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Abstract

Within the Generation IV International Forum, the partners of the Sodium-cooled Fast Reactor System Arrangement (China, Euratom, France, Japan, Korea, the Russian Federation, the United Kingdom and the United States of America) completed an evaluation of SFR advanced fuel options. This work was based on preliminary work performed in the GIF SFR Advanced Fuel Project. It entailed a comparison of the oxide, metal, and nitride fuel types with respect to fuel fabrication processes and fuel performances, to identify advanced fuel candidates for different applications. Additional R&D efforts were also focused on the minor actinide bearing fuels and high burnup capability evaluation.
In the first section of the paper, a brief history of the use of these fuels is given, including their major advantages regarding their use for SFRs. This is followed by a description of the SFR fuels elements for each type of fuel, and design choices explained based on fuel properties in the second section. In the third one, the roles of the fuel in Safety Cases are presented and discussed before highlighting in the fourth section, the challenges to Fuel Qualification. 
To conclude, the acquisition of fuel performance data is the most common and effective method to qualify the integrity of fuel pins and fuel subassemblies. A variety of irradiation experiments for SFR oxide, metal, and nitride fuels were identified. Yet, fast spectrum irradiation capabilities are very limited internationally and fuel testing campaigns can require a great deal of time, effort and expense. Thus, advanced fuel performance modelling techniques simulating the fuel irradiation behaviour in the reactor may play a more significant role in future fuel qualification, with the main challenge being to validate the predictability of the complex fuel performance phenomena identified for each fuel type.

1. INTRODUCTION: Sodium-Cooled Fast Reactor (SFR) fUEL
Within the Generation-IV International Forum (GIF), a recent evaluation of SFR advanced fuel options entailed a comparison of the oxide, metal, and nitride fuel types. This considered fuel fabrication processes and fuel performance during steady-state irradiation and off-normal transients, with the purpose of identifying advanced fuel candidates for different applications and fuel cycle missions. Additional R&D efforts were also focused on the minor actinide bearing fuels and high burnup capability evaluation.
[bookmark: _GoBack]Historically, metal fuel was first used in a Sodium-cooled Fast Reactor (SFR) in the US Experimental Breeder Reactor 1 (EBR-I, 1951) and later on in the UK in the Dounreay Fast Reactor (DFR, 1957). In comparison, oxide fuel was first selected for use in BR-5 (1958) in Russia, and then in Rapsodie (1967) in France. During the following five decades, these two fuel types have been studied extensively worldwide, with substantial irradiation and transient testing experience being gained. Additional metal fuel experience comes from EBR-II, FERMI, and the Fast Flux Test Facility (FFTF) in the U.S. Additional oxide fuel experience has been collected from BR-10, BOR-60, BN-350, BN-600 and BN-800 in the Russian Federation, the Prototype Fast Reactor (PFR) in the U.K., Phénix [1,2] and Superphénix [3] in France, Kompakte Natriumgekühlte Kernreaktoranlage (KNK) and Schneller Natriumgekühlter Reaktor-300 (SNR-300) in Germany, JOYO and Monju in Japan, FFTF in U.S., and China Experimental Fast Reactor (CEFR) in China. Nitride fuel performance was fairly extensively studied in the Russian Federation (RF) at the pin and sub-assembly level in BR-10 (1983-2002) and in experimental fuel pins and sub-assemblies in BOR-60 and currently in BN-600. Additional nitride fuel experience on a limited number of pins was obtained in experimental fast reactors (Rapsodie, DFR, EBR II, Phénix, Petten High Flux Reactor (HFR) – Netherlands and in JOYO).
1.1. Metal Fuel advantages
The metal fuel is considered to have the following advantages [4]: 
high density with favourable breeding gain, and harder neutron spectrum with improved neutron economy,
high thermal conductivity, allowing the fuel to operate at lower temperatures which is a favourable safety attribute, 
excellent chemical compatibility with sodium coolant,
simple manufacturing of the fuel, and
demonstrated capability for its electrochemical reprocessing with desirable non-proliferation attributes due to the difficulty of plutonium separation.
1.2. Oxide Fuel advantages
The oxide fuel is considered to have the following advantages:
high melting temperature,
excellent structural and chemical stability at high temperature and high burnup,
lower fuel swelling under irradiation compared to metal fuel,
manufacturing and reprocessing processes similar to the (light water reactor) LWR fuel industrial processes, taking advantage of LWR experience and existing facilities.
1.3. Nitride Fuel advantages
The nitride fuel is considered to have the following advantages: 
high density 
high thermal conductivity (by factors ranging from 1.4 to 10 times higher than those for the oxide fuel depending on the temperature), and 
high melting point.
1.4. Selection of Fuel
The selection of a fuel type for an SFR is strongly related to the core design requirements, past irradiation and testing experience, availability of fuel manufacturing facilities, and the back end of the fuel cycle considerations in each country. Among the current GIF members, China, France, Japan and the European Union (EU) have selected oxide fuel for their main SFR design tracks. The U.S. and Republic of Korea are pursuing SFR designs with metal fuel. While the current generation of SFRs in the Russian Federation are oxide fuelled, nitride fuel is considered for the next generation i.e., BN-1200 design. All GIF members recommend and intend to start with ferritic/martensitic or austenitic steel cladding and assemblies, but aim to transition in the longer term to other advanced alloys such as oxide dispersion strengthened steels, or ceramics such as silicon carbide (SiC).
2. Description of SFR Fuel elements and their manufacture
The typical SFR fuel element has the following common characteristics [5]: 
A cylindrical steel clad sealed at both ends by 2 welds plugs. In addition to the fuel matrix that holds the solid fission products, the sealed cladding constitutes a barrier against the release of radioactivity,
A fissile column, typically consisting of a stack of oxide or nitride fuel pellets, or long metal-alloy rods (also known as slugs),
Possible fertile blankets, reflectors, or shielding located either on top and/or bottom (i.e. axially) of the fissile column or around the core (radially),
The fission gas plenum at the top and/or bottom end of the fuel element (Fig. 1 and 2),
A spacer-wire of the same steel grade as the clad, helically wound with a constant pitch along the full length of the cladding,
Fuels pins are typically arranged in a triangular pitch inside a hexagonal fuel assembly duct that controls the flow into each assembly (Fig. 3).
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	FIG. 1. Schematic of metallic EBR-II fuel.[6]
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	FIG. 2. Astrid Fuel Pin Mock-up
	FIG. 3.  Astrid Fuel Assembly



