U3Si,, to
authors’ knowledge, the evolution of fission gas bubble in UO,
and U3Si, fuels associated with different grain sizes under dif-
ferent fission rates and temperatures is still waiting to be iden-
tified. Nowadays, at the atomic scale, ab initio is widely used
to simulate the thermal dynamics behaviors of irradiation-
induced point defects (i.e., vacancy and self-interstitial atom)
and fission gas atom in both UO» and U3Si,.!"*-1% The phase-
field approach considered as a typical mesoscopic method is
employed to understand the formation and growth of bubbles
and the gas swelling in the nuclear fuel.!'’-2) For examples,
Aagesen et al.'®! established a phase-field model by track-
ing the concentrations of vacancy and gas atom to simulate
the fission bubbles in UO, fuel. Wang er al.l'”! investigated
the effects of vacancy concentration, the generation rate of Xe
atom and the temperature gradient on the evolution of bubbles
in UO; by means of the phase-field model. In addition, the
morphology structure of intergranular fission gas bubbles in
UsSi, is also investigated using the phase-field method.?"!

Hence, in current work, ab initio calculation is first per-
formed to obtain the energetic values (e.g., formation energy)
of vacancy, self-interstitial and fission gas atom in U3Si; and
UO,, respectively. A comparison of bubble density, size and
porosity of UzSi; and UO; is presented under different tem-
peratures and fission rates. The difference of bubble evolution
characteristics under different grain sizes is shown. Moreover,
the corresponding thermal conductivities of bubble-containing
UsSi are evaluated by the established steady heat transfer
model. The predicted results can provide fundamental un-
derstanding on the mechanics of bubble formation and evolu-
tion, which is helpful for the future research on the irradiation
swelling of U3Si, and UO, fuels.

2. Computational framework

2.1. Point defect energies from atomic simulation

All the calculations are performed within the framework
of density functional theory (DFT) using the projector aug-
mented wave method implemented in Vienna ab initio simula-
tion package (VASP).[>!l We adopt the projector-augmented
wave (PAW) potentials for the ion—electron interaction. 22!
The generalized gradient approximation (GGA) in the param-
eterization by Perdew, Burke, and Ernzerh (PBE) of func-
tional is used to describe the electron exchange—correlation
interactions. 23] Moreover, the effects due to the localization
of 5f electrons of uranium in UQO, and U3zSi, were treated

with the GGA + U approximation, the value of U is set as

4 eV for both UO, and U3Si,.[2420] The calculated equilib-
rium lattice constants of UO; (a = ¢ = 5.57 A, b =5.50 A)
are in reasonable agreement with the experiment datal®’! and
previous theoretical values.[?®! The lattice constants of UzSiy
(a=b=17.33 A, c=3.90 A) are using the experiment data.[>"!
The structures of UO, and U3Sip, have been presented in
Fig. 1, respectively. We use a 96-atom UO; supercell formed
by 2 x 2 x 2 unit cells and a 160-atom U3Si, supercell formed
by 2 X 2 x 4 unit cells. The cutoff energy of plane wave is set
as 500 eV. The Brillion zone integrations for UO, and U3Si,
are performed using 4 x 4 x 5 and 3 x 3 x 3 Monkhorst—Pack
grid, respectively. All atomic positions are fully relaxed at the
constant volume until the energy variation on each atom is less
than 1 x 10~* eV and the total force on each atom is less than
0.01 eV/A.

(b)

Fig. 1. Structures of UO, and U3Si; crystals. Red ball represents O atom,
blue ball represents U atom, and yellow ball represents Si atom.

The formation energies (E') of vacancy and Xe atom in
UO; and U3Si, are defined as

E\f/acancy = Erotal — Eo + lx, (1)
f

EXe(interstitialy) = Etotal — E0 + HXe, 2)
f

EXe(interstitialy) = Eiotal — Uxe + Ux. 3)

Here, Eioy is the energy of the supercell containing a defect,
U denotes the chemical potential of atom in the most stable
site, and therefore ux. is the energy of an isolated Xe atom
in a large empty supercell, lo is one half of the energy of a
gas-phase O, molecule in a large empty supercell, ty and Us;
are the energy per U/Si atom in the corresponding bulk phase,
E) is the total energy of UO,/U3Si, supercell. By definition, a
system with the positive formation energy means its formation
process is endothermic, while the negative value to formation

energy means exothermic.

