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Oxide dispersion strengthened (ODS) ferritic steels is eligible for fuel pin cladding tubes to endure heavy displacement damages up to 250 dpa at high temperatures up to 973 K in commercialized sodium cooled fast breeder reactor (SFR) cores. Ferritic steel (bcc) is essential to prevent from void swelling, which emerges in austenitic steel (fcc) obviously over 100 dpa. Dispersion hardening is indispensable for higher temperatures than 923 K, where precipitation hardening in ferritic-martensitic steels loses its ability. For ODS steels, powder metallurgy process including mechanical alloying and hot consolidation produces highly stable and very fine oxide dispersoids in matrix, and provides excellent dispersion hardening.

Japan Atomic Energy Agency (JAEA) has been developing ODS steels since 1987. We focused mainly on 11 to 13 mass% Cr ODS (12Cr-ODS) steels in the former decade, and have gradually shifted to 9 masss% Cr ODS (9Cr-ODS) steels in the latter. In 1999, we manufactured dozens of cladding tubes for both 9Cr- and 12Cr-ODS steels which meet targeted creep rupture strength equal to 120 MPa for 10,000 hours at 973 K under internal pressure. It is noteworthy that the target strength is comparable with austenitic stainless steel such as the modified SUS316.

During the Feasibility Study on Commercialized Fast Reactor Cycle Systems from 1999 to 2005, we have selected 9Cr-ODS steel as the primary and 12Cr-ODS steel as the secondary. Chemical composition of the 9Cr-ODS steel is defied as Fe-0.13C-9Cr-2W-0.2Ti-0.35Y2O3 in mass%, and final heat treatment condition is normalizing at 1,323 K for 1 hour followed by tempering at 1,073 K for 1 hour with air cooling. Ti addition with Y2O3 enables to uniformly disperse a few to several nanometer size complex oxides and enhances dispersion hardening effect. Alloying tungsten up to 2 mass% offers solution hardening with little detrimental laves phase precipitations. As internal pressure in a fuel pin increases with burnup due to noble gas accumulation, cladding tubes should be stronger against hoop stress than axial stress. Cold-working process in tube manufacturing tends to result in anisotropic grain growth, and then grain boundary sliding easily occurs and contributes to deform under hoop stress in low strain rate regime. However, alpha to gamma phase transformation for 9Cr-ODS and recrystallization for 12Cr-ODS steels can modify grain morphology and improve creep rupture strength. In addition, appropriately combining intermediate or final heat treatment temperatures with cooling rates can either soften or harden matrix in the cold-rolling process.


The tubes have been extensively tested for mechanical properties in air and stagnant sodium environments to establish the Material Strength Standard (MSS) for fuel pin mechanical design. Also, hundreds of specimens have been irradiation-tested in the experimental fast reactor JOYO to investigate irradiation effect on dimensional and mechanical properties. In-pile creep rupture tests using pressurized tube specimens have been also carried out by the Material Testing Rig with Temperature Control (MARICO) in the JOYO. Post-irradiation examinations for tensile specimens after exposure up to 15 dpa revealed that, for both 9Cr- and 12Cr-ODS steels, no irradiation effect on uniform elongation is observed and that there are slight increases in proof and ultimate tensile strengths.

Both 9Cr- and 12Cr-ODS steel tubes with vibro-packed mixed oxide (MOX) fuel particles were assembled into fuel pins, and have been irradiated since 2003 under a collaborative program between JAEA and Research Institute of Atomic Reactors in the BOR-60 in Russia; peak dose is targeted at 75 dpa and maximum temperature at 973 K. Pressurized resistance welding technology has been applied to join the tubes and end plugs. We will irradiate six fuel pins, which are clad with the 9Cr-ODS steel and loaded with annular MOX fuel pellets, in the JOYO from 2008; target dose is 210 dpa with peak burnup: 180 GWd/t by 2015.

In the Fast reactor Cycle Technology development (FaCT) project, we concentrate on the 9Cr-ODS steel, develop large scale tube manufacturing technology for mass production, and prove the MSS by a series of irradiation tests.
