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Abstract

T91 ferritic/martensitic steel is regarded as one of the most important candidate structural materials for lead-
cooled fast reactors because of its good high-temperature strength, thermal conductivity, and resistance to
irradiation swelling. Under actual service conditions, however, T91 is subjected not only to continuous cor-
rosion in flowing lead-bismuth eutectic (LBE), but also to irradiation-induced displacement damage and gas-
related defects. Therefore, its long-term performance should be understood from the combined effects of
irradiation damage, oxide-scale evolution, and dynamic corrosion instability rather than from corrosion or
irradiation alone.

In this work, the dynamic corrosion behavior of T91 in oxygen-saturated flowing LBE and the microstruc-
tural evolution induced by sequential helium implantation and Fe self-ion irradiation were jointly considered
in order to establish an integrated understanding of T91 degradation under lead-cooled fast reactor-relevant
conditions. Under dynamic LBE corrosion at 500 °C, saturated oxygen concentration, and 3 m/s, T91 exhib-
ited a typical layered oxidation structure. After 1000 h, a rough and non-uniform corrosion layer had already
formed on the surface, with a total thickness of about 14-19 pm. After 2000 h, the corrosion layer thick-
ened to about 21-30 pum, while the surface background became relatively finer and more uniform. At 3000



h, the total thickness remained in the range of about 24-30 pm, indicating that the net thickening rate had
markedly decreased. Nevertheless, three-dimensional surface topography revealed a pronounced increase in
height fluctuation and directional instability at the late stage. Combined cross-sectional EDS and XRD anal-
yses showed that the corrosion scale consisted of an Fe-rich outer oxide and a Cr-enriched inner oxide, and
that the dominant surface phases belonged to the magnetite/spinel family. These results indicate that the
late-stage corrosion behavior of T91 in flowing oxygen-saturated LBE is no longer governed by simple oxide
thickening, but rather by a competition between oxide growth and outer-layer degradation, exfoliation, and
regeneration.

To characterize the irradiation-induced near-surface defect state, T91 was pre-implanted with 2000 or 6000
appm He at 450 °C, followed by 3.25 MeV Fe self-ion irradiation. The results showed that helium pre-implantation
significantly altered the subsequent defect evolution. When the He content increased from 2000 to 6000 appm,
the average bubble diameter decreased from about 3.42 nm to about 2.91 nm, whereas the bubble number den-
sity increased from about 0.71 x 1023 m-3 to about 2.42 x 1023 m-3, i.e., by a factor of about 3.4. Meanwhile,
the dislocation-loop density increased by nearly one order of magnitude compared with the Fe-only condition,
and abundant bubble-loop complexes were formed in the high-He sample. Nanoindentation measurements
further revealed a non-monotonic hardening response. In the 100-200 nm depth range, the normalized hard-
ness increments for the Fe-only, Fe + 2000 appm He, and Fe + 6000 appm He conditions were about 207.2%,
187.9%, and 263.8%, respectively, meaning that the 2000 appm He sample was slightly softer than the Fe-only
sample, whereas the 6000 appm He sample exhibited the strongest hardening. This behavior suggests that,
at a moderate helium level, He-V clusters and sparse bubbles mainly act as vacancy traps and mitigate loop-
controlled hardening, whereas at a high helium level, dense nanoscale bubbles and bubble-loop complexes
become the dominant obstacle field and significantly enhance irradiation hardening.

Taken together, the present results suggest that the service degradation of T91 under lead-cooled fast reactor-
relevant conditions should be interpreted through the coupling of two interconnected processes. Dynamic
high-oxygen LBE determines the formation, stratification, and late-stage instability of the protective oxide
scale, while irradiation-induced bubbles, dislocation loops, and their coupled complexes modify the near-
surface defect structure, diffusion pathways, and local mechanical response, thereby potentially affecting
oxide nucleation, growth, and scale stability. Although the current irradiation experiments follow a helium
pre-implantation plus Fe self-ion irradiation route, the observed defect evolution and hardening behavior pro-
vide important implications for understanding the irradiation-corrosion coupling of T91 in lead-cooled fast
reactor systems and provide a basis for future work on pre-irradiation-assisted short-term dynamic corrosion
experiments.
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