2.5. Metal Fuel [4, 5, 7]
The metal fuel is injection cast as binary (U-Zr) or ternary (U-Pu-Zr, U-TRU-Zr) alloys of long rods (slugs). The metallic alloy is stabilised typically using between 5 and 30% zirconium to increase the melting point, improve the structural strength, and minimise the potential for fuel/cladding chemical interaction (FCCI) [7]. The fuel is thermally bonded to the cladding using sodium inside the cladding, providing a high thermal conductivity medium to facilitate almost unimpeded transfer of the heat generated in the fuel to the cladding and ultimately the reactor coolant. The operating temperature is typically between 700 K and 1000 K at the centre of the rods (slugs) depending on the fuel composition and axial position. The fuel melting temperature is around 1500 K, also depending on the fuel composition. The relatively large fission gas collection plenum (typically located above the fuel) is included to capture the gaseous fission products released from the fuel during irradiation. Most metallic fuel forms include a large fuel-cladding gap to maintain a low fuel-smear density[footnoteRef:2] at or below 75% to provide room for early swelling and formation of interconnected porosity. This allows the escape of fission gases from the fuel matrix to avoid further swelling at higher burnup. [2:  smear density (%) is defined as the cross-sectional area ratio of the fuel slug to the cladding inside] 

2.6. Oxide Fuel
The SFR oxide fuel is similar to an LWR fuel in the form of uranium- or mixed-uranium plutonium oxide (MOX) sintered ceramic pellets stacked inside the cladding that is filled with helium. Due to the lower thermal conductivity of the fuel and small gap conductance, oxide fuel operates at relatively higher temperatures than metal fuel (Fig. 4). The operating temperature is typically between 2300 K and 2700 K at the centre of the pellets. However, its high melting point (about 3000 K) provides a comparable, if not larger, margin to melting to postulated accidents. Good structural stability of the oxide fuel also limits it swelling. As a result, oxide fuel pins typically include a smaller fission gas plenum that is, in some designs, located below the fuelled section where the sodium coolant temperature, and therefore the plenum pressure, are lower. This results in a relatively short fuel element and smaller core pressure drop. The oxide fuel element design can take advantage of LWR fuel fabrication processes and the absence of sodium bond inside the cladding can also simplify the back-end fuel cycle processes.
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	FIG. 4.  Temperature Distribution in MOX Fuel Pin