2.2. Phase-field model

To explore the evolution features of intra- and inter-

granular bubbles in both UO, and Us3Si,, the phase-field

d. [30-32

model is develope I The total free energy of the poly-

crystalline system is written as
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Fleam) =N [ ((1=h(m) f™(c) +h(m)f(e) + /(1. 01-,) + engle.)

+;<V|ch|2+1<i\vci\2+xg\vcg;2+x,,|vn|2) av. (4)

Here, 1 and ¢ are the order parameters to distinguish the bubble phase and matrix phase and to identify different grains, respec-
tively. Especially, 1 equaled to 1 represents the bubble phase, and 1 equaled to O represents the matrix phase. P is the number of
possible orientations in space, and ¢; (i = 1,..., p) are the orientation field variables. Across the GBs between the grain ¢; and
its neighborhood grain, the absolute value of ¢; varies continuously from 1 to 0.

The free energy of the matrix (f™) is expressed as

FM = (ey — %) (Ej - Tsi) + (e — ) (Eif - TSif) + (g — %) (E; - ng)
+kgT ((1 —cy —ci—cg)ln(l —Cy— G —cg) — (1 —cf,q—ch—cgq) ln(l —cfv’q—ch —czq)

e e €q €q (S e
+ eyIney — i Ined +¢ilne — ¢ Ine? 4 ¢ Ineg — ¢ lncgq) , 3)

where £ is the free energy of the gas bubble and is expressed by the simplified van der Waals equation of state in the following

equation:

= lle—12+e] +
Po

kgT
,ugcg —|—cngTlncg + cngTln <B>

b
b /b /b CngT
—cngTln(l —A CngT) +A CngT <1—A’CngT _PO> ] ) (6)

where A’ is a constant fitted based on the experimental data,

14
—4A (Z ¢,§+n3>. (10)
k=1

po is the reference pressure, cg is the atomic concentration of

gas atom in the bubble. The definition of cg is given as
The concentrations of vacancy (cy), self-interstitial (c;),

b N n n 1 1 . . .
Cog=— = =——=Co—, @) and gas atom (c¢,) as a function of time are given as
& Vb NVVsite Nsite Vsite ngite & ( g) &
where n is the number of Xe atom in a bubble, V; is the vol- dey oF
. . . =V Mvvi +Pv_Rvi7 (11)
ume of bubble, Ny is the number of vacancies, and Vj;q. is the ot dey ’
ice. dc; oF
volume of crystal lattice dei _y ( MiV) PRy (12)
The reference pressure is expressed as ot de; '
dc JoF
_ Cg(l/vsite)kBT (8) Ttg =V <Mgvac> + Py, (13)
PO T ey (1 Ve ks T 3 e
n_
In current work, the simplified van der Waals equation of state or _L%' 14)
is used and its expression is
RT Here, M is the migration rate of defect (M,, = D,,c,, /kg T with
c a
p= v (1 + Vb) —yr ©)) m =v i, and g), where D is the diffusion coefficient, P is the
g g g

generation rate of defect, and R, ; is the recombination rate
According to Ref. [33], parameters a, b, and ¢ are de-

termined as 259780 J-cm?/mol2, 23.9276 J-cm3/mol?, and
55.6583 J.cm3/mol?, respectively.

between the vacancy and the self-interstitial atom. All the per-
formances are carried out in a 256Ax x 256Ay simulation do-

main. The formation energies of defects are obtained by using

To predict the intergranular bubble evolution, the effect of ab initio calculations in the present work and the other param-

. . . pe

polycrystalline free energy is considered, and fF* s expressed eters are summarized in the following Table 1. The periodic

as follows: e . . . . .
boundary condition is applied to the simulation domain and

lation: /* =1 nm, t* = 0.1 s.

2 o .
we use the normalization parameters for the numerical calcu-
k=1

V4
P, ¢1,) =34 (Z o +1n?
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Table 1. Parameters used for phase-field simulations.

