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Abstract

The fast growing energy demand driven by the increasing world population and the development of China and India, together with recognized assets of nuclear energy in terms of energy security and limitation of greenhouse gas emission have led since 2000 to acknowledge the role that nuclear energy ought to play among other energy sources to satisfy future energy needs of mankind. Generation III light water reactors (LWRs), which materialize optimized versions of current nuclear generating facilities, are anticipated to develop actively in both above large populated countries as well as to replace or augment existing nuclear power plants in already equipped countries. Beyond the commercialization of best available light water reactor technologies, it is essential to start now developing breakthrough technologies that will be needed to prepare the longer term future for nuclear power to represent a significant share of energy production in the 2nd half of the 21st century and beyond:
· Fast neutron reactors with a closed fuel cycle which afford making an efficient use of uranium resource (more than 80% instead of 1% at most by light water reactors which essentially consume 235U) and minimizing long-lived radioactive waste, thus making nuclear energy more sustainable, and

· High temperature reactors that may drive more efficient processes to generate other energy products than electricity such as hydrogen, synthetic hydrocarbon fuels from coal or biomass, or process heat for the industry, thus contributing to enlarge the range of applications of nuclear energy.

Several initiatives today such as the Generation IV International Forum and the IAEA International Project on Innovative Nuclear Reactor (INPRO) aim today at revisiting the technologies that led to early prototypes of reactors of both above types, and to search for innovations that could make them progress significantly in competitiveness, safety and operability so as to prepare the  development of attractive commercial nuclear systems. Fast reactors are expected to be needed around 2040 if, as anticipated today, the installed capacity of LWRs reaches 1300-1500 GWe by 2050, and uranium prices escalate because most of the estimated resource below 130 $/kg (i.e. ~15 Mtonnes) is preempted by fueling needs of these reactors over a 60-year lifetime. Moreover, if their technical maturity and competitiveness arise earlier, fast neutron reactors could support the industrial implementation around 2030 of the Global Nuclear Energy Partnership’s strategy that is proposed by the US-DOE to safely develop nuclear power worldwide with an adequate control of proliferation risks. This strategy is based on a practice of nuclear fuel leasing and take-back services assured by “fuel-cycle states” that would operate such fast neutron reactors to recycle nuclear materials recovered from retrieved LWR spent fuel. For either of both above applications, fast neutron reactors are being revisited along basically three tracks: innovative sodium cooled fast reactors (SFRs) that are likely to lead to prototypes around 2020-25 and be ready for industrial deployment by 2040 or earlier, and alternative technologies, gas or lead-alloy cooled fast reactors (GFRs and LFRs), that call for experimental technology demonstrators around 2020 prior to considering prototypes around 2030-35, and industrial deployment after 2050. Besides, high temperature reactor (V/HTR) energy products might become marketable as early as 2025, especially to oil and refinery companies that need high temperature process heat and hydrogen already today and possibly synthetic hydrocarbon fuels from coal or biomass to complement fuels from fossil origin.
Key technologies for such Generation IV nuclear systems encompass high temperature structural materials, fast neutron resistant fuels and core materials, advanced fuel recycle processes with co-management of actinides, possibly including minor actinides, and specific reactor and power conversion technologies (intermediate heat-exchanger, turbo-machinery, high temperature electrolytic or thermo-chemical water splitting processes…).
The paper will give a brief overview of various materials that are key for above nuclear systems’ feasibility and performance:

· Ferritic/Martensitic steels (9-12% Cr) are promising candidate materials for sodium cooled reactors with a high temperature (<600°C) and compact primary system, as well as for the pressure vessel of high temperature gas-cooled reactors
· Nickel based alloys (Haynes 230, Inconel 617…) are promising candidate materials for high temperature gas-cooled primary system’s components such as the intermediate heat exchanger, and oxide dispersion strengthened grades are considered to match requirements for higher temperature service conditions (intermediate heat exchanger, gas turbine blades…)

· Oxide dispersion strengthened ferritic / martensitic steels are promising candidates as cladding materials for high burn-up fast neutron reactor fuels

· Ceramic materials are needed for very high temperature components (> 1000°C) such as heat exchangers and thermal insulations in the primary system, as well as core components such as control rod sheath (V/HTR and GFR) and fuel constituents (GFR), with a major effort of research being invested in developing less brittle ceramics forms such as composite ceramics, nano-structured plastic ceramics… SiC, that has been extensively investigated for Fusion applications, is the major focus of R&D today but other carbides (TiC, ZrC) or nitride (TiN, ZrN…) are also currently considered in screening tests. Ceramics are also needed for parts of power conversion systems such as very high temperature gas turbine blades or intermediate heat exchangers to decompose sulfuric acid (> 850°C) as high temperature step of several thermo-chemical water splitting processes (iodine-sulfur, Westinghouse hybrid…)
· Other specific materials such as up-to-date grades of graphite for V/HTRs.

The paper will also give an insight into the various natures of R&D needed on advanced materials, including fundamental research to investigate basic physical and chemical phenomena occurring in normal and accidental operating conditions, multi-scale modeling to predict macroscopic materials properties and to direct innovative research for improvements, lab-scale tests to characterize candidate materials mechanical properties and corrosion resistance, as well as component mock-up tests on technology loops to validate potential applications while accounting for mechanical design rules and manufacturing processes.

Finally, the paper will stress the benefit of prospects of multilateral collaboration within the Generation IV International Forum and the 7th European R&D Framework Program to join skills and share efforts of R&D to achieve in the nuclear field breakthroughs on materials that have already been achieved over the past decades in other industry sectors (aeronautics, metallurgy, chemistry…).
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