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Fig 1. Crystal structure and defect sites in U3Si»: (a) Monovacancy and four interstitial sites, (b)
interstitial polyhedral, (c) Monovacancy properties: (c1) Defect formation energy, (c2) polyhedral

representations (colored spheres denote vacancy sites; prisms indicate interstitial volumes).
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Fig 2. Xe dissolution in U3Siz: (a) Dissolution energy at interstitial sites and vacancy defects, (b)
Structural evolution at corresponding defects, (c) the energies and configurations for the binding
of two Xe at two adjacent Intl sites along the ¢ direction, (d) the energies and configurations for

the binding of two Xe at two adjacent Intl sites within the a-b plane.
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Fig 3. Al doping in U3Siz: (a) Energetics and (b) Effect of Al doped at Si, U1, and U2 sites on

monovacancy defects formation energy in UsSi».
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g5 AT RE AR, (d) IS Xe JRTLE a-b ~FIERINPIANAHAR Intl 7 B R L4856 P ie
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Fig 4. Al doped UsSi,, Xe dissolution in Al-doped U3Siz: (a) Dissolution energy at interstitial sites
and vacancy defects, (b) Structural evolution at corresponding defects, (c) the energies and

configurations for the binding of two Xe at two adjacent Intl sites along the c direction, (d) the
energies and configurations for the binding of two Xe at two adjacent Int1 sites within the a-b

plane.
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Intl A7 8%, PIHARSCIREUAH AR Int] A7 23 2 18] R BROE VR AR R B B 42 (—
AR ¢ JTFIBRER, —ANRAE a-b P W AIBEIR) . X TS A0 B 8, Mg
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B[R T Xe WITRRIERE. HIKFER, AlBRE DR T R L, 3
W FC AT BE I 9 Xe 7 Jry sk P It U RBOE B REIR IR, ¥ R EU
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Xey; Saddle point  Xe,, Xeg; Saddle point Xe, Xeg; Saddle point Xey, Xeg; Saddle point Xeg;

Reaction coordinate (A)

5. Xe 383 18] B A B RN 2 A A BIALAIAE 5258 UsSia M1 ALBIR 1K UsSio W HLRE 22 :
(a, b) [AIBEAL RUBRER Y HURE 2R, (c-h) A AL 4T Al RE 22
Fig 5. Diffusion barriers for Xe in perfect and Al-doped UsSiz via interstitial and vacancy-

mediated mechanisms: (a, b) interstitial hopping; (c—h) vacancy-assisted migration.

3.4 BTFHRESH

NF7R Xe VR I Al B0 UsSip [ 745/ K2 md, JATHAT T 75
k% (ELF)7#T. 78 UsSix WEE (B 6 (a)),  Si-Si BERILH 1 2L HF1F
(ELF>0.7), 1 U1-Si #8023 &7, B Mmn Sili+. MKk, U2-U2 8

] ELF {[E8E BB 21040 (< 0.3), kitH &, £ UsSih, B8 8
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I

Xe WfEIGH ELF 204 (B 6 (b)) Bon, Xe JETS5FR Si 72 8 HILE
EI T R X, B B AR ERR A B s T Xe 55 U R IRI G
BT EE, RYHATENRIE. X5 Xe EHE AL B e /) 53
PRAE T — 80 AR T HAE 2 ALk T IR e 3R AT

20, 4 ALRTHBRFEAEEN (& 6(c), TLIREUR Siv Ul 5L U2
fres, 3978 Al 5483 Si JiFRJE R R YEEIY ELF X3 (0.4-0.7), RALELE
HAH LN LR AL-Si 5. 1ZBE 008 T R 00, $946 T 4RIE U-Si A