Parameters U0, U3 Siy
T 1200 K/1773 K/2073 K 473 K/673 K/873 K
y 1.72 eVI34 1.72 eVvI34
a 5.57A 7.33 A
Dy 1.9 x 10717 m2/s (1200 K) 1.48 x 1072 m%/s (473 K)
2.25 x 10~1* m?/s (1773 K) 2.56 x 10~1% m%/s (673 K)
3.01 x 10713 m%/s (2073 K)114 1.76 x 10716 m%/s (873 K)[14
D; 4.4 % 10710 m2/s (1200 K) 3.71 x 1072 m?%/s (473 K)
1.62 x 10713 m?/s (1773 K) 1.29 x 1071 m?/s (673 K)
1.4 x 10712 m2/s (2073 K114 3.71 x 10~ m?%/s (873 K)[14]
Dxe Dy Dy
F 1.09 x 10188 m—3.5~! 3x 1029 m3.57!

2.09x 108 m—3.57!
3.09x 1018 m=3.57!

5% 100 m3.s7!
7x 1090 m3.s7!

3. Results and discussion

3.1. Formation energies of point defects and Xe atom

First, we compare the possible configurations and stabil-
ities of intrinsic point defects in UO, and U3Si, host crystal.
Four types of point defects in UO; (that is U vacancy (Vy),
O vacancy (Vp), U interstitial (Iy), O interstitial (Ip)), and
five types of point defects in U3Si, (that is two different U va-
cancies marked as Vyy; and Wp, where Ul and U2 represent
the occupied positions in the minimum symmetric cell with
U 4h (0.181, 0.681, 0.5) and U 2a (0, 0, 0), respectively, Si
vacancy (Vsi1), U interstitial (fy), and Si interstitial (I5;)) are
considered. The formation energies of these point defects are

summarized in Fig. 2.

—
LS}
[o%)

% () =mUuo,| 3 () = USi,
2 9 >
20 202
Q o
5 6 5
£ g1
s 3 kS
g :
= 0 = 0
VL VO IU IU VUI VU2 VSI [U IO
Intrinsic defect Intrinsic defect
> 15 S 4 .
< () m U0, =& (d) m U, Si,
°>5 >
o o0
g 10 g 5 I
2 £o04
g S g
% 202
20T A et §°/+¢+++++
TG T ‘“@L G@DG@L %% S %, % %%
¢ o ¢ CL ¢ ¢ L
@ 4 <] M

Fig. 2. Formation energies of irradiation-induced point defects in (a) UO,
and (b) Uz Si; crystals, respectively, and the incorporation energy of Xe atom
in (c) UO, and (d) UsSi, crystals, respectively.

As shown in Fig. 2(a), the stabilities of intrinsic defects
in UO; increase in an order of Io, Iy, Vo, and Vy, and the cor-
responding formation energies are 0.34 eV, 3.27 eV, 5.40 eV,
and 11.19 eV, respectively. While the stabilities of intrinsic
defects in U3Si, increase in an order of Is;, V2, Vsi, Iy, and

V1. Among the values of formation energies, E' of U vacancy

in UO, is the highest one, and the value of Vyj, in U3Si is the
lowest one. From the energetic point, O interstitial first forms
in UO, than other intrinsic defects, while in U3Si,, the for-
mations of U vacancy and Si interstitial are more energetically
favorable than those of other intrinsic defects.

To further reveal different thermodynamic behaviors of
fission gas bubbles between UO, and U3Siy, we analyze the
incorporation energy of Xe and the interaction between va-
cancy and Xe. The Xe atom occupied the interstitial site (Ixc)
and the substitutional site (Xey, X represents U, O or Si atoms)
is considered here. As shown in Fig. 2(c), the incorporation
energy of Ix. in UO; is lower than those of Xey and Xeo.
Nevertheless, in U3Si,, the opposite result is obtained that Xe
on the U2 site shows the most stable status. Then, we compare
the stabilities of Xe—vacancy complexes in UO, and U3Sip. It
should be noted that there are many types of divacancy in UO,
and U3Si;, and we only consider the most stable divacancy.
The most stable double vacancy in UO; is composed of one O
vacancy and one U vacancy (Vyo) and that in U3Si; is com-
posed of two Si vacancies (Vas;). In UO,, the incorporation
energies of Xe occupied the sites of single vacancy (Vo and
WVu) and divacancy (Vo) are much lower than that of Xe at
the interstitial site, especially the Vo site. On the contrary, in
UsSip, the energy of Xe atom incorporated with divacancy is
higher than that with monovacancy. A comparison of the in-
corporation energies in UO, and U3Si, indicates that Xe atom
is more stable in U3Si, than that in UO,.