2.7. Nitride Fuel
The nitride fuel form is similar to oxide fuel in that the form is either uranium- or mixed-uranium, plutonium nitride ceramic pellets that are stacked inside the cladding that is filled with helium or liquid metal (as a backup option). Due to high thermal conductivity, nitride fuel operates at lower relative temperature to oxide fuel but one that is higher than metal fuel. The operating temperature is typically between 800 K and 1300 K at the centre of the pellets depending on its composition and gap conductance. Its high melting point (about 3000 K) provides a large margin to melting during postulated accidents; however, its performance is limited with fuel thermal decomposition which starts at 1700 K (at a very low rate) and is significant at 2200 K. Due to high fission gas retention, the pin pressure is lower. In order to limit the Fuel-Cladding Mechanical Interaction (FCMI), the fuel smeared density is kept at about 80%. With such characteristics, the nitride fuel is considered as a promising new fuel form combining the best attributes of metal and oxide fuels. However, nitride fuel does not yet have the similarly extensive manufacturing, reprocessing, irradiation and safety testing experience of metal and oxide fuels. It also has the major drawback that it dissociates into metal and nitrogen at a relatively low temperature below its melting point, potentially limiting it performance during postulated accidents and posing manufacturing challenges. The relative drawback of nitride fuel is neutron absorption in 14N(n,р)14С reaction causing some deterioration of neutron balance and formation of carbon 14С with high half life time .


3. Role in Safety Case
To achieve the fundamental safety functions, the basic SFR fuel design requirements include prevention of fuel failures, maintaining a coolable geometry for continuous effective core cooling, and keeping the control/safety rod/element injection channels open. To prevent fuel failure, failure modes should be further refined and in some cases identified, taking account of irradiation performance. To maintain the coolable geometry, excess deformation of the fuel pin bundle is to be avoided, and the structural geometry of the wrapper tube and entrance nozzle should be kept unimpeded, even during accidents. To maintain the insertion path of the control rod, the deformation of the wrapper tube should be minimised.
3.8. Metal Fuel
Metal fuel performance and failure modes depend on various irradiation effects such as fuel-alloy constituent redistribution, porosity formation, fission gas retention and release, irradiation-induced radial and axial swelling of fuel slugs, and formation of low-melting temperature eutectic formation at the fuel-cladding interface resulting in a gradual thinning of the cladding. The primary failure mode for the conventional metal fuel forms is fission gas induced breach of the cladding that is weakened due to eutectic thinning (FCCI). Although FCCI is a very slow process at the operating temperatures, it can lead to accelerated cladding failure at elevated temperatures (below the fuel and cladding melting points) during postulated accidents. Because eutectic formation is a highly temperature-dependent process, it limits the coolant outlet temperature for an SFR with metal fuel, but it does not impose a major burnup limit like FCMI does.
High thermal conductivity of the fuel and high gap conductance play the most significant role in the safety advantages of metal fuel, resulting in a flatter radial temperature profile within the pin and a low operational and transient temperature. This also results in a small Doppler reactivity swing, easing the reactivity control requirements and reducing the external reactivity available for accidental insertion. Furthermore, the low operating temperature allows a long grace period for operator action to compensate for power vs. cooling mismatches during postulated accidents. 
Under accident conditions, the load on cladding is typically dominated by the fission gas pressure. Therefore, the larger fission gas plenum in metal fuel pins plays an important role in delaying the cladding failures. Robustness of various metal fuel forms during rapid transients with the core power reaching up to about 5 times the nominal power has been demonstrated in tests in the Transient Reactor Test Facility (TREAT) in the US. These tests indicated that the typical transient metal fuel performance issue is the FCCI-accelerated failure of the cladding with failure location consistently near the top of the fuel column. When the metal fuel cladding fails, it typically occurs at a temperature below the coolant boiling point and the damaged fuel pins remain coolable. Chemical compatibility of the metal fuel with the sodium coolant helps avoid potential and energetic fuel-coolant reactions and any potential for flow blockages.
Although the metallic fuel has a relatively low melting temperature, it offers a comparable margin to melting during postulated accidents relative to oxide fuel due to proportionally low operating temperature. When the fuel temperature increases, before fuel melting, the fission-gas-driven axial expansion of softened metal fuel provides a negative reactivity insertion. Melting temperature of metal fuel is lower than that of the cladding material and the molten fuel expansion inside the cladding during a rapid overpower condition (without a cladding breach) also reduces the core reactivity. Because of the high thermal conductivity and sodium bond in the fuel, the location of the maximum fuel temperature for metal fuel is well above the axial midplane. The cladding failure location is thus predictively near the top of the fuel column where the coolant temperature is highest, the cladding is generally the weakest, and the reactivity effects due to molten fuel relocation in the coolant channel are consistently negative.

