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Fig. 1. Structure models of calculation systems: (a) UOg2 sigle-cell; (b) Zr-UOg2 supercell(2 x 2 x 2). The

blue, red and green balls denote U, O and doping atom Zr.
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Table 1. Formation energies of point defects in UOg2
while Uggr = 3.0 eV (eV).

Our calculation Ref. [14]

U-rich O-rich U-rich O-rich

Io 3.03 —2.35 3.05 —2.44
Vo —0.59 4.78 —0.43 5.06

Iy 4.16 14.91 2.50 13.48
Vu 4.31 —6.44 4.48 —6.50

%2 UOg M Zr-UOg 7 Lk A I BLBE, AEy R
Zr BIR G SRIETE R AR L B (eV)

Table 2. Formation energies of vacancy defects in
UOg2 and Zr-UOg, AFEyf represents the formation en-
ergy variation after the Zr doping (eV).

U0, Zr-UO2
AF¢
U-rich O-rich U-rich O-rich

Vo — 0.76 4.77 —0.23 5.30 0.53
Vu 4.56 — 6.51 5.09 — 598 0.53
Vu, 11.66 — 1048 11.94 —10.20 0.28
Vvo 3.77 - 1.77 4.66 —0.88 0.89
Vu,0 9.47 - 7.14 9.97 —6.64 0.50
Vo, 3.49 3.49 3.71 3.71 0.22
VU,04 8.69 —2.39 8.70 — 238 0.01
Vg0 15.81 — 11.87  16.05 —11.63 0.24
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Table 3. Binding energies of Xe adsorption, AFE},

represents the binding energy variation after Zr dop-

ing (eV).

U0, Zr-UO2 AE,
Vo 9.02 8.94 — 0.08
Vu 5.43 4.77 — 0.66
Vu, 4.41 4.29 —0.12
Voo 2.82 2.15 —0.67
Vi,0 2.10 177 ~0.33
Vo, 2.00 1.72 028

Vir,0, 1.34 1.67 0.33

V0 0.53 1.18 0.65
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Fig. 2. Relationship between binding energies of Xe adsorption and pore radius of vacancy defects, AR represents

the void radius variation of each vacancy defect after Xe adsorption: (a) UO2; (b) Zr-UOa.

MR, [FR, ZrB 4G, BT Xeft Vy Ml
Vo, T HIE MRS BN 2 A6, 7 At BB
HAE — E ARG 0. A s A BB AN Xe W BT
456 REAR LR AT N, S AL BRI 1) JE B Re AR
i 5K, 1M Vu,0, M Vo SREEAS 5 HITE BRE AL
B EIRIUN, (H TR IR Xe W Bt 1R 25 4 e A2 3G
(1), 4453 Xe VA fEREIGIN. X YiB] Zr (45878 %
T S 4 DR 7 A B o 1) T s M R T AN AR BN T
Xe £ UO, IV R HE

£4 UO2 M Zr-UOs H Xe [N REE, AEs XK Zr B2&)5

Xe MV RREMZ LA (eV)

Table 4. Solution energies of Xe in UOg and Zr-UOg,

AFEs represents the solution energy variation of Xe after
Zr doping (eV).

U0y Zr-UO2
AFs
U-rich O-rich U-rich O-rich

Vo 8.26 13.79 8.71 14.24 0.45
Vu 9.99 — 1.08 9.86 —1.21 —0.13

VU2 16.07 — 6.07 16.23 — 591 0.16

Vuo 6.59 1.05 6.81 1.27 0.22

Vu,0 11.57 — 5.04 11.74 — 5.09 0.17
Vo, 5.49 5.49 5.43 5.43 — 0.06

Vu,0, 10.03 - 1.05 10.37 —0.71 0.34

VU3O 16.34 — 11.34 17.23 — 10.45 0.89
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Abstract

As a major fuel of the light-water reactors, UO2 has excellent properties such as high melting point, good radiation
resistance, corrosion resistance, compatibility with cladding materials, and strong ability to tolerate fission gas. The Zr
atoms are inevitably introduced into UOx2 lattice during the operation of a nuclear reactor, which can affect the solubility
of Xe in the UO2. In this paper, we calculate the formation energy of vacancy defect and the binding energy of Xe in
vacancy of Zr doped UOa;.

The calculations presented here are based on density functional first-principle and projector augmented-wave
method. A plane-wave basis set with a cutoff energy of 400 eV is used. The generalized gradient approximation re-
fined by Perdew, Burke and Ernxerhof is employed for determining the exchange and correlation energy. Hubbard U
term is used for considering the f-electron localization. Brillouin zone is set to be within 5 x 5 x 5 k point mesh generated
by the Monkhorst-Pack scheme. The self-consistent convergence of total energy is 1 x 10™* eV /atom. The calculations
are performed in a 2 x 2 x 2 supercell.

In order to verify the calculating process, the formation energies of U and O point defects are compared with those
in the literature. Then the influence of Zr doping in the UO2 on the solubility of Xe in the UOz is studied. The results
show that the ability to form the vacancy defects is different in the U-rich and O-rich environment of UO2. The vacancy
defects in UO2 are more likely to form in O-rich UOz. The Zr doping will lead to the increasing of the formation energies
of defects in both cases.

The Zr doping will also change the binding energy of Xe in void. For all the systems studied, only the binding
energy of Xe adsorbed to the void consisting of four point defects increases, while the rest decrease. The solution energy,
equaling the sum of the binding energy of Xe and the vacancy formation energy, will increase after doping Zr, because
the decrement in binding energy is generally less than the increment in vacancy formation energy.

In summary, the presence of Zr will weaken the solubility of Xe in UO2, which is mainly due to the hindering of
vacancy defects from forming. This result has a certain value in studying the dissolution of fission product Xe after a

small amount of Zr has entered into the UO5 fuel in nuclear reactor.
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