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Abstract

In the context of future low-carbon energy systems, nuclear energy plays a strategically important role in
ensuring energy security and achieving deep decarbonization. The reliability of nuclear fuel materials un-
der service conditions is a fundamental basis for the safe and efficient utilization of nuclear energy. In high-
temperature gas-cooled reactors, matrix graphite in fuel elements serves simultaneously as a moderator, struc-
tural material, and final barrier against the release of fission products into the primary circuit. Its oxidation
mechanism and associated fission product release behavior are therefore among the key scientific issues in
accident-condition safety assessment. In the event of an air ingress accident, the high-temperature oxidizing
atmosphere may increase the failure probability of TRISO-coated fuel particles, resulting in the release of
more fission products into the matrix graphite. Meanwhile, the matrix graphite itself undergoes oxidation,
during which retained fission products may not only affect graphite oxidation kinetics but also experience
chemical transformation and further release into the primary circuit. Therefore, investigating the oxidation
process and release behavior of fission-product-containing matrix graphite is of great significance for source
term evaluation and nuclear fuel safety analysis under reactor accident conditions.

In this study, stable cesium iodide was used as a simulated fission product and loaded into matrix graphite by
solution impregnation to represent the fission-product-containing matrix graphite environment in irradiated



fuel elements. Thermogravimetry-mass spectrometry-Fourier transform infrared spectroscopy, horizontal
tube furnace oxidation experiments, and first-principles calculations were combined to systematically inves-
tigate the effect of cesium iodide loading on the high-temperature oxidation behavior of matrix graphite, as
well as the release, transport, and retention characteristics of iodine and cesium during oxidation.

The TG-MS-FTIR results show that cesium iodide loading significantly reduces the activation energy at the
initial oxidation stage of matrix graphite and markedly promotes the oxidation reactions of graphite to carbon
dioxide and carbon monoxide. However, within the loading range investigated in this study, the variation
in cesium iodide loading has no significant influence on the activation energy. The horizontal tube furnace
oxidation experiments indicate that, at 600 °C, 700 °C, and 800 °C, most cesium and nearly all iodine are released
from cesium-iodide-loaded matrix graphite. Only a small fraction of cesium remains in the oxidation ash in the
form of carbonates or oxides, and the residual cesium further decreases with increasing oxidation temperature.
Among the released cesium, a minor fraction deposits near the sample end of the quartz tube together with
unburned graphite flakes, whereas the majority is released and transported in the form of cesium iodide
aerosols. Part of the iodine is oxidized into gaseous iodine and absorbed by alkaline solution, while most
iodine is also released and transported as cesium iodide aerosols.

First-principles calculations further reveal that cesium atoms exhibit lower adsorption energies than iodine
atoms on graphite surfaces, especially on defective graphite. This suggests that cesium iodide loaded in matrix
graphite may preferentially interact with defective graphite through cesium. Such interaction may enhance
the chemical activity of defective graphite and thereby promote graphite oxidation; it may also explain why
cesium is more likely than iodine to remain in the oxidation ash. These results reveal the influence mechanism
of simulated fission product cesium iodide on the oxidation kinetics of matrix graphite and the differential
release behavior of iodine and cesium, providing experimental evidence and theoretical support for graphite
oxidation analysis, fission product source term assessment, and nuclear fuel material safety evaluation under
air ingress accident conditions in high-temperature gas-cooled reactors.
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