3.9. Oxide Fuel
Oxide fuel performance and failure modes also depend on various irradiation effects such as fuel restructuring (Fig. 5) and grain growth, fission gas retention and release impacting the fuel swelling, as-fabricated porosity migration leading to formation of a central cavity[footnoteRef:3], solid fission product induced fuel swelling, fuel-cladding gap condition impacting the fuel temperatures and less significantly, the O/M ratio impacting the FCCI[footnoteRef:4] [18]; The typical oxide fuel failure modes include the plastic straining of the cladding due to internal fission gas pressure and FCMI. [3:  Sintered fuel pellets contain residual pores on the grain boundaries. At the high temperatures commonly experienced in oxide nuclear fuel pins, the large radial thermal gradient (due to low thermal conductivity of oxide fuel) act as the driving force and cause the pores to migrate along the gradient, resulting in formation of a central cavity. There are three mechanisms that contribute to pore migration: Evaporation condensation across the pore, pore surface diffusion, and, to a lesser extent, mass diffusion around the pores. The evaporation-condensation is the dominant process when the as-fabricated pores are large and temperatures are high. If the pores are small and temperatures are lower, the surface diffusion process would be expected to dominate.]  [4:  The cladding inner surface corrosion is effectively prevented by lowering the O/M ratio, as low oxygen potential restricts the chemical reaction of the cladding material with fission products and fuel.] 
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	FIG. 5. MOX Fuel Restructuring