3.2. Fission gas bubble and its effect on thermal conduc-
tivity
3.2.1. Intragranular bubble
Different temperatures and fission densities influence the
formation characteristics of gas bubble (i.e., the density and
size of gas bubbles) in the nuclear fuel. This is due to the

temperature-dependent materials’ parameters and the external
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irradiation environment. For UO,, we choose 1200 K, 1773 K,
and 2073 K as the representative temperatures to understand
the effect of temperature on the bubble evolution, and three
different temperatures at 473 K, 673 K, and 873 K are as-
sumed to reveal the temperature impact on bubble formation in
UsSi,. Figures 3 and 4 show the bubble morphologies in UO»
and U3Si; as functions of time and temperature, respectively.
The morphologies of UO, and Uj3Si, after irradiation show
that the intragranular bubbles are generally formed.*>=37! Our
simulation results are in good agreement with the experimen-

tal results.

t =157 days

176 days

t

197 days

t

231 days

t

2073K

1200 1773 K

Fig. 3. Morphologies of intragranular bubbles as a function of temperature
in UO; under different time points.

191 days

t

196 days

t

198 days

t

202 days

t

Fig. 4. Morphologies of intragranular bubble as a function of temperature
in U3Si, at different time points.

With time increasing, both number and size of bubble in-
crease. At the same time, their differences determined by tem-
perature are obviously captured. In Fig. 5, the density, size

and porosity of intragranular bubbles in UO, and U3Si, var-
ied with time are plotted respectively. Generally speaking,
three stages of bubble density can be divided, that is incuba-
tion stage, formation and growth stage and coarsening stage.
In each stage, obvious features are shown. At the incubation
stage, there is no bubble in the matrix. A dramatic increase of
bubble number occurs at the formation and growth stage, and
then the number of bubbles keep almost unchanged at a longer
time. Compared with the incubation stage at a lower temper-
ature, higher temperature leads to longer incubation time. As
is known, the gas atoms, vacancies and self-interstitial atoms
experience the generation, diffusion, aggregation, recombina-
tion and annihilation to form individual gas bubbles, and the
bubble connection would occur with increasing time. The
temperature-dependent material parameters influence the for-
mation time of bubble. The formation of bubble becomes more
difficult at higher temperature since the energetic value and the
defect diffusion coefficient are higher.

5 30 ®)
| @
ﬁ.\ 4‘{ ~ 25 [ A AA
g | —=—473K E20- 473K A .
£ 3[ 673K 8 _|Ze=smK o -"‘
5 }+873K w157 L ek */ff
< 2 g Ly
! § 10 ’
RS 1 | A /
el 3
Do[ N 1) PP A, Y S
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£ 0067 —a 873K B
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0.03 g —e—1773K
O. = 0 —a—2073 K
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20
(e) e ®
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150 180 210 240 150 180 210 240
Time (days) Time (days)

Fig. 5. Comparison of intragranular bubble density, size, and porosity at
different temperatures in (a)—(c) UO, and (d)—(f) U3Sij.

For UO,, the bubble density at 1200 K is higher than
those at both 1773 K and 2073 K (Fig. 5(a)), and the mean
size of gas bubble at 1773 K shows the highest value than
those at other temperatures (Fig. 5(b)). To assess the poros-
ity, the bubble size and density are simultaneously considered.
The maximal porosity occurs at 1773 K and the minimal one
presents at 2073 K if the time is in a range of 180 days to
220 days (Fig. 5(c)). For U3Si,, lower temperature reaches to

the coarsening stage earlier than that at higher temperature in
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Fig. 5(d), and the maximal and minimal bubble densities ap-
pear at 873 K and 473 K, respectively. Overall speaking, in
Fig. 5(e), the mean size of bubble at 873 K shows the largest
one, and the smallest size presents at 473 K. As for a compari-
son of porosity in Fig. 5(f), the highest one and the lowest one
appear at 473 K and 873 K, respectively.

169 days =136 days

t

t =197 days

289 days

t

3.09x10""'m 35!

2.09%10"m-s"

1.09x10"-m=3-s!