U-U ##, 4 Xe Ji 7RI MRGEOE 7 AR S MAL 230 85

]
2N O Alatom
! @ Xeatom

Bl 6. T RIBRE: (a) 5835 UsSin, (b) Al 35785, (c) Xe i TR )G
Fig 6. Electron Localization Function (ELF) of: (a) perfect UsSiz, (b) UsSi, with a dissolved Xe

atom, and (c) Al-doped Us;Si,.
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ICOHP /3 M FHuk Xe 5 Al 76 UsSio SRBE T A S I e o i 25 52 13,
XF Xe ], HAE UL 240 (Xew) 5 Si ) ICOHP {E°4-0.74, HERmTE U
JR TR EAER (Xe-Ul: -0.55, Xe-U2: -0.66), £ Xe 55 Si A b
ER, (S HARRIBMRAE S Si X Ul 2847, 5 ELF 458 8. A1, Xe-Sif#
SREE (-0.74) V1EEIH T ALSi G (-1.13), 454 Xe B RHIR TR, 5 H AL
RAVERE, SRR EA RARET .

Al 54 UL 2460 (Alw) B, 5 Si &R ICOHP {H8-1.13, 358
T5 U R FRIMEAEN (AUL:-0.57, Al-U2: -0.45), £ ALLES Si EE3Er
B XML AT AR AL BN TAREAE Vo SREGT, B Vo JE BRI T
ZIE4E SiJ5i T, A Al Be8TEBCE 78 70 1) AL-Si BB HH ELAE . AHEE Vo, RE
Vo KA R, HEIECAPAEELL U JR7 83, M AU M EAERESS, BT
JOLFR) A AR RE B o X Ul W R TS FH AR RE R AL 15 28 007 RO B G B RT 3R

FEERE, AlBEANGI NG AL-Si @, BT 7 RHSEA M. 1Al
Wiy, si-Si g Si-U1 | [COHP| s /h: % 1 1.52 F4% 146, J5#H
0.71 P2 0.66. IXFRH Al 5| NEISS T R & om e, JHEmE R m 45k
FEARA o 5 BEATT R, e A L 1 s A T 49 3 — SRR 2 . R, Xe JB

TAEXS NLGRRE AL S T BE PR, BN BER AR Xe TR 5 X Le A7 mifiak .
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1. AR UsSih Ml Xe/Al J&FAAAER 1 UsSia R4 57 %) 1 ICOHP {8

Table 1. ICOHP values for atomic pairs in perfect and Xe/Al-Doped UsSiz

The value of ICOHP for the nearest atomic pair

Atomic Perfect
bonding UsSia Xeul Xeu2 Xesi Alul Al Alsi
U1-Ul -0.50 -0.24 -0.25 -0.49 -0.51 -0.61 -0.25
U2-U2 -0.51 -0.32 -0.23 -0.32 -0.37 -0.25 -0.27
Ul-U2 -0.92 -0.93 -0.97 -0.78 -0.82 -1.1 -0.63
Si-Si -1.52 -1.62 -1.37 -1.44 -1.56 -1.32 -1.51
Si-Ul -0.71 -0.74 -0.76 -0.74 -0.71 -0.68 -0.67
Si-U2 -0.73 -0.84 -0.93 -0.98 -0.92 -0.85 -0.88
Xe-Ul - -0.55 -0.65 -1.00
Xe-U2 - -0.66 -0.62 -1.01
Xe-Si - -0.74 -0.71 -1.21
Al-Ul - - - - -0.57 -0.47 -0.66
Al-U2 - - - - -0.45 -0.26 -0.67
Al-Si - - - - -1.13 -1.03 -1.18
4. &g

AR T MR, REMA T UsSia ' Xe IIVEME. BUBISH 8L
TR, FEMTT ALBAST Xe AT AR . S5 RWT, Xe (VARS8 TR
SPGB AR R . SRR A B, Xe SRR TAEARIE KRR UL 5L U2
B AE R AR TR T AT A, FETRIBRAL AR, Xe—Xe S X045 4 B N M,
WA Xe JE-FICVETE R BEAL ST BOUE 7 H7% . B RARE, Xe 7E UsSia 111
PHCR I R % 10 . AT AR 22 1 PR EL (3.62 K 5.8eV), A4
B BCR A EARKIY B 42 (0.33eV), LA A BINLA] 3T Xe ££ UsSix 1Y
I HATA

