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Fig. 1. Crystal structure and defect sites in U3Siy: (a) Monovacancy and four interstitial sites; (b) interstitial polyhedral; (¢) mono-

vacancy properties of (cl) defect formation energy, (c2) polyhedral representations (colored spheres denote vacancy sites; prisms in-

dicate interstitial volumes).
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Fig. 2. Xe dissolution in U;Siy: (a) Dissolution energy at interstitial sites and vacancy defects; (b) structural evolution at corres-
ponding 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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Fig. 3. Al doping in UsSiy: (a) Energetics and (b) effect of Al doped at Si, Ul, and U2 sites on monovacancy defects formation

energy in UjSi,.
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Fig. 4. Al doped UsSiy, Xe dissolution in Al-doped UjSiy: (a) Dissolution energy at interstitial sites and vacancy defects; (b) struc-
tural 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 Intl sites within the a-b plane.
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Fig. 5. Diffusion barriers for Xe in perfect and Al-doped U;Si, via interstitial and vacancy-mediated mechanisms: (a), (b) Intersti-

tial hopping; (c¢)—(h) vacancy-assisted migration.
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Fig. 6. Electron localization function (ELF): (a) Perfect U;3Siy; (b) UsSiy with a dissolved Xe atom; (¢) Al-doped U;Si,.
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Table 1. ICOHP values for atomic pairs in perfect and

Xe/Al-Doped U;Si,.

The value of ICOHP for the nearest atomic pair

Atomic Perfect
bonding  Uj3Si,

U1-u1r 050 -0.24 025 -049 -0.51 -0.61 -0.25

Xeyr Xeyy Xeg Aly  Alyy  Alg

U2-U2 -0.51 -0.32 -0.23 -0.32 -0.37 -0.25 -0.27
U1-u2 092 093 097 -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-u1 - -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 -071 -121 — — —
Al-U1 — — — — -0.57 047 -0.66
Al-U2 — — — — 045 -0.26 -0.67
Al-Si — — — — -113 -1.03 -1.18
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Abstract

UsSiy is 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 in UsSiy, 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 U3Si,. Among the interstitial configurations 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 Us3Siy,. 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 U3Siy. 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 UsSiy, and may therefore accelerate the subsequent evolution of fission-
gas behavior. This work clarifies the atomic-scale evolution characteristics of Xe in UsSiy and reveals the
potentially unfavorable effect of Al doping on the resistance of UsSi, to fission-gas-induced swelling. The present
results provide a theoretical basis for understanding fission-gas behavior in U;Siy-based fuels and for optimizing
their performance as accident-tolerant nuclear fuels.

Keywords: U;Si, fuel, first-principles calculation, Xe dissolution and diffusion, Al doping, fission gas behavior
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