Fig. 6. Morphologies of intragranular bubble as a function of fission rate in
UO; at different time points.

t =124 days

189 days

t

© 00O
OOQOO

=311 days

t

t =334 days

t =403 days

5.0x10*m=3-s7!

3.0x10*m=3-s7!

Fig. 7. Morphologies of intragranular bubble as a function of fission rate in
UsSi, at different time points.

In addition to temperature effect, higher fission rate in-
dicates there will be more point defects generated in the fuel,
facilitating the formation of more bubbles. In the following
investigation, the fission rates of 1.09 x 10'* m=3.s~!, 2.09 x
10" m=3-s71, and 3.09 x 10!* m=3-s~! for UO, and 3.0 x

1020 m3.s71, 5.0 x 102 m—3-s7!, and 7.0 x 10?° m~3.s~!
for U3Si, are assumed and performed on the phase-field sim-
ulation. As the microstructures shown in Figs. 6 and 7, lower
fission rate results in longer bubble incubation time in UO;
and U3Si,. It can be attributed to the face that the number
of point defects produced by lower fission rate is smaller than
that by higher fission per unit time and per unit space. Yao
et al.’® investigated the irradiation behavior of U3Si, under
300-keV Xet ion beam bombardment, and the results shown
that the formation and coalescence of Xe bubble increase with

an increment of irradiation dose.
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Fig. 8. Comparison of intragranular bubble density, size, and porosity at
different fission rates in (a)-(c) UO; and (d)—(f) U3Si5.

To quantitatively investigate the influence of fission rate,
the bubble density, size and porosity as a function of time are
evaluated. The corresponding results of UO, and U3Si, are
plotted in Fig. 8, respectively. There is no doubt that bubble
density, size and porosity in UO; increase with the fission rate
increase. The value of bubble size at 3.09 x 10'8 m=3.5~!
is much higher than those at other fission rates. However,
for UsSip, the bubble size increases with increasing fission
rate if the evolution time is less than 316 days as shown in
Fig. 8(e). Once the time is greater than 316 days, the bub-
ble size at 3.0 x 10 m~3.s~! increases dramatically as high
as 58 nm. The bubble density increases with the increment
of fission rate as shown in Fig. 8(d). The porosity of U3Si, in
Fig. 8(f) illustrates that the increment of fission rate can lead to
higher porosity. Compared with the experimentally measured
data,37! the predicted porosity of U3Si, is consistent with the

evolution trend, which is shown in Fig. 9.
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Fig. 9. Predicted porosity in U3Si, versus previous experimentally mea-
sured data.*”) LEU represents low enriched uranium, MEU represents
medium enriched uranium, HEU represents highly enriched uranium.

The bubble-containing microstructure can highly degrade
the thermal property since the heat transfer capability of gas
is much lower than that of solid matrix. To evaluate the effect
of Xe gas-filled bubble on the thermal conductivity, the steady
heat transfer according to the Fourier’s law is utilized. The

effective thermal conductivity is expressed as

eff J
T T/ (15

Here, J is the average heat flux per unit area, d7/dr is the

mean temperature gradient along the r direction. To numeri-

cally solve Eq. (15), the finite difference method is used. To
authors’ knowledge, the temperature-dependent thermal con-

ductivity of U3Si, is*”)

Kussi, = 3.605+1.568 x 1072T
—2.230x 10772 +1.655 x 1071973, (16)

The temperature-dependent thermal conductivity of Xe is[4"]
Kxe =6.49x 1074 +1.794 x 10T —2.343 x 107°T2. (17)

Therefore, the thermal conductivities of U3Sip, at 473 K,
673 K, and 873 K are 10.540 W/m-K, 13.198 W/m-K, and
15.704 W/m-K, respectively, and those of Xe at 473 K,
673 K, and 873 K are 0.00861 W/m-K, 0.01166 W/m-K, and
0.01452 W/m-K, respectively. From the comparison of ther-
mal conductivities, it is found that the thermal conductivity
of U3Sij is 3—4 orders of magnitude higher than that of Xe.
According to the existing thermal conductivity model,*!) the
variation rule of thermal conductivity can be described by the
empirical formula K = Ky(1 + P)%, where Ky is the thermal
conductivity of the matrix, P is the porosity, € is the fitting pa-
rameter. Accordingly, the expression of thermal conductivity

can be extended to

K= (3.605 +1.568 x 10727 —2.230 x 10T + 1.655 x 10"°T3) (1+P)"1%, (18)

Figure 10(a) shows the comparison between the simulated results and the fitting data. It confirms that the empirical model can

well describe the thermal conductivity evolution with changing porosity. From the predicted results, the thermal conductivity

decreases linearly with the increase of porosity, and the overall thermal conductivity increases with increasing temperature as

expected.