Al B0, ALFE UsSir PRIV AR bR, X FESH 5406 Si 1
TSN AT . D, AL B 2 LIS R0 Xe 478, — 5T,

Al BRI T Xe JRTER LG IEAL SRR RE, KRBT Al REWS(LHE Xe JRTHJ
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B 07, Al FISIE Xe-Xe JE X M4 G R UE AN IEE, B
AHRT Xe J&FAERBRAL SRR T BI%. thoh, RE Al B IF R Xe LA
LA B WO LA D9 32 A9 ORI, (B AT B35 BRI R A B T 9 s 22, AT
1G58 Xe WP HLAE /7. DAL, Al4B2% AT REfe it Xe 18 R85 rh (0 B 9 1S A
A, FFEE— DR R A SR N R BT Y

ARTAENE T REF B T UsSiz 1 Xe HISSBAT NHRHE, IR T AL B4
Xe Wi 5IEREIIFEMANLA . AR SCEEE SLEIGR AT AL 828 10 UsSix 7R T/
BB SIAT VL 5 e SR AT SR A RO AR
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Abstract

UsSis 1s regarded as a highly promising accident-tolerant fuel because of its high

uranium density, high thermal conductivity, and favorable thermophysical properties.

Under irradiation, however, the accumulation, migration, and aggregation of fission-

gas atoms, particularly Xe., can induce bubble formation, fuel swelling, and

performance degradation. In this work, first-principles calculations based on density

functional theory with the Hubbard correction (DFT+U) were performed to

systematically investigate the dissolution, cluster formation, and diffusion behaviors of

Xe 1n U3Siy, as well as the effect of local Al doping on these processes. The results show

that Xe has large positive dissolution energies at interstitial sites, indicating an

extremely low interstitial solubility in UsSi». Among the interstitial configurations
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considered, only the Intl site can stably accommodate a Xe atom, whereas Xe atoms at

the other interstitial sites are unstable after structural relaxation. In contrast, Xe is more

favorably incorporated into vacancy defects because of the larger local free volume

provided by vacancies. The calculated binding energies of Xe—Xe pairs at neighboring

interstitial sites are negative, indicating that Xe does not spontaneously form stable

diatomic clusters through an interstitial clustering mechanism in U3zSi>. Migration-

barrier calculations further reveal a clear mechanistic difference in Xe diffusion.

Interstitial diffusion involves relatively high migration barriers and pronounced

anisotropy, whereas vacancy-assisted diffusion exhibits much lower barriers, indicating

that vacancy-assisted migration is the dominant diffusion mechanism for Xe in U3Sis.

The introduction of Al further modifies the local behavior of Xe. Al doping lowers the

dissolution energy of Xe at both interstitial and vacancy-related sites, reduces the local

lattice distortion induced by Xe incorporation, and changes the Xe—Xe interaction at

neighboring interstitial sites from repulsive to attractive. In addition, Al doping

significantly decreases the migration barriers of representative interstitial and vacancy-

assisted diffusion pathways, although it does not change the dominant role of the

vacancy-assisted diffusion mechanism. These results indicate that local Al doping can

promote the dissolution, cluster formation, and diffusion of Xe in UsSi», and may

therefore accelerate the subsequent evolution of fission-gas behavior. This work

clarifies the atomic-scale evolution characteristics of Xe in UsSi» and reveals the

potentially unfavorable effect of Al doping on the resistance of U3sSi» to fission-gas-

induced swelling. The present results provide a theoretical basis for understanding
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fission-gas behavior in UsSir-based fuels and for optimizing their performance as

accident-tolerant nuclear fuels.

Key words: UsSi> fuel, first-principles calculation, Xe dissolution and diffusion, Al

doping, fission gas behavior
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