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Abstract

Tritium, as a critical radionuclide in nuclear systems, plays a pivotal role in reactor radiation safety and the
advancement of advanced nuclear technologies. Focusing on the migration characteristics and safety chal-
lenges of tritium in High-Temperature Gas-cooled Reactors (HTGRs), this study systematically investigates
the diffusion mechanisms of tritium in silicon carbide (SiC), nuclear-grade graphite, and alloy materials, along
with strategies for permeation suppression. Key findings include: 1) The strong retention effect of tritium at
SiC surface regions significantly reduces its effective diffusion coefficient, and a composite-layer diffusion
model successfully reconciles theoretical and experimental discrepancies; 2) Thermal desorption experiments
combined with Density Functional Theory (DFT) calculations reveal that four characteristic tritium desorption
peaks in nuclear-grade graphite correspond to desorption from basal planes, amorphous surfaces, armchair
edges, and zigzag boundaries, elucidating the microscopic origin of tritium enrichment at irradiated graphite
edges; 3) Analysis of hydrogen isotope (H/D/T) diffusion in Fe, Cr, and W validates the inverse square root
relationship between diffusion coefficients and isotopic mass under high temperatures (>800 K), and estab-
lishes a component volume fraction-based prediction model for tritium diffusion in multicomponent alloys
(e.g., 2.25Cr1Mo steel); 4) By integrating operational data from the HTR-PM demonstration project, the in-
hibitory effect of oxide films on tritium permeation is demonstrated, with proposed engineering strategies
to reduce permeation rates through surface chemistry optimization and elemental doping. These findings
provide theoretical foundations and material design guidelines for refining tritium source-term models, en-
hancing radiation safety, and advancing nuclear hydrogen production technologies in HTGRs.
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