The thermal conductivity of UzSi, under different fission rates (e.g., 3.0 x 1020 m=3.571 5.0 x 102 m—3-s7!, and 7.0 x
1020 m=3.s71) can also be fitted by the empirical formula K = Ky(1 + P)¢, and the corresponding expression is shown in the

following format:

K= (3.605 +1.568 x 10727 —2.230 x 10772 +1.655 x 10’10T3)

x [140.165 (1 —exp(—0.0181 (¢ —269)'9))] % (19)
K= (3.605 +1.568 x 10727 —2.230 x 107672 +1.655 x 10—10T3)

x [140.107 (1 — exp(—0.101(t — 190)°93))] % (20)
K= (3.605 41,568 x 10727 —2.230 x 107572 +1.655 x 10—1°T3)

X [1 +0.194 (1 — exp(—0.102( — 136)0'5)>] o @1

To further consider the effect of fission rate on thermal conductivity, the formula can be derived into K = Ko(1+ P)(Af + B),

where A and B are fitting parameters and f is the fission rate. On a basis of the simulated thermal conductivity, the thermal

conductivity can be fitted as follows:

K= (3.605 +1.568 x 10727 —2.230 x 107°72 + 1.655 x 10’10T3) X (14+P) (~=7.12x 1072/ + 1.1). (22)
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Figure 10(b) presents our predicted effective thermal con-
ductivity of U3Si, using the classical Fourier’s law, compared
with the data calculated from Eq. (22). It shows that the re-
sults match well with each other from these two simulation
and modeling approaches, and the effective thermal conduc-
tivity as a function of fission rate decreases linearly since a
higher fission rate leads to more generation of gas bubble.

1 8 ~&—473 K (Simulation)
—8— 673 K (Simulation) - -
—A— 873 K (Simulation)
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Fig. 10. Thermal conductivity predictions of bubble-containing U3Si;, vary
with (a) porosity and (b) fission rate, and predicted thermal conductivity as
functions of (c) grain size and (d) porosity in polycrystalline U3Sij.

3.2.2. Intergranular bubble

GB is usually considered as the trapping position to va-
cancies, self-interstitial and gas atoms. Hence, the grain size
plays an important role in the evolution of bubble. In this
section, we investigated the interaction between GB and gas
bubble in UO, and U3Si, with three different grain sizes (i.e.,
10 pum, 25 pum, and 40 um). The evolutions of intergranu-
lar bubbles in UO, and U3Si; are shown in Figs. 11 and 12,
respectively.

t=181 days =157 days

187 days

t

t = 194 days

40 (um)

Fig. 11. Morphologies of intergranular bubble as a function of grain size in
UO, under different time points.

10 (pm) 25 (um)

A remarkable characteristic is captured that gas bubbles
preferentially form at the trigonal GBs regardless of fuel type.
This is because the incorporation energies of defects at the
trigonal GBs are much lower, where point defects tend to clus-
ter. On the other hand, bubbles formed on the straight GBs
tend to be elliptical shape, which is closely related to mini-
mize the interface energy between bubble surface and matrix.

157 days

181 days ¢

187 days ¢

194 days ¢

t

10 (um)

Fig. 12. Morphologies of intergranular bubble as a function of grain size in
Us3Siy under different time points.
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Fig. 13. Grain size effect on the fraction of intergranular bubbles in (a) UO,
and (b) U3 Si,.

