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Figure 1 (Color online) Gas atom equilibrium concentration in the

gas bubble versus (a) temperature, (b) gas bubble radius.
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Table 1 Values of the parameters used in the simulation
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Figure 2 (Color online) Vacancy concentration (a) and gas atom
concentration (b) at three times. (c) Bubble radius versus time.

0.6 4 KF0.6, T EAEIEET 2 SR
U AR 7 B e ) 271 2 Bk A 38 K

K3 AL Xe SRR P LR T S EnfE0 s
PL R 40 sif (Fe R R, AR AE AR K B i R FIR AN
A7, G ARSI T BRI 723 6 R X e SR
Ja KR, JE B X e SR 7 FE AN W o,
TE4 140 s) BHAFIUR H10.4438 1 B KAH0.482.

BB R T4, B R S A X e SR TR

HIEHE R, P

114607-4



TS, HEFREE: Y D)% ORI 2019 4E 49 2B 11 M

B 3 (MZEWMEENTAKRE. XeIEKETIRE., FE&&
7E0 sFI40 sHIREER . (a) 0 sHIAS LR ; (b) 40 sHZS u/%sz—“z,
(c) 0 siIXe A JE FIRIE; (d) 40 sHIXe AR TIRE; (e) 0's
WFZ5E; () 40 sH/F 5=

Figure 3 (Color online) Contours of c,, ¢,, # at 0 and 40s,
respectively. (a) ¢, at 0s; (b) ¢, at 40's; (¢) ¢, at 0's; (d) ¢, at 40s;
(e)nat0s; (f) n at 40s.

TR BB M2.0x 105 RT1.0x107°, f R0 B AN/ 1 4]
IR, AR # R A K L.

ME 4@ b)Y AT CUE H, 2SR Xe SR 7k
B NI FEAE 1) At ek, I HAE S 5 U0, 2R St
R EIE AR, X5 A ID SRR R E5 R —E
TELIL40 sha, SRR EIEALREEAAR, 1MiXe
SARJE T IREE MBTEE0.44F%520.4, F A Xe M5
TN A ERE. E4c)gh i 7RI EARBER [A] 451k
HIE%s, fERI62 sH, SR E, X2t THI146E %
R (UO, R i 2L M X e S AR R T IR FE A
1.034x 10~ YK IE h Xe AR J5 TR B 5L & T U O, e 44
PRIk EEARAR, M X SRR TR ISR, —

t=0s
t=20s A
t=40s 1

1@

1
A\}

=

2.0x10°°3 E
S 1.5x10°+ .
1.0x10°4 .
5.0x10°% 4 .
0.0 i

0

X (><O 5 nm)

0.44-'(b)

0.42
0.404
0.38

_1.0x10]
(8]

t=0s |
t=20s
t=40s 1

5.0x10° 4

0.0

0 10 20 30 40 50 60
X (x0.5 nm)

T T T T T T T T T

0.2644 ,(©) 4

0.262 4 4

=00 0=0

0.260 4
0.2415¢ 3

0.2414 E

o
[N}
N
=
w
1
1

Bubble rad|us(nm)

02411 T T T T T T T T T
0 5 10 15 20 25 30 35 40
Time (s)
Bl 4 (M2 )RR AR TE R A7 (a) BLA R TR T (b)
WERAZAIE R, (o) L ARRaN (8 A2 % &R
Figure 4 (Color online) Vacancy concentration (a) and gas atom
concentration (b) at three times. (¢) Bubble radius versus time.

IS 10 J B A T AL s S A X e UM B T3 Bl <

FEDFREN T, SRR R E R E K.
Hi biks %Tukﬂg@%«mﬁ%ﬁﬁ%ﬁi

BRI A KA R, R AL SRR
AT — DR E AL R AR R S K
ﬁ$%w%.@ﬁ%ﬂ?@§fﬁ%Km#Tw@f
40 s HIF 38 AR K 2 5 i SR AR BE ) 08 &R

ﬁ&m%%ﬁ?%ﬁ&%ﬁ*ﬁ%%%w%.ﬂ¢ﬁ
FRRBIGE R, LRI UL RTINS, "TeUE

114607-5



EW WS, hEER: P J)5E R

2019 4 49 % 11 4

0.025 - T T T T T T T T T T

= Simulation results

0.020 4 Fitting line

0.015

0.0104

GR (nm/s)

< 0.005 4

Growth rate (hnm/s)

0.25q /]

0.20 4

0.15

0.104

0.05 4

0.000

E'i 1'0 1'2 1'4 1'6 1'8 2'0

Cw (x10°)

Bl 5 (MR FHERKE SR SR ERR.
10 R X e AR S TR ¥ B 9 LR L H950%.

Figure S (Color online) Average gas bubble growth rate (AGR)

versus vacancy concentration at the boundaries. Xe concentration at the
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Xe gas bubbles evolution in UQ, fuels—A phase field simulation

WANG YaFeng'?, XIAO ZhiHua'” & SHI SanQiang'”"

' The Hong Kong Polytechnic University Shenzhen Research Institute, Shenzhen 518000, China;
: Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hong Kong 999077, China

Owing to the large formation energy of vacancies and inert gas atoms (Xe and Kr) in nuclear fuel (UO,), the
thermodynamic equilibrium concentrations of these species are extremely low in the UO, matrix, which makes it
extremely difficult to conduct quantitative study of gas bubbles evolution by phase-field method (PFM). In this study, a
more physics based quantitative phase-field model has been proposed. The free energy density of the system was derived
according to the principles of thermodynamics and KKS model, the UO, tri-vacancy, Xe gas atoms and gas bubbles were
considered in the system. This model enables one to study the gas bubble growth with extremely low concentrations of
vacancy and Xe gas atom in the UO, matrix. The influence of temperature, vacancy and Xe gas atom generation rates on
single and multi-gas bubbles evolution were studied. At high temperature and with high generation rates of vacancies and
Xe gas atoms, the gas bubbles had higher growth rate. In addition, the effect of temperature gradient on gas bubble
migration was also studied by adding a temperature gradient term in the Cahn-Hillard equations. The gas bubble
preferred to migrate to high temperature area. Their shape changed from initial circular shape to a prolate shape along the
direction of temperature gradient, which is consistent with the experimental results. The simulation results confirmed the
formation of center cavity in the nuclear fuel pellet. The simulation results are consistent with the classical rate theory
and experimental observations.

nuclear fuel, gas bubble evolution, quantitative phase field, temperature gradient
PACS: 61.80.Az, 21.60.-n, 21.65.+f, 61.72.Ji, 31.15.Fx
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