Low thermal conductivity and low gap conductance of oxide fuel results in higher operational and transient temperatures in comparison to metal fuel. But its high melting point also provides a comparably large margin to fuel melting. High operating temperature and availability of oxygen atoms in the fuel (resulting in softer neutron spectrum) leads to a stronger Doppler feedback for oxide fuel relative to metal fuel. Robustness of oxide fuel against rapid over-power transients up to several times the nominal power has also been demonstrated in tests performed in the CABRI reactor in France [8,9] and in TREAT in U.S. [10].
The vast international experience with oxide fuel spanning over more than five decades of experiments in test and prototype reactors makes its assessment and qualification high enough to be used in commercial reactors, allowing its improvement for various missions such as reduced sodium void worth while addressing its main drawbacks. Some examples that can be mentioned: a good knowledge concerning the fuel evolution during accidents leading to a cladding failure, and new design improvements based on use of an annular fuel pellet to increase the melting margin, raise the limit burnup rate, and radically reduce FCMI during both slow and fast power transients.
Off normal behaviour of MOX fuel is also fairly well understood with the main remaining questions being the transient behaviour of very high burnup fuel (above 15 at.%) and Run Beyond Cladding Breach (RBCB) behaviour of minor-actinide-bearing fuel. The transient behaviour of high burnup fuel is not considered to be critical if the fuel-smeared density is appropriate and such designs have already been experimentally verified. Concerning the RBCB behaviour, since minor actinides, when in limited quantity, have a somewhat higher oxygen potential than (U, Pu) in the fuel, and thus formation of Na-TRU-O behaviour may not be different from previous test results for MOX fuel [11]. The effects of minor-actinide-bearing oxide fuel will be evaluated experimentally and analytically. Under rapid over-power transients beyond design basis accidents, the central part of the fuel pellet stack may melt. Negative reactivity effects can be obtained by the upward molten fuel motion inside the fuel stack central hole, driven by fission gases, which is known as “fuel squirting effect”. Furthermore, in the case of cladding failure, the axial position of the failure site is above the midplane. Thus, the molten fuel relocation reactivity is negative after the cladding failure and subsequent fuel ejection driven by internal fuel-pin gas [12].
3.10. Nitride Fuel
Nitride fuels have attractive physical and chemical properties: High heavy metal density, higher safety margin derived from lower temperature than those of oxide fuels, and chemical compatibility with sodium and air. Studies show that nitride fuel would be the optimum choice for large reactors, because of a breeding gain of ~1, a decrease in excess reactivity, while maintaining other reactivity effects and coefficients within permissible limits.
Based on the understanding of the off-normal behaviour of carbide and oxide fuel systems, it is expected that the off-normal behaviour of nitride fuel will principally depend on the following:
•	Nitride decomposition at high temperature (T>2000 K) could lead to gaseous nitrogen release and thus a pressurisation of the structural pressure boundaries but also the appearance of metallic phases enriched in Pu with a low melting point.
•	The high thermal conductivity and high melting point of nitride fuel are postulated to lead to Na vapour explosions when the hot molten fuel comes into contact with the colder Na coolant that then vaporises. The intense heat transfer between the fuel melt and the sodium coolant may result in rapid conversion of the thermal energy into mechanical work, resulting in shock waves and endangering the integrity of surrounding structures. Experimental data on these issues are sparse. So, the assessment of these issues requires further study.
Despite the proven safety attributes of the metal and oxide fuel types and promise of nitride fuel type, consideration of accidents with degraded core conditions in level 4 of defence in depth is a requirement of the GIF basic safety approach. As a mitigation measure during such accidents, a pressure retaining, low-leakage containment structure is often considered as the last barrier against the release of radioactivity to the environment in most SFR designs regardless of their fuel choice.
4.  Challenges to Fuel Qualification
Sufficient irradiation and safety testing experience exists for both standard oxide and metal fuel types with their performance and reliability proven for burnup levels much higher than the LWR fuel. The GIF SFR Advanced Fuels Project has also been studying the technical basis behind the choice and direction of research, development, and qualification of various advanced fast reactor fuels. The conclusions on current status and future challenges for qualification of each fuel type and cladding are summarised below.
4.11. Metal Fuel
Metal fuel has substantial SFR experience that has been demonstrated at the assembly level from the historical U.S. programme. This experience provides the basis for utilisation of various metal fuel forms in fast reactors up to approximately 10 at.% burnup level. Capability of metal fuel have also been demonstrated up to 20 at.% burnup in ferritic/martensitic steel cladding. The main challenge to metallic fuel qualification is suitability of this legacy data from EBR-II and FFTF irradiation tests within a modern fuel qualification/regulatory standard.
The U.S. Department of Energy's Argonne National Laboratory prepared a quality assurance program plan for the legacy data from these past metal fuel irradiation tests [17] and submitted it to the U.S. Nuclear Regulatory Commission (NRC) for evaluation in terms of its applicability with the current quality assurance standards. The plan focuses on identification, description, and technical evaluation of quality assurance processes under which the historic irradiation tests were conducted to facilitate the timely validation of key attributes of historic analytical and measured metallic fuel data, to the extent that such data can be used to support future commercial licensing efforts. 
Following the NRC endorsement, implementation of this plan is currently underway to assess the historical data integrity, completeness and availability of programmatic supporting information. The American Society of Mechanical Engineers’ NQA-1 Standards have been adopted as the means by which the NRC’s quality assurance criteria can be met. Once completed, test data and related technical information qualified under this programme is expected to be used by future license applicants for new advanced reactor designs within their individual programmes to address the NRC requirements. 
The Republic of Korea has also carried out metal fuel qualification programmes with U-Zr fuel and ferritic/martensitic steel cladding, which is intended to be loaded into the initial core of the Korean PGSFR design. The HT9 and FC92 cladding materials have been irradiated up to 75 dpa and U-Zr fuel has been reached to 7 at.% burnup.
4.12. Oxide Fuel
Oxide SFR fuel is also considered to be one of highest technical readiness level fuels with a demonstrated high-burnup performance as driver fuel at the assembly level, and transmutation fuel at the fuel pin level. This experience provides the basis for utilisation of various oxide fuel forms in fast reactors up to approximately 15 at.% burnup level. Capability of oxide fuel has also been demonstrated up to 20 at.% burnup in both austenitic and ferritic/martensitic cladding with wire or grid spacers. Currently, most of the available information on thermal and mechanical properties is for “pure” MOX fuel (i.e. without minor actinide). Data on oxide fuel with minor actinides is not yet complete. The most important gap to be filled concerns certain thermal properties such as thermal conductivity, specific heat, and the thermo-mechanical properties that may impact thermal creep. There are also some uncertainties about irradiation effects. However, the SUPERFACT 1 irradiation test performed in the 1980s with a similar composition of the GACID fuel showed generally good behaviour of the fuel at medium burnup and medium linear power.
Recent fuel property studies and irradiation tests of minor-actinide-bearing oxide fuel are providing solutions to the primary issues [13, 14]. In the current status, no critical issue has been found for high burnup minor-actinide-bearing oxide fuel. Concerning the fabrication processes for minor-actinide-bearing oxide fuel, the major challenges concern the radioactivity protection (shielding, elimination of dust, and automation) of the fuel production line but solutions exist. Continuous developmental of high burnup minor-actinide-bearing oxide fuel will prepare sets of fuel technology for its application in future SFR driver fuels. The choice of a homogeneous or axially-heterogeneous fuel core, such as those considered in the ASTRID project in France and ESFR design by Euratom, may also affect the fabrication processes, fuel characteristics, and reactor performance.
4.13. Nitride Fuel
The nitride fuel is currently under development in the Russian Federation as part of the PRORYV (Breakthrough) project. More than 1000 fuel pins of different geometry with different cladding materials have been fabricated and successfully irradiated in BOR-60 and BN-600. Nitride fuel, like carbide fuel, has fairly extensive and adequate performance demonstrated at the pin (Fig. 6), sub-assembly and assembly (nitride) level for driver fuel. With regard to high burnup and transmutation fuel performance, there are no critical issues that have been identified to-date, but these technologies are in the early stages of assessment compared to oxide or metal fuels. The main qualification challenge for the nitride fuel is that the experience basis for normal irradiation NS off-normal transient response is not yet well developed.

	[image: ]

	FIG. 6. NIMPHE1: Macrograph of Uranium-Plutonium mixed nitride fuel irradiated in Phenix



According to early experimental result, U0.8Pu0.2N begins to vaporise above ~1730°C in a He atmosphere, due to the much larger Pu partial pressure than for U. The preferential evaporation of metallic Pu towards U and the N2 gas release are key issues that have to be managed for irradiation and fabrication. The out-of-pile study of mixed nitride behaviour under high temperatures are currently under way in the Russian Federation.
Nitride fuels have a promising behaviour in a few irradiation tests. Demonstration of fabrication techniques for minor-actinide-bearing fuels remains to be completed. 15N enrichment processes, essential for nitride fuel developments having suitable economics must also be developed. Finally, the general lack of available fast-flux irradiation facilities in the world is also a challenge to nitride fuel development and qualification.

4.14. Cladding
There is sufficient experience with ferritic/martensitic or austenitic steel clad and the assembly duct for both metal and oxide fuels, but the aim is to transition to other advanced alloys, such as oxide dispersion strengthened (ODS) steels, to satisfy the Gen-IV SFR fuel requirements of high temperature and high burnup [15, 16]. These advanced cladding materials are being developed based on the experiences accumulated over half a century of cladding and core structure materials research. The candidate cladding materials are stabilised austenitic steels, ferritic/martensitic steels such as ODS type steels, and additional advanced alloys. To further develop these, a large amount of irradiation tests will be necessary. Furthermore, the compatibility of this new cladding material with TRU loaded fuel at a high temperature and a high burnup will have to be verified. In case of metal fuel, the development of a barrier cladding and its verification is necessary because the eutectic melting temperature is decreased between TRU metal fuel and cladding. As for the ferritic/martensitic steel duct materials, development of advanced ferritic/martensitic steels including ODS type aims to be able to meet the dose requirements, over 200 dpa, for the Gen-IV SFR systems. Again, the general lack of availability of fast-flux irradiation facilities also hinders the progress for qualification and eventual use of advanced cladding materials.
5.  Conclusion
In general, the acquisition of fuel performance data is the most common and effective method to qualify the integrity of fuel pins and fuel subassemblies. A variety of irradiation experiments for SFR oxide, metal, and nitride fuels were identified. Today, fast spectrum irradiation capabilities are very limited internationally, and fuel testing campaigns can require a great deal of time and expense. Thus, advanced fuel performance modelling techniques simulating the fuel irradiation behaviour in the reactor will play a significant role in future fuel qualification, with the main challenge validating the predictability of the complex fuel performance phenomena identified for each fuel type.
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