Figure 13 shows the GBs covered by bubble as a func-
tion of time in UO, and Us3Si,, respectively, under different
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grain sizes. Relatively speaking, small grain size could in-
duce more bubbles to form on the GBs. The porosity in UO,
and U3Siy with the smaller grain size is higher than that with
the larger grain size, which is more obvious in the case of
UsSi, (Fig. 13(b)). The results of in-pile irradiation test also
demonstrate that the large-grained UO; fuel can improve the
irradiation swelling performance. (%’ The intergranular poros-
ity in the large-grained UO, is much lower than that in the
small-grained one.’! As aforementioned, GB is the trapping
location of point defects and gas atom. More GB proportions
mean more bubble formation on the GB. In addition, previ-
ously formed bubbles are preferred to trap point defects and
fission gas atoms to accelerate bubble growth or shrinkage. In
summary, UO, and U3Si, with the mean grain size of 10 um
show higher bubble coverage than the microstructures with the
grain sizes of 25 pm and 40 pm.

As is known, the thermal conductivity depends on the
morphology of microstructure. On a basis of the phase-field
simulated structure, we calculate the effective thermal conduc-
tivity of polycrystalline U3Siy. The effective thermal conduc-
tivity model and the thermal conductivities of the U3Si, matrix
and Xe bubble at 473 K, 673 K, and 873 K have been described
in Subsection 3.2.1. The thermal conductivity of GB is used as
5 W/m-K in this study, which is the same as the previous work
on polycrystalline UO, and U-Mo alloy.[*>#3] Millett ez al.[44]
presented a general formula for estimating the effective ther-
mal conductivity of polycrystals, and the specific expression
is as follows:

poly __ Ko 23
K = o (T a(Ba)) /o)’ @)

where Py, is the intergranular bubble occupancy, o and n are
the fitting parameters, d is the mean grain size, Gﬁ is the
Kalcha conductivity coefficient. If P, is equal to zero, the
values of B, G¥, and m are 0.0158, 156.76 MW/m?K, and
0.192, respectively, according to the fitted thermal conductivi-
ties related to different grain sizes. Consequently, the thermal
conductivity considering grain size effect is given as

poly _ Ko . Y
« 1+ [0.0158k0/(156.764)01%7] 24)

Figure 10 plots the effective thermal conductivity as func-
tions of (a) grain size and (b) porosity. In Fig. 10(a), the effec-
tive thermal conductivity increases rapidly if the grain size is
less than 10 pm; when the grain size exceeds 10 um, the ef-
fective thermal conductivity increases in a slow rate. Different
from grain size effect, the effective thermal conductivity varies
with increasing porosity in a decrement. As expected, more
gas bubbles are created in the microstructure with a smaller
grain size, leading to a lower effective thermal conductivity as
shown in Fig. 10(b). To quantitatively evaluate the porosity ef-
fect, the thermal conductivities of polycrystalline U3Si under

the grain sizes of 10 um, 25 wm, and 40 pm are described by
the following expressions:

K =10.066 —32.02p+ 157.15p> —424.28p>,  (25)
K =10.178 —41.1p+377.03p*> — 1508.68p>,  (26)
K =10.172—18.25p+52.16p*> —247.43p>.  (27)

4. Conclusions

In this study, ab initio calculations are carried out to as-
sess the stabilities of point defects and fission gas atom, and
the phase-field model are established to simulate gas bubble
evolution in both UO; and U;3Si,. The stabilities of vacancy,
interstitial atom and fission gas atom, the interaction between
vacancy and fission gas atom, the role of temperature, fission
rate, and grain size on the bubble evolution as well as the cor-
responding effective thermal conductivities of irradiated mi-
crostructures have systematically investigated. The main find-
ings can be summarized as follows:

(i) The formation energy of vacancy and the incorpora-
tion energy of Xe atom in UO; are higher than those in U3Si,,
and the vacancies can decrease the incorporation energy of Xe
atom in both UO; and U3Si,.

(i) Higher fission rate indicates that more point defects
are generated in the fuel, leading to more bubbles formation.
Hence, the porosity increases with the increment of fission
rate.

(iii) The porosities of UO; and UzSip with 40-pum grain
size are much lower than those in the smaller one, since the
diffusion distance of fission gas atom from the interior grain
to the GB increases in larger grain size.

(iv) The effective thermal conductivity strongly depends
on the grain size, which influence the size and density of inter-
granular bubble. Higher porosity in the irradiated microstruc-
ture with smaller grain size can obviously degrade the thermal
transfer capability.

Our comprehensive calculations enhance the understand-
ing on the intra- and inter-granular gas bubble evolutions in
UO; and UsSi,, which is critical for the prediction of gas
swelling of large-grained fuel